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Parkinson’s disease is the second most common neu-
rodegenerative disorder after Alzheimer’s disease. It has 
been suggested that the prevalence of the disease will 
double over the next 20 years. Since the publication of 
the first edition of this book, there have been important 
advances in our understanding of the etiology, patho-
genesis, investigation and management of Parkinson’s 
disease. The field is moving ahead rapidly, so a second 
edition of this important book is readily justified. Excit-
ing advances and new developments have occurred in 
almost every important area covered in the text. There 
have been changes in our understanding of the pathol-
ogy of the disease, where it begins in the nervous system, 
and how it progresses. Indeed, there is now evidence to 
suggest that the disease does not affect the dopaminergic 
substantia nigra pars compacta at the earliest stages but 
instead begins in the lower brainstem, olfactory bulb, 
and anterior olfactory nucleus. The early involvement of 
areas unrelated to the nigrostriatal system highlights the 
importance of evaluating symptoms including constipa-
tion, sleep disorders (such as REM behavior disorder), 
anosmia, and so on. Not only do these and other nonmo-
tor features become more common and problematic as 
the disease progresses but some also may serve as early 
markers for the presence of the disease even before more 
typical parkinsonian features develop. Recognizing and 
assaying these features may become particularly impor-
tant when effective disease-modifying therapy (often 
termed “neuroprotective therapy”) becomes available.

Recent years have seen increasing recognition of 
the importance of later-stage symptoms believed to be 
unrelated to nigrostriatal dopamine deficiency. Indeed, 
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after 10 to 15 years of disease, these constitute some of 
the most difficult and poorly addressed management 
problems. Symptoms such as speech and swallowing 
dysfunction, sensory symptoms, gait disturbances and 
postural instability, autonomic and sleep dysfunction, and 
cognitive and psychiatric disturbances all contribute con-
siderably to parkinsonian disability. All of these are given 
appropriate emphasis and coverage in this new edition.

Concepts of disease pathogenesis are actively evolv-
ing. Recently, these have been particularly driven by 
important advances in our understanding of the genetics 
of Parkinson’s disease. Highlighting the importance of 
these developments is a new chapter dealing exclusively 
with the genetics of Parkinson’s disease (and, for obvious 
reasons, the elimination of an older chapter entitled “Is 
There a Familial Form of Parkinson’s Disease?”). Indeed, 
breakthroughs in this area more than any other have 
encouraged the belief that “Parkinson’s disease” is not 
a uniform, single disease entity and that it may be more 
appropriate to think in terms of Parkinson’s diseases.

In the broadest terms, treatment for Parkinson’s 
disease can be subdivided into neuroprotective, neuro-
restorative, and symptomatic categories. Neuroprotective 
therapy remains the holy grail of all neurodegenerative 
diseases. Recent years have seen several disappointments 
in this area of Parkinson’s disease therapeutics, and it 
remains an important challenge to understand why very 
promising drugs have failed in human trials. Establishing 
effective and reliable methods for very early diagnosis 
and monitoring of disease progression (biomarkers) is a 
high priority. Recent studies suggest that there may be 
confounding factors that will have to be resolved before 
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existing and newer imaging modalities can be used as 
surrogate markers of disease progression.

Despite almost four decades of use, levodopa remains 
the most effective treatment in Parkinson’s disease. Con-
cerns about its potential neurotoxicity have been largely 
allayed, although motor complications remain an impor-
tant therapeutic challenge. It is clear that the early use 
of dopamine agonists can delay some of these problems; 
however, a number of previously unrecognized side effects 
have come to light in recent years, including excessive 
daytime somnolence and a variety of behavioral disor-
ders, which are clearly more common with these drugs. 
A number of newer symptomatic drug therapies, such as 
adenosine A2 antagonists, show promise. The manage-
ment of psychiatric disturbances and cognitive dysfunc-
tion has also seen important advances in recent years. All 
of these topics are addressed in this new edition.

Surgical treatment remains an important option for 
selected patients with Parkinson’s disease. This field has 
also evolved considerably since the last edition. Palli-
dotomy and other lesion techniques have been largely 
replaced by deep brain stimulation (DBS), and the sub-
thalamic nucleus has become the target of choice in most 
patients. Follow-up for 5 or more years shows contin-

ued marked benefit to levodopa-responsive symptoms, 
with major improvements in quality of life. However, 
there is little evidence that this treatment changes the 
course of the disease, including the later development of 
the nondopaminergic features mentioned above. In this 
regard, newer targets are being explored—for example, 
the pedunculopontine nucleus for treatment-resistant 
ambulatory disturbances. Double-blind trials of neuro-
restorative/neuroregenerative therapies have had disap-
pointing results; however, there is still considerable hope 
that the understanding of past failures will permit success-
ful advances in the future. Finally, since the last edition, 
the first trials of different types of gene therapy have been 
undertaken, with promising initial results.

We also recognize the many gaps in our knowledge 
and shortcomings of existing treatment. All of these issues 
are appropriately addressed in this text. The second edi-
tion of Parkinson’s Disease: Diagnosis and Clinical Man-
agement edited by Drs. Factor and Weiner, provides a 
state-of-the-art review of where we’ve been, where we 
are now, and where we are going.

Anthony E. Lang, MD, FRCPC
University of Toronto
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When, however, the nature of the subject and the cir-
cumstances under which it has been taken up, are con-
sidered, it is hoped that the offering of the following 
pages to the attention of the medical public, will not 
be severely censured. The disease, respecting which the 
present inquiry is made, is of a nature highly afflictive. 
Notwithstanding which, it has not yet obtained a place 
in the classification of nosologists; some have regarded 
its characteristic symptoms as distinct and different 
diseases, and others have given its name to diseases 
differing essentially from it; whilst the unhappy suf-
ferer has considered it as an evil, from the domination 
of which he had no prospect of escape.

James Parkinson

The first edition of Parkinson’s Disease: Diagnosis and 
Clinical Management was published in 2002. In 1998, 
when we began preparation of the book, the coming mil-
lennium gave us pause to contemplate significant devel-
opments in Parkinson’s disease (PD) research, which 
clearly affected the lives of our patients. The result was a 
comprehensive text including 58 scholarly chapters from 
many of the leading investigators in the field summariz-
ing the state of current knowledge on clinical features, 
pathology, neurochemistry, etiology, and treatment. 
However, 6 years later, further important and dramatic 
developments have changed our thinking regarding this 
disease. Our concept of the pathology now focuses not 
only on the dopaminergic system but also on nondo-
paminergic nonstriatal systems. The evolution of the 
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synucleinopathy has also attracted increasing atten-
tion. New nondopaminergic drugs for the treatment 
of PD are close to approval, and it is expected that 
nondopaminergic agents will be the focus of clinical 
therapeutics for the next decade. In recent years it has 
come to be believed that PD might have an environmen-
tal basis; however, it has now been demonstrated that 
genetics plays a major role, and several causative and 
susceptibility genes have been discovered. These and 
other discoveries led us to embark on the preparation 
of this second edition, which has 63 chapters, including 
updates of those from the first edition. Some chapters 
have been eliminated or replaced, and 23 are entirely 
new. We feel that this second edition will be useful not 
only to movement disorder specialists and fellows but 
also to neurologists, gerontologists, neurosurgeons, 
neuropsychologists, neuroscience researchers, and neu-
rology residents. Because it provides both theoretical 
and practical approaches to PD, this text will be an 
important addition to their libraries.

This edition is organized to provide a comprehen-
sive view of PD and takes the reader through 11 sections 
covering history, clinical presentation, behavioral and 
psychiatric manifestations, pathology and neurochemis-
try, biomarkers, pathogenesis and etiology, drugs, treat-
ment issues, surgery, subtypes of parkinsonism, and other 
issues. The history section remains largely unchanged. 
We begin with a chapter on James Parkinson, followed 
by Louis’s chapter delineating the limited references to 
the shaking palsy cited in the 1817 publication by James 
Parkinson. Goetz, in his chapter, points out that Charcot 
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expanded the description of PD by adding rigidity to its 
cardinal features, asserting that PD may be diagnosed 
without tremor, and coining the term Parkinson’s disease.
In addition, the time line in Chapter 4 reflects important 
PD discoveries since 1900, including the advances made 
since the first edition of this volume was published.

The next two sections (15 chapters) provide a clini-
cal description of PD. They are organized to emphasize 
not only the motor aspects but also the nonmotor aspects 
of the disease, including its behavioral and psychiatric 
features. The chapters on autonomic dysfunction and 
depression have been completely rewritten. As patients 
live longer, nondopaminergic features including nonmo-
tor symptoms are becoming major issues. Giladi and 
Nieuwboer, in Chapter 7, discuss freezing of gait, which is 
highly troublesome and thus far not amenable to therapy. 
Often nonmotor complaints—such as sensory symptoms 
(pain, numbness, tingling, and internal tremor), speech 
dysfunction, gastrointestinal and other autonomic symp-
toms, or sleep disorders—may dominate the discussion 
with patients at office visits. For this reason we felt that 
it was important to address them in separate chapters. In 
addition, Chapter 8, on sensory symptoms, has a newly 
added section on olfactory dysfunction and its possible 
role in early diagnosis. The natural history of PD is also 
discussed. Feigin and Eidelberg, in Chapter 13, review 
current knowledge of the progressive nature of PD based 
on clinical, pathological, and imaging studies, showing, 
for instance, that the preclinical period may be less than 
10 years. Clinical rating scales, which have revolutionized 
our ability to quantitate the progressive nature of PD and 
effects of therapy, are also discussed.

Parkinson mistakenly reported that the senses and 
intellect were uninjured in this disorder. However, the treat-
ment of dementia represents the greatest unmet need in our 
patients. The definition and concepts concerning the patho-
genesis of this phenomenon have changed dramatically in 
the last decade. Marder and Jacobs, in Chapter 15, present 
a very cogent survey of the clinical issues of dementia in 
PD. There is increasing awareness that PD is also associ-
ated with a variety of psychiatric disorders. Another new 
chapter reports on the recently described impulse control 
disorders. In some patients, these psychiatric features play 
a significant role (Chapters 15 to 19).

While our knowledge of the clinical syndrome has 
improved, so has our understanding of the pathology and 
neurochemistry of PD (Chapters 20 to 23). Chapter 20, 
discussing pathology, is completely new; Dickson, its 
author, covers, among other things, the work of Braak 
and colleagues, who have proposed a new pathological 
staging system. In Section V, we address the issues of bio-
markers, with an emphasis on imaging. Chapter 24 pro-
vides an overview of the status of biomarkers, followed
by chapters on all the available imaging modalities. All 

five chapters are new, including a discussion of current 
controversies surrounding the use of imaging in clinical 
trials.

The pathogenesis and etiology of PD remain 
unknown even after 190 years; however, several well-
established theories are a key focus of research. Section VI 
covers theories on pathogenesis with three new chapters, 
one discussing animal models, one on protein aggrega-
tion, and another on inflammation. the newest of these 
theories. Beal discusses oxidative stress, mitochondrial 
dysfunction and excitotoxicity, while Burke covers the 
concept and terminology of apoptosis. This section also 
addresses other issues, including Tanner’s discussion of 
epidemiology and Langston’s review of MPTP research. 
These are followed by new chapters on pesticides and 
genetics. The latter chapter, by Payami and colleagues, 
discusses both causative and susceptibility genes.

Parkinson’s disease remains the only neurode-
generative disorder that has demonstrated significant 
responsiveness to therapeutic intervention. Over the 
last 40 years, with the introduction of a wide range of 
pharmacologic agents and surgical procedures, there has 
been a revolution in the management of PD. Still other 
treatments, which are experimental at this time, repre-
sent a potential for improved care in the future, includ-
ing neuroprotection. With the availability of multiple 
new treatments, a number of new issues have emerged, 
including the approach to treating early disease, motor 
fluctuations, and psychosis. All these aspects of therapy 
are extensively treated in this text and discussed in detail 
(Chapters 38 to 56). Hurtig and colleagues begin with a 
detailed discussion of levodopa, including its history and 
evolution and the controversies surrounding it. Further 
discussions of amantadine and anticholinergics, MAOIs, 
dopamine agonists, and COMT inhibitors are included. 
Three new chapters cover excitatory amino acid antago-
nists, adenosine A2 antagonists, and complementary and 
alternative medications. Under treatment issues, we have 
added a new chapter on the treatment of dementia in PD. 
In addition, a new chapter on genetic testing details the 
tests that are now publicly available and the controversies 
related to them. Interest in surgery was rejuvenated in the 
1990s because of improved surgical technology and the 
progressive nature of PD. Enormous interest in surgery 
continues, and new chapters covering ablative therapies, 
DBS, and transplantation are included.

The differential diagnosis of PD is complicated. 
Section X (Chapters 57 and 58) reviews those disorders 
that are most important under the titles of “Symptomatic 
Parkinsonism” and “Parkinson-Plus Disorders.” Those 
covered in the latter chapter include PSP, MSA, CBD, 
and DLB.

Chapters 59 to 63 cover additional important topics 
in PD, including a discussion of outcome measures (new), 
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family caregiving, the economics of PD, and driving. This 
section includes a discussion of the relative role of quality-
of-life testing versus disability and outcome measures in 
clinical trials. We close with a chapter from a patient’s 
perspective written by David Heydrick, a neurologist who 
developed PD in 2002.

All 63 chapters together form a comprehensive 
review of the many issues regarding PD which face physi-
cians today. While we have organized the chapters so as to 
complement one another, providing a lucid text that can 
be read sequentially from beginning to end, we have also 
provided extensive cross referencing within each chapter, 
so that subjects of interest can easily be isolated. Each 
chapter may also stand on its own as a scholarly review of 
its particular topic; each is concisely written and heavily 
referenced for this purpose.

As we move forward in our endeavors to better 
understand Parkinson’s disease, we close in the spirit of 
James Parkinson:

The disease had escaped particular notice; and the task 
of ascertaining its nature and cause by anatomical inves-
tigation did not seem likely to be taken up by those who, 
from their abilities and opportunities, were most likely to 
accomplish it. That these friends to humanity and medi-
cal science, who have already unveiled to us many of the 
morbid processes by which health and life is abridged, 
might be excited to extend their researches to this malady, 
was much desired; and it is hoped that this might be 
procured by the publication of these remarks.

Stewart A. Factor
William J. Weiner

PREFACE
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James Parkinson: 
The Man and the Essay

ovement disorder specialists utter 
his name on a daily basis—in speak-
ing to patients, interacting with col-
leagues, and giving lectures at medi-

cal colleges and societies to physicians, residents, and 
students. It was Charcot, in the late nineteenth century, 
who first suggested that the shaking palsy be given the 
name “Parkinson’s disease” (PD) (1), which has now 
become a subject of intense interest. PD is the second 
most common neurodegenerative disorder, affecting over 
1 million people in the United States alone; debilitating to 
patients and costly to society, it is the subject of innumer-
able scientific papers and is not infrequently mentioned 
in the lay literature or on the news. PD knows no bound-
aries with regard to race, nationality, gender, or social 
class, and we frequently hear about afflicted celebrities. 
Who was this man whose fame persists nearly 200 years 
after his seminal publication? Who was James Parkinson? 
History portrays him as a Renaissance man, who lived 
from 1755 to 1824. He was not only a practicing general 
physician who contributed to the medical literature of his 
time but also had interests as wide as politics, chemistry, 
and paleontology. We thought it would be appropriate to 
begin this text by discussing Parkinson the man and his 
famous Essay on the Shaking Palsy, which started it all. 
We do not provide a detailed biography of his life, since 
others have already done so; the reader is referred to two 

Stewart A. Factor
William J. Weiner

interesting books for additional details (2, 3). This chapter 
is followed by 2 chapters that discuss how PD was per-
ceived in the nineteenth century. There is an emphasis on 
Charcot and how he was able further define the clinical 
features of the shaking palsy and separate it from other 
clinical entities. The history section ends with an outline 
of important discoveries since that time.

THE MAN

James Parkinson was born on April 11, 1755, to John and 
Mary Parkinson (3). They resided at number 1 Hoxton
Square in the Parish of St. Leonards of Shoreditch, 
Middlesex County, where Parkinson lived his entire 
life. He was the oldest of three children, followed by his 
brother William and sister Mary Sedgewood. His father 
was a physician and surgeon practicing in Hoxton. At age 
20, James studied at London Hospital Medical College for 
6 months, followed by an apprenticeship with his father, 
which lasted 6 years. He qualified as a surgeon in 1784 
at the age of 29 (4) and later joined his father in a prac-
tice referred to as Parkinson and Son. This was a large, 
lucrative practice, which also cared for the poor in the 
parish. Father and son served as attendings at a “private 
madhouse” for over 30 years. The practice of Parkinson 
and Son lasted through 80 years and 4 generations.

M

1
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to prevent revolution from spilling into Great Britain. 
Many members of these societies were tried, convicted 
of treason, and severely punished. The primary objective 
of the London Corresponding Society was to bring about 
reform that would provide parliamentary representation 
for the general public. Although these reformers were 
suppressed to some extent, their activities may ultimately 
have helped to bring about more representative democ-
racy in Great Britain (3). Parkinson took part in this as 
a writer. In a periodical known as Politics of the People,
he wrote a series of a dozen or more articles under the 

FIGURE 1-1

Photo of a British dentist named James Parkinson. It was taken 
in 1872 but was misidentified as James Parkinson, author of 
An Essay on the Shaking Palsy, who died in 1824. (Reproduced 
with permission from Robert E. Krieger Publishing Co.) 

In 1781, James Parkinson married Mary Dale, and 
they had 6 children. Two died in infancy or early child-
hood, their first, James John, and their sixth, Jane Dale. 
His second child, John William Keys Parkinson, joined 
him in medical practice, and ultimately John’s son James 
Keys Parkinson joined the practice as well.

We know little about James Parkinson’s appearance 
except that he was “rather below middle stature” (3). An 
apparent photograph, which was initially identified as 
this James Parkinson, was published in Medical Classics
in 1938 (5) (Figure 1-1), but it turned out to be from a 
group photo taken in 1872, well after Parkinson’s death, 
of the membership of the British Dental Association (2). 
The subject’s name was also James Parkinson. No actual 
photos or drawings of him exist. James Parkinson died 
on December 21, 1824, of a dominant hemisphere stroke 
that initially caused hemiplegia and aphasia. He was bur-
ied at the parish of St. Leonards, but his gravestone is 
not to be found today. A factory occupies the site of 
his birth on number 1 Hoxton Square (Figure 1-2), and 
in September 1961, a commemorative blue plaque was 
placed at the doorway (3) (see Figure 1-3).

Parkinson had a number of talents that served him 
well in his career. He was fluent in English, Latin, French, 
and Greek as well as an expert at shorthand, which he 
used to take verbatim notes at the various lectures he 
attended. Some of these notes were later used to publish 
the lectures; for example, the surgical lectures of John 
Hunter were published in 1833 as Hunterian Reminis-
cences (published by Parkinson’s son John William Keys 
Parkinson). He was also an accomplished artist, a tal-
ent he utilized in his many writings and emphasized as 
important to medical students.

Parkinson was a political activist who found it dif-
ficult to remain silent while citizens suffered. He lived 
under the reign of King George III, at a time when the 
standard of living was declining as the result of war and 
rising taxes. Representation in parliament for all citizens 
was nonexistent, and corruption pervaded the govern-
ment. The French Revolution, which led to the death of 
Louis XVI, was ongoing, and the American colonies had 
recently gained their freedom from British rule, instigat-
ing important discussions among British social reform-
ers regarding democracy, suffrage, and representation 
for all, not just the rich. These social reformers were 
referred to by Edmund Burke, a conservative political 
leader of the time, as defenders of the “swinish multi-
tude.” It was also the time when Thomas Paine wrote 
his famous The Rights of Man. James Parkinson was 
a member of two outspoken societies of that time; The 
London Corresponding Society, started by Thomas Hardy 
in 1792, and the Society of Constitutional Information. 
Both king and parliament were exceedingly suspicious of 
these organizations. There was no freedom of the press 
or speech, and the right of habeas corpus was suspended 
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pseudonym “Old Hubert” (3, 6, 7) between 1793 and 
1795 (8). These essays were highly critical of the political 
system and covered a wide range of social topics while 
at the same time parrying with Edmund Burke. Some of 
the titles were “Revolutions Without Bloodshed or Refor-
mation Preferable to Revolt”; “Pearls Cast Before Swine 
by Edmund Burke—Scraped Together by Old Hubert”; 
“A Vindication of the London Corresponding Society”; 
and “An Address to the Hon. E. Burke from the Swinish 
Multitude.” These writings dealt with such issues as politi-
cal corruption, poverty, unfairness of taxes and wages, 

civil disobedience, unfair imprisonment and poor prison 
conditions, the education of children from poor families, 
and making provision for the aged and disabled (3, 6, 8). 
The proceeds from the sale of the pamphlets were used 
to support the families of those who were political pris-
oners (9). Parkinson was identified as their author in 
an advertisement in the London Times and during an 
investigative cross-examination under oath for the British 
Privy Council, but he was never accused of wrongdoing. 
However, the publisher of the periodical was tried and 
convicted of treason.

Parkinson was also a key character in the “pop-
gun plot” to assassinate King George III. Five members 
of the London Corresponding Society were arrested for 
high treason in relation to the apparent plan. In fact, 
a plan never existed except in the mind of one man, 
Thomas Upton. Three others were falsely accused based 
on forged letters (forged by Upton), and one was arrested 
because of his association with Upton. Only one actually 
went to trial. The plot involved the firing of a poison-
tipped arrow from an air gun. No further details were 
ever devised. Parkinson’s role was threefold. He visited 
one of the prisoners as physician and pleaded for the his 
removal from poor prison conditions. He also requested 
that the prisoner receive regular visits from a physician. 
He was a spokesperson for the prisoners with regard to 

FIGURE 1-2

The building currently located at 1 Hoxton Square, the birth-
place of James Parkinson. (Photograph generously provided 
by Christopher Goetz, MD). 

FIGURE 1-3

A closeup of the plaque (actually blue in color) on the building 
memorializing James Parkinson.
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bail. Finally, he was a witness for the defense during the 
Privy Council’s hearings for the 3 falsely accused and in 
the one trial that was held. He did not appear for Upton. 
He asserted the innocence of the accused. During the 
Privy Council’s investigation, Parkinson initially refused 
to take the oath unless he received assurances that he 
would only be asked questions on the topic at hand. This 
annoyed the attorney general no end and he was told 
he would not be asked questions that might incriminate 
him (he responded that “there was no question you can 
produce an answer to criminate me”), but he was tricked. 
He was asked questions on issues regarding society mem-
bership and plans and about various writings, including 
some of his own. He was a formidable witness, disclos-
ing little information, but he did admit to his member-
ships and his writings under the pseudonym Old Hubert. 
When asked if he had seen certain members, he always 
answered that he had seen them in his own home. None 
of the accused were found guilty and all were ultimately 
freed. Parkinson, in his writings and appearances before 
the Privy Council, took significant risks with regard to 
his own career and life. He could have been prosecuted 
for his activities in the societies, association with others 
accused, and for writings against the monarchy. But he 
was a man of principle and honor who felt that these 
issues were too important to allow him to remain silent. 
The members of the Privy Council respected his forth-
rightness and, as a result, he was not prosecuted. He 
left the London Corresponding Society shortly after the 
Popgun trials as more extreme forces took it over. He 
gave up his political writing in 1795.

Despite leaving the society, he was unwavering in 
his stance for parliamentary reform. He continued that 
fight as a trustee of the Vestry for the Liberty of Hox-
ton (also referred to as a parish councilor), to which he 
was appointed in 1799 (3). He remained at this post for 
25 years, until his death. While the council was concerned 
about local affairs such as highway upkeep, illumination 
of the streets, and support of the church of St. Leonard, 
they were also active in national affairs. Since there was 
no parliamentary representation, the council took on that 
role, using town meetings and petitions as a means of 
protest. The primary concern was parliamentary reform 
and improvement of representation. The petition sent 
to the House of Commons from the parish contained 
many of the points Parkinson had written about in his 
earlier political papers, indicating his significant role in 
its composition.

Through the parish council, Parkinson took on other 
responsibilities, usually with humanitarian goals. He was 
concerned about the welfare of children who worked as 
apprentices. In the early nineteenth century, children of 
the poor and orphans found second homes with the bet-
ter off, who took them in and put them to work. Some 
were abused in various ways. Parkinson recommended 

the formation of a team of inspectors who would travel 
to the various households. In fact, he took on this role 
himself and discovered some of these abuses. Based on 
his findings, a law that required review and visitation 
was set into motion. His interest in child abuse issues 
did not start there. He had written about it in 1800 in 
his article “The Villagers’ Friend and Physician” (10). 
He also became a trustee for the poor and was appointed 
surgeon, apothecary, and man-midwife to the poor of 
the parish in 1813. The latter position was salaried and 
it required, among other things, that he make house 
calls on sick paupers. His accomplishments during this 
time included the formation of separate fever wards for 
patients with typhus fever. He emphasized the contagious 
nature of the disease, a view not universally accepted at 
that time, and ultimately won support. After 4 years of 
discussion, a 12-bed ward was completed and the impact 
was significant. His papers entitled “Observations on 
the Necessity of Parochial Fever Wards, with Remarks 
on the Present Extensive Spread of Fever,” written in 
1818, and “On the Treatment of Infectious or Typhoid 
Fever,” written in 1824, led to the construction of fever 
wards in London and the surrounding area and provided 
for improved treatment with appropriate hospital care 
and nursing. When James Parkinson died and his son 
resigned, it took 6 physicians to fill their positions as 
parish physicians.

James Parkinson made significant contributions to 
the medical literature (Figure 1-4) beyond the Essay on 
the Shaking Palsy. These included books, monographs, 
and case studies written for physicians and the lay public, 
some of which are worth mentioning. In 1799 he wrote a 
two-volume book on domestic medicine entitled Medical
Admonitions to Families, Respecting the Preservation of 
Health and the Treatment of the Sick. In this 548-page 
text, he examined the symptoms and physical signs of 
common ailments of the time and emphasized the need 
for an experienced physician. A table of symptoms, listed 
alphabetically, was included in the book. This served to 
point out the difficulty in providing a definite diagnosis 
early in the course of an illness. He discussed such topics 
as the problems associated with the improper indulgence 
of children, epilepsy and pseudoseizures, and resuscita-
tion of the drowned (3, 10). He wrote a monograph 
entitled Observations on the Nature and Cure of Gout in
1805. This paper included a clinical description, includ-
ing the presumed experience of his father and himself, 
both of whom suffered from gout, along with pathol-
ogy and therapy of the time. He criticized the accepted 
theories of etiology and treatment. In 1802 he wrote 
“Hints for the Improvement of Trusses,” which included 
a description of his invention to make their use easier. 
In this paper, he complained about the high price of 
these devices, since they were needed mainly by those 
of modest means.
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FIGURE 1-4

(A) Title page of the monograph An Essay on the Shaking Palsy. (B) Table of Contents. (C) First page, showing the definition of 
the disease. 
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His first paper was a case report entitled “Some 
Account of the Effects of Lightning,” about two men 
struck by lightning during the same storm. One was 
outdoors, the other indoors. They both responded to 
therapy with bleeding, hot brandy and water, and wet 
flannels. This paper was presented to the Medical Society 
of London on February 4, 1789. The clinical findings 
described in this paper are now considered the hallmarks 
of lightning injuries (11). These findings have often been 
attributed to Charcot and Lichtenberg, but it has been 
pointed out that Parkinson was the first to observe the 
salient features of lightning injuries. He wrote several 
papers with his son John William Keys Parkinson, includ-
ing “A Case of Trismus,” which was read to the Medical 
and Chirurgical Society by John on June 18, 1811. The 
two also coauthored the earliest reference to appendicitis 
in the English literature in 1812. The paper entitled “ A
Case of Diseased Vermiform Appendix” was read before 
the Medical and Chirurgical Society on January 21 of 
the same year and included a clinical and pathological 
discussion of a 5-year-old boy who died of a ruptured 
appendix and resultant peritonitis. Another interesting 
publication was “Cases of Hydrophobia,” which was 
an account of two cases written from memory, because 
Parkinson had either given the notes to another physi-
cian or lost them. He wrote “ I shall be obliged to rely, 
in the following account, entirely on my memory, which 
is however so impressed with the most important facts, 
that although it has to refer to a rather distant period, it 
will not, I trust, materially mislead me.” The case notes, 
which he had given to another physician, were later pub-
lished in a book, with some discrepancies.

As a physician, Parkinson was concerned about the 
education and qualifications of physicians in practice and 
the easy access of untrained “quacks” to medical practice. 
In 1800 he wrote an article entitled “The Hospital Pupil: 
An Essay Intended to Facilitate the Study of Medicine 
And Surgery,” where he addressed qualifications includ-
ing more than ordinary ability and intelligence and limited 
levity (6). While it was a guide for medical students, he 
used the opportunity to criticize the educational program 
of the time (3, 8, 12) and recommended liberal arts edu-
cation and the knowledge of multiple languages for use 
in reviewing the literature. His proposed curriculum was 
similar to more modern education (3, 12). He was also an 
active advocate for the Apothecaries Act of 1815, which 
required licensing examinations for a proper diploma and 
allowed for prosecution of those who practiced without 
appropriate qualifications.

Parkinson had a fascination with chemistry, which 
probably started as early as 1780 and ultimately led 
to the publication of a well-received textbook (3, 6). It 
started with his reading of the works of Dr. Richard Wat-
son and persisted with his attendance at the lectures of 
Sir Humphrey Davy at the Royal Institution of Great Brit-

ain in the early 1800s. In 1800, he wrote The Chemistry
Pocket Book. A heavily referenced theoretical text, it 
was nevertheless easy to read and brought chemistry to 
the level of the “ordinary reader.” It was a concise yet 
comprehensive account of the knowledge in the field and 
was inexpensive. It sold well, which led to the publica-
tion of 4 editions, the last in1807. The last edition was 
reissued in 1809. The final edition included chapters on 
geology, with which he was very familiar, and the biology 
of bodily fluids.

James Parkinson was also an avid collector of min-
erals, fossils, and seashells and gained notoriety for his 
knowledge of geology and oryctology (a term changed to 
“paleontology” about 10 years after his death) (3, 4, 6). 
He acquired his knowledge by collecting specimens in 
the field from the gravel and clay pits of Shoreditch, 
exchanging and trading pieces, and purchasing pieces 
from dealers and at auctions; thus he became a self edu-
cated expert. He apparently became interested in the sub-
ject after reading the chemical essays of Richard Watson, 
the same book which led to his interest in chemistry. He 
assembled one of the largest, most valuable collections of 
fossils in Great Britain. It was displayed in his house at 
1 Hoxton Square in his own museum. After his death, in 
1827, the collection was auctioned off, with many pieces 
ending up in various museums in Cambridge, Oxford, 
and Haslemere (3, 4).

In the early 1800s Parkinson took on the enormous 
task of writing a 3-volume text on oryctology (paleon-
tology) entitled Organic Remains of a Former World. It 
was in these texts that his artistic abilities were utilized to 
the fullest, as all figures were drawings of his specimens. 
Volume I, An Examination of the Mineralized Remains 
of the Vegetables and Animals of the Antediluvian World 
Generally Termed Extraneous Fossils, was published in 
1804. There were 1146 pages, 42 plates, and 700 figures. 
Volume II, The Fossil Zoophytes, was published in 1808, 
and Volume III, Fossil Starfish, Echini, Shells, Insects, 
Amphibia, Mammalia, & c. was published in 1811. This 
book was the first systematic examination of oryctology 
in the English language and the first comprehensive text to 
cover both plants and animals, including vertebrates (3). It 
was written for the general public to introduce them to the 
study of this subject. Parkinson made it a practical guide to 
help students who were digging to identify their findings. 
He did not use the standard chapter format to write this 
book but instead used a series of letters to an imaginary 
friend (“with an inquiring mind”) to cover the topics. 
He apparently used this format not only because he 
thought it would be easier to follow but also because he 
thought it would work better with his busy schedule and 
ability to write only in short time slots. The text included 
a discussion on the history of the science going back to the 
Greek and Roman philosophers. He discussed the effect 
of Noah’s flood and provided a theory of petrification, 
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which differed from the accepted theory of his time. In 
the second volume he described the muriatic acid test, 
which he devised to demonstrate the presence of organic 
matter in the fossilized specimen. He also reported on the 
structure of pebbles. His classification of fossils was a 
departure from the standard ones. These volumes solidi-
fied his place as an expert in the field.

The book sold well and was reprinted several times, 
even after Parkinson’s death, and went out of print in the 
1840s. The plates were republished in 1850 in Mantell’s 
Pictorial Atlas of Fossil Remains. Parkinson published a 
follow-up book in 1822 entitled Outlines of Oryctology,
with 343 pages and 220 figures. A practical field manual 
for the student. it was an easy-to-read introductory book 
and was reissued in 1830 with corrections that Parkinson 
had made prior to his death.

Parkinson was a founding member of the Geologi-
cal Society and was present at the inaugural meeting in 
1807. He was an active member, serving one 2-year term 
on the society council. In the first issue of the Transac-
tions of the Geological Society, published in 1811, he 
wrote a paper entitled “Observations on Some of the 
Strata in the Neighborhood of London, and on the Fossil
Remains Contained in Them,” which gave the first 
detailed description of the strata of the London basin 
and led to the new field of stratigraphic geology. He made 
other contributions to the transactions in the following 
years. He also made contributions to the British Ency-
clopedia and Dictionary of the Arts and Sciences on the 
subjects of oryctology and conchology. Because of his 
many important contributions to the field, Parkinson was 
made an honorary member of the Wernerian Society of 
Natural History of Edinburgh and the Imperial Society 
of Naturalists of Moscow.

Parkinson received several honors in life and post-
humously. In 1777, while still an apprentice to his father, 
he received a silver medal for his part in the rescue of a 
man who attempted suicide by hanging. This was a case 
his father ultimately reported. On April 11, 1823, his 
68th birthday, he became the first recipient of the Hon-
orary Gold Medal from the Royal College of Surgeons 
for “his promotion of natural knowledge particularly 
expressed by his splendid work on Organic Remains . . .” 
(3, 4, 12). In September 1955, to commemorate the 200th 
anniversary of Parkinson’s birth, a marble tablet with the 
inscription “James Parkinson, of Hoxton, Surgeon and 
Apothecary” was unveiled and a special service held (4). 
Among those present were two of his direct descendants 
and the president of the History of Medicine Section of 
the Royal Society of Medicine. In that same year a tribute 
to Parkinson was held at the Second International Con-
gress of Neuropathologists, held at the Royal College of 
Surgeons of England. J. G. Greenfield gave an address 
entitled “Historical Landmarks in the Pathology of Invol-
untary Movement” and referred to Parkinson’s contribu-

tion. Also at that meeting, a special exhibit was presented 
by his biographer A. D. Morris (medical superintendent 
of St Leonard’s Hospital in Shoreditch), reviewing many 
aspects of his life (4). Because of his work in paleontology, 
a species of nautilus, a tropical cephalopod mollusk, was 
named after him: Nautilus parkinsoni (3). Also, his name 
is preserved in geological circles, well-known fossils con-
taining oolite are referred to as the ammonite Parkinsonia 
parkinsoni, the crinoid Apiocrinus parkinsoni, a gastro-
pod Rostellaria parkinsoni, and a stemless palm Nipa 
parkinsoni (4, 13). And medically, of course, his name is 
attached to the neurologic disorder that he described so 
well—Parkinson’s disease.

Melvin Yahr described Parkinson as a “Physician 
for all seasons” (6). He was not only a humane phy-
sician in a busy practice who cared for the poor and 
mentally ill but also a talented writer who added sub-
stantially to the medical literature of his time, publish-
ing a series of important papers and books on a variety 
of topics. These publications were directed not only to 
the medical community but also to the common people. 
Over 200 years later, he continues to be remembered 
for some of those contributions. In addition, he was an 
expert in chemistry, paleontology, and geology, making 
important strides in these sciences through a number of 
publications, books, and papers, for which he received 
due recognition. Finally, he was a political activist, using 
his talents as a writer to spearhead a battle against cor-
ruption and inequity.

COMMENTS ON AN ESSAY ON 
THE SHAKING PALSY

Parkinson published his medical classic An Essay on the 
Shaking Palsy in 1817 at the age of 62 (14) (Figure 1-4). 
This was a comprehensive treatise containing 5 chap-
ters and 66 pages on the subject (which he called 
“paralysis agitans”). The review includes his experi-
ence with 6 patients. He must have contemplated this 
subject for some time, because he indicates that the 
first time he saw the disorder it “was observed in a 
case which occurred several years back, and which, 
from the particular symptoms which manifested them-
selves in its progress: from the little knowledge of its 
nature, acknowledged to be possessed by the physician 
who attended: and from the mode of its termination: 
excited an eager wish to acquire some further knowl-
edge of its nature and cause.” This work is considered 
a medical classic because of the eloquent and detailed 
description of the clinical features of the disease. It is 
unlikely that any of us, having the benefit of nearly 
200 years of hindsight, could provide as eloquent a 
description as Parkinson did based solely on 6 patients. 
It should be noted that of the 6 patients that he reports 
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on, 3 were “casually met on the street” or “only seen at 
a distance.” Despite that, he accumulated a substantial 
knowledge of the clinical features and natural history 
of this disorder. We emphasize that anyone interested 
in Parkinson’s disease should take the time to read this 
gem of the neurologic literature.

He starts in the preface with an apology (as he did in 
several other works), clearly underestimating his abilities 
as well as the respect that they engendered. As a clini-
cian and not having had the opportunity to examine the 
pathology of any of his cases, he wrote “some conciliatory 
explanation should be offered for the present publication: 
in which, it is acknowledged that mere conjecture takes 
the place of experiment: and, that analogy is the substi-
tute for anatomic examination, the only sure foundation 
for pathological knowledge.” He claims to have taken 
on the task of writing the paper because he felt that the 
disease was unrecognized and/or poorly classified and he 
wanted more effort focused on it. He indicates that

the disease had escaped particular notice: and the task 
of ascertaining its nature and cause by anatomic inves-
tigation, did not seem likely to be taken up by those 
who, from their abilities and opportunities, were most 
likely to accomplish it. That these friends of human-
ity and medical science, who have already unveiled 
to us many of the morbid processes by which health 
and life is abridged, might be excited to extend their 
researches to this malady, was much desired; and it was 
hoped, that this might be procured by the publication 
of these remarks.

These words were placed in the preface as an intro-
duction to the paper itself and the paper also concluded 
similarly. Parkinson also described this paper as being 
a work in progress; he “considered it to be a duty to 
submit his opinions to the examinations of others, even 
in their present state of immaturity and imperfection” 
(he refers to himself in the third person in the writing of 
this paper). Other important issues that he discusses in 
the preface include, from a clinical standpoint, that he 
recognizes that this is a disease of long duration which 
progresses to a level of significant disability. He indi-
cates “the disease . . ., is of a nature highly afflictive”. 
He also indicates that the patients themselves understand 
the chronicity of the disease and the disability associated 
with it: “whilst the unhappy sufferer has considered it as 
an evil, from the domination of which he had no prospect 
of escape”. Parkinson indicates that in order to under-
stand the natural history of the disease one needs to either 
observe patients as they evolve or see patients at various 
stages of the disease or receive a “correct history of its 
symptoms even for several years.” He notes in the preface 
that, in fact, he came to understand the nature of the ill-
ness from all three. He also indicates in the preface that 
he may not be the first to have seen this disease and that 

there are other publications supporting this possibility 
(14, 15, 16). But he suggests that very often the authors 
thought of the individual features of paralysis agitans as 
separate disorders: “some have regarded its characteristic 
symptoms as distinct and different diseases, and others 
have given its name to diseases distinct from it.”

The first 2 chapters (Chapter 1: Definition– History–
Illustrative Cases; Chapter 2: Pathognomonic Symptoms 
Examined: Tremor Coactus–Scelotyrbe  Festinana) pro-
vide the clinical description of the disease and are the 
portions of the paper that have made it so enduring. It is 
astounding how much Parkinson gleaned from the small 
number of cases he saw, especially since half of them 
were seen only briefly. He notes that the tremor and the 
gait disorder, the most visually dramatic features, are the 
pathognomonic symptoms of the disease: “the tremulous 
agitation, and the almost invincible propensity to run, 
when wishing only to walk, each of which has been con-
sidered by nosologists as distinct diseases, appear to be 
pathognomonic symptoms of this malady.” He indicates 
quite succinctly that the resting tremor is the character-
istic feature and one that could differentiate paralysis 
agitans from other forms of tremor. And he indicates 
that the differentiation of tremor is not really that hard: 
“a small degree of attention will be sufficient to perceive, 
that Sauvages, by this just distinction, actually separates 
this kind of tremulous motion, and which is the kind 
peculiar to this disease, from the Genus Tremor.” He 
wrestled with the appropriate terminology for the tremor 
to separate it from other forms of tremor that occurred in 
action. He suggested that the term “palpitation” would 
be more appropriately utilized. He indicates that “the 
separation of palpitation of the limbs from tremor, is the 
more necessary to be insisted on, since the distinction 
may assist in leading to a knowledge of the seat of the 
disease.” He also points out clearly that tremor alone 
cannot lead to the diagnosis: “tremor can, indeed, only 
be considered as a symptom.” He then describes in an 
eloquent fashion the natural history of disease starting 
from the very earliest points and its insidious nature, 
“so slight and nearly imperceptible are the first inroads 
of malady, and so extremely slow is its progress, that 
it rarely happens, that the patient can form any recol-
lection of the precise period of commencement.” He 
continues; “The first symptoms perceived are, a slight 
sense of weakness, with a proneness to tremble in some 
particular part: . . .but most commonly of the hands and 
arms. . . .These symptoms gradually increase in the part 
first afflicted; and at an uncertain period, but seldom in 
less than 12 months or more, the morbid influence is felt in 
some other part”. He continues later writing “after a few 
months the patient is found to be less strict than usual in 
preserving an upright posture: this being most observable 
whilst walking, but sometimes whilst sitting or standing.” 
He points out the benign nature of the early symptoms, 
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indicating that “hitherto the patient will have experienced 
but little inconvenience.” He then goes on to show how 
the disabling portions of the disease begin to appear:

But as the disease proceeds similar employments 
[writing and other dexterous maneuvers] are accom-
plished with considerable difficulties, the hand failing 
to answer the exactness to the dictates of the will. 
Walking becomes a task which cannot be performed 
without considerable attention. The legs are not raised 
to that height, or with that promptitude which the will 
directs, so that utmost care is necessary to prevent 
frequent falls. At this period the patient experiences 
much inconvenience, which unhappily is found daily 
to increase.

The discussion provides even further information on 
the continued progression, as he notes: “as time and the 
disease proceed, difficulties increase: writing can now be 
hardly at all accomplished. Whilst at meals the fork not 
being duly directed frequently fails to raise the morsel 
from the plate . . . at this period the patient seldom experi-
ences a suspension of the agitation of his limbs.” He then 
goes on to provide a detailed description of the gait dis-
order that characterizes paralysis agitans with particular 
emphasis on festination: “The propensity to lean forward 
becomes invincible, and the patient is thereby forced to 
step on the toes and fore part of the feet, whilst the upper 
part of the body is thrown so far forward as to ren-
der it difficult to avoid falling on the face. . . .irresistibly
impelled to take much quicker and shorter steps, and 
thereby to adopt unwillingly a running pace.”

In the very late stages he indicates that “the trunk 
is almost permanently bowed, muscular power is more 
decidedly diminished, and the tremulous agitation becomes 
violent. Patients walk now with great difficulty and are 
unable any longer to support themselves with a stick.”

It is suggested that Parkinson did not discuss 
bradykinesia as a major feature of the disease (8). He does 
not mention it as a pathognomonic feature; however, he 
does discuss it in a variety of ways. Bradykinesia is not 
infrequently described by patients as a feeling of weakness 
in the later stages, and that is how Parkinson discusses 
it, as noted in the previous quotation. In his definition, 
Parkinson indicates that this stage is marked by “lessened 
muscular power,” but he also notices a decrease in general 
motion by indicating, in his description of Case 5, “the 
inability for motion.” It is frequently noted that Parkin-
son does not mention rigidity as a major feature of the 
disease. Possibly he did not actually perform a physical 
examination on these patients, but he primarily observed 
them and took their histories.

Parkinson did recognize a variety of other features of 
the disease, which were not emphasized until much later. 
Perhaps he did not recognize their high frequency because 
of the limited number of patients available to him. These 

features are now considered to be important aspects of PD. 
With regard to sleep disorders, he writes “in this stage, the 
sleep becomes much disturbed.” The speech disorder is 
also well recognized: “the power of articulation is lost,” 
and he indicates that in the later stages of disease. “his 
words are now scarcely intelligible.” He vividly describes 
the features of a masked face and drooling by indicat-
ing that “the chin is now almost immovably bent down 
upon the sternum. The slops with which he is attempted 
to be fed, with the saliva, are continually trickling from 
the mouth.” The inability to swallow is also alluded to 
by the use of soft foods in that comment. Constipation, 
a feature that is present in a large percentage of patients, 
is well recognized: “the bowels, which had been all along 
torpid, now, in most cases, demand stimulating medicines 
of very considerable power.”

The observation that Parkinson’s disease may occur 
without tremor is frequently attributed to Charcot (see 
Chapter 3), but in fact Parkinson himself may have 
described such a case. In his Case 5, he mentions noth-
ing of tremor in the description but instead recognizes 
only the akinesia and gait disorder. However, he saw 
this patient only from a distance. He also probably first 
described the freezing phenomenon as well, although this 
is also usually not attributed to his description. A dis-
cussion in Case 6 describes it perfectly: “It being asked, 
if whilst walking he felt much apprehension from the 
difficulty of raising his feet, if he saw a rising pebble in 
his path? He avowed, in a strong manner, his alarm on 
such occasion; and it was observed by his wife, that she 
believed, that in walking across the room he would con-
sider as a difficulty the having to step over a pin.” It is 
often noted that Parkinson did not recognize any psychi-
atric or behavioral changes that might be associated with 
the disease, as indicated by his definition, which states 
“. . . the senses and intellects being uninjured.” It may be 
that he only believed that to be true for the earlier stages 
of the disease. Later, in discussing advanced disease, he 
does note that patients may suffer “with slight delirium.” 
In addition, there is some discussion of the possibility of 
depression occurring in these patients. In discussing a 
case described in the literature that he thinks to be very 
similar to paralysis agitans, there is a comment indicating 
“a more melancholy object I never beheld. The patient, 
naturally a handsome, middle-size, sanguine man, of a 
cheerful disposition, and an active mind, appeared much 
emaciated, stooped and dejected,” There is no further 
discussion of whether or not Parkinson thought of this as 
a major feature of the disease. Finally, we have come to 
recognize, in the last 2 or 3 decades, that sensory symp-
toms may, in fact, occur in Parkinson’s disease, particu-
larly in relation to pain. Pain of various types has been 
well described. In fact, he does describe pain in a variety 
of ways in this manuscript, even suggesting that it may 
be an important early feature. With regard to Case 4, 
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he describes that “his application was on account of 
considerable degree inflammation over the lower ribs 
on the left side,” and after treating this patient, he indi-
cates that “no change appeared to have taken place in his 
original complaint.” In addition, in Chapter 4 (entitled 
“Proximate Cause–Remote Causes–Illustrative Cases”), 
he discusses pain of the radicular type in the arms, which 
might represent an early feature of the disease. In fact, 
one female patient he discusses complained of radicular 
pain similar to that described by other patients, which he 
thought might also represent paralysis agitans and attrib-
uted it to the disease. He states “on meeting with these 
2 cases, it was thought that it might not be improbable 
that attacks of this kind, considered at the time merely 
as rheumatic affections, might lay the foundation of this 
lamentable disease, which might manifest itself at some 
distant period, when the circumstance in which it had 
originated, had, perhaps, almost escaped the memory.”

He also recognizes the more common occurrence of 
this disease in older patients, since his 6 patients all were 
50 years of age or older. He recognizes, while discussing 
the literature and other similar cases, that younger age of 
onset might suggest the presence of a different disorder.

Chapter 3 provides his differential diagnosis for the 
shaking palsy; in fact, he mentions how frequently, and 
inappropriately, that term is utilized to describe patients: 
“that the name by which it is here distinguished has been 
hitherto vaguely applied to diseases very different from 
each other, as well as from that to which it is now appro-
priated.” He discusses patients with stroke, seizures, and 
other forms of tremor.

In Chapter 4, Parkinson ventures a guess on the 
location of the lesion and the etiology of the disease and 
indicates quite succinctly that it is a guess: “before mak-
ing the attempt to point out the nature and cause of this 
disease, it is necessary to plead, that it is made under very 
unfavorable circumstances. Unaided by previous inquiries 
immediately directed to this disease, and not having had 
the advantage, in a single case, of that light which ana-
tomical examination yields, opinions and not facts can 
only be offered. Conjecture founded on analogy, and an 
attentive consideration for the peculiar symptoms of the 
disease, have been the only guides that could be obtained 
for this research, the result of which is, as it ought to 
be, offered with hesitation.” As in the classic neurologic 
teaching, Parkinson takes us through the localization pro-
cess by showing first that it is a nervous disease by writing 
“by the nature of the symptoms we are taught, that the 
disease depends upon some irregularity in the direction of 
the nervous influence”; then he goes on to indicate more 
specifically that it is a central nervous system disease, and 
particularly located in the upper cervical spine, instead of 
a peripheral nervous system disease. He writes “that the 
injury is rather in the source of this influence than merely 
in the nerves of the parts; by the situation of the parts 

whose actions are impaired, and the order in which they 
become affected, that the proximate cause of the disease 
is in the superior part of the medulla spinalis.” He also 
points out that it does not go beyond the brainstem by 
stating “and by the absence of injury to the senses and 
to the intellect, that the morbid state does not extend to 
the encephalon.” His primary thoughts on the etiologic 
process relate to neck trauma and inflammation. It is inter-
esting that he notes that none of his patients had had any 
significant trauma that might cause the type of damage he 
was considering. In this chapter he provides discussions 
of appropriate cases. This is the weakest part of his paper, 
because those patients that he discusses do not clearly have 
the symptoms of paralysis agitans. However, he uses them 
as examples in much the same way as we hypothesize on 
etiology and location of the lesion by the discussion of 
obvious symptomatic cases. In relation to this he notes 
“although it may not mark an identity of the disease, 
serves at least to show that nearly the same parts were 
the seat of disease in both instances. Thus we attain some-
thing like confirmation of the supposed proximate cause, 
and of one of the assumed occasional causes.” He further 
discusses the slowly progressive nature of the pathologic 
process within the brain, leading to the progressive nature 
of the disease: “but taking all circumstances into due con-
sideration, particularly the very gradual manner in which 
the disease commences, and proceeds in its attacks; as well 
as the inability to ascribe its origin to any more obvious 
cause, we are led to seek for it in some slow morbid change 
in the structure of the medulla, or its investing membranes, 
or theca, occasioned by simple inflammation or rheumatic 
or scrophulous affection.” He then discusses the order of 
spreading as the disease progresses in moving downward 
and further into the cervical spine or upward into the 
medulla oblongata.

Finally, in Chapter 5, he addresses possible treat-
ments. He probably is the first person to have discussed 
neuroprotective therapies: “There appears to be sufficient 
reason for hoping that some remedial process may ere 
long be discovered, by which, at least, the progress of 
the disease may be stopped.” He also notes “and even, if 
unfortunately deferred to a later period, they might then 
arrest the further progression of the disease, although 
the removing of the effects already produced, might 
be hardly to be expected”; which indicates that he did 
not think much of symptomatic therapies at that time. 
Parkinson was not impressed by the use of oral thera-
pies: “the employment of internal medicines is scarcely 
warrantable; unless analogy should point out some reme-
dial trial of which rational hope might authorize.” He 
was concerned, however, that because of the slow pro-
gression of the disease and its benign nature in the early 
stages, that patients might delay treatment; “. . . seldom
occurring before the age of 50, and frequently yielding 
but little inconvenience for several months, it is gener-
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ally considered as the mere remediable diminution of 
the nervous influence, naturally resulting from declining 
life; and remedies therefore are seldom sought for.” In 
discussing the treatments of the day. he actually speaks 
about the need for clinical trials to prove their usefulness; 
“experiment has not indeed been yet employed to prove, 
but analogy certainly warrants the hope, that similar 
advantages might be derived from the use of the means 
enumerated, in the present disease.”

The essay was well received in the medical com-
munity (17). As this was the latter part of an illustrious 
career, the reviews indicated knowledge of Parkinson’s 
previous work and respect for the man, his modesty, and 
his contributions. In particular, this report was found to 
be important and continues to be viewed in the same 
manner today. Despite this, there was no second printing 
of the monograph and originals became scarce. In the 
twentieth century, attention was drawn back to it by its 

reprinting in several books (2, 3, 5) and in copies provided 
by pharmaceutical companies.

If one were to look at Parkinson’s initial cry for atten-
tion to this disease and then the incredible amount of work 
published in the scientific literature today, it would appear 
clear that his intent was successful. PD continues to be a 
disorder that receives substantial research attention as well 
as publicity in the lay literature. In the preface Parkinson 
says; “Should the necessary information be thus obtained, 
the writer will repine to no censure which the precipitated 
publication of mere conjectural suggestions may incur; but 
shall think himself fully rewarded by having excited the 
attention of those, who may point out the most appropriate 
means of relieving a tedious and most distressing malady.” 
Although we have not yet cured PD, if Parkinson were to 
see the progress made in the last 2 centuries, as presented 
in this text, we think he would be “fully rewarded.”
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Paralysis Agitans in the 
Nineteenth Century

ames Parkinson, a general practi-
tioner, published the first pamphlet 
devoted exclusively to paralysis 
agitans (An Essay on the Shaking 

Palsy) in 1817 (1). Despite its wide renown in the pres-
ent day, Parkinson’s work is said to have received little 
immediate attention in his native country, England; when 
he died in 1824, Parkinson was perhaps better known 
as a geologist and political pamphleteer (see Chapter 1). 
As late as 1868, a half century after Parkinson’s semi-
nal publication, Sanders implied that nothing new had 
been added to the literature on this disorder: “Succeeding 
authors have, in general, simply quoted it [Parkinson’s 
initial publication], or have . . . overlooked the disease 
altogether’’ (2). He further added that the original contri-
butions made since his [Parkinson’s] time have been few 
and fragmentary’’ (2). There are several other indications 
that, before Charcot’s studies beginning in 1861 (3–5), 
the disease had received little attention. In 1861, Charcot 
wrote that “paralysis agitans is indisputably a very little 
known disease’’ (3), and McHenry wrote in 1958 that 
“Charcot later named this hitherto unrecognized [italics
added] entity after Parkinson’’ (6).

The purpose of this chapter is to examine the medical 
literature on Parkinson’s disease (PD) during the 45-year 
period from 1817 to 1861 in order to provide an account 
of the number and type of references to the shaking palsy. 

Elan D. Louis

This chapter serves as a supplement to a partial bibliogra-
phy published elsewhere (7). The year 1861 was chosen 
as an endpoint because it represents the beginning of 
Charcot’s landmark publications in this area (see Chap-
ter 3) (3–5). This analysis is restricted to the literature 
published in England.

BACKGROUND

In 1817 (1), Parkinson elegantly described the clinical 
features of 6 cases of what he termed “the shaking palsy 
or paralysis agitans,” including the resting tremor, flexed 
posture, festinating gait, and “lessened muscular power’’ 
or “paralysis’’ (1, 6, 8). He did not distinguish what he 
referred to as “paralysis’’ or “lessened muscular power’’ 
from what would be recognized by later physicians as 
bradykinesia and paucity of movement. His detailed and 
insightful view of the disease was based on only 6 cases. 
Further testament to his ability to astutely observe was 
the fact that several of these cases (cases 2, 3, and 5) had 
either been “only seen at a distance,’’ “noticed casually 
in the street,’’ or “casually met with in the street’’ (1). In 
1865, Sanders suggested alternative names for the shaking 
palsy, including “Parkinson’s disease,’’ “paralysis agitans 
festinia,’’ “paralysis agitans senilis,’’ and “paralysis agi-
tans parkinsonii’’ (9). Later, in 1888, Charcot suggested 
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renaming this entity after James Parkinson (Parkinson’s 
disease) (6).

LITERATURE REVIEW

The British literature on paralysis agitans during this 
45- year period included 26 references (10–35) apart from 
Parkinson’s treatise (1). These references were published 
in either general medical textbooks (5), textbooks dealing 
specifically with disorders of the nervous system (3), or 
journals (18). Each of these publications was relatively 
brief, and none provided an original and comprehensive 
analysis of the clinical signs, treatment, etiology, and 
pathology of this newly described disorder.

PARKINSON’S DISEASE: DIAGNOSIS AND 
MEDICAL MANAGEMENT

References to PD may be divided into three categories. 
The first are those that provide no more than a partial 
reiteration of Parkinson’s initial clinical description, often 
quoting directly from his 1817 treatise (10–16). Second 
are those that provide somewhat more than a reiteration 
of Parkinson’s description. These consist either of passing 
remarks about paralysis agitans or brief descriptions of 
original case reports (17–29). Third are those describing 
cases that today we would classify as other neurologic 
disorders (e.g., convulsive disorders) (30–35). Each of 
these categories is discussed further below.

A substantial number of the references merely 
provided a partial reiteration of the detailed clinical 
descriptions of Parkinson. These references, the major-
ity of them appearing in textbooks, do not provide 
new clinical observations (10–16). They either quote 
or paraphrase large sections from Parkinson’s treatise. 
All of these credit Parkinson with the initial description 
[e.g., “A disease has been lately described by Mr. Parkinson, 
under the title paralysis agitans or shaking palsy, which 
appears to me to be highly deserving of our attention’’ 
(10) or “Mr. Parkinson’s description of the disease, 
however, is the best we have hitherto had and is as 
follows” (11).]

Several references provide more than a reitera-
tion of Parkinson’s description (17–29). These consist 
either of passing remarks about paralysis agitans or of 
brief original case reports. The majority of these were 
published in journals rather than in textbooks. Many 
were published by Dr. Elliotson, a practitioner at St. 
Thomas’s Hospital in London. In 1827, Elliotson com-
mented on an individual with paralysis agitans whom 
he had attended at St. Thomas’s Hospital. The patient 
was briefly described as having “constant shaking of 
the legs and arms’’ (17).  Elliotson further wrote: “The 

intensity of the tremor varies. Till within the last week, 
the agitation would sometimes cease for a few hours or 
even a whole day, but for the last week has been con-
stant’’ (17). In 1830 Elliotson described a 38-year-old 
schoolmaster with right-sided tremor of 18-months’ 
duration. The patient also exhibited a tongue tremor 
and tachyphemia. Elliotson wrote: “The affection of 
the tongue is attended by the following very curious 
result . . . and suddenly he brings out his words with 
extreme rapidity; and such is the effort that he cannot 
stop himself. . . . It is a phenomenon analogous to the 
running which occurs on the attempt to walk” (19). 
In 1831, in a clinical lecture published in the Lancet, Dr. 
Elliotson remarked on paralysis agitans. He distinguished 
between “organic’’ forms of paralysis agitans arising later 
in life and paralysis agitans resulting from fright:

There was a case of acute rheumatism, and one of 
paralysis agitans from fright. I spoke of this disease 
before. The patient was a man fifty years of age; and 
usually, I believe, it arises at such an age from an 
organic cause, for I have never been able to cure a 
person of it at or after middle life. I cured one between 
thirty and forty years of age, but he was the oldest. In 
this case it came on from fright, and therefore there 
may be nothing organic . . . (20).

It would seem that Dr. Elliotson had under his care 
individuals with several distinct disorders, all of which he 
labeled “paralysis agitans.’’ Among these were cases of 
paralysis agitans that started in later life and were difficult 
to cure. These were probably cases of PD. In 1838 (23) 
and again in 1841 (24), Hall wrote: “I have long had an 
interesting case under my care’’ (24). He briefly described 
a man, 28 years of age, who “is affected by weakness 
and agitation of the right arm and leg; augmented on any 
occasion of agitation, and on moving; it is observed as he 
walks or when he passes his cane from one hand to the 
other; there is, besides, a peculiar lateral rocking motion 
of the eyes, and a degree of stammering and defective 
articulation’’ (24). Hall referred to this entity as “hemi-
plegic paralysis agitans’’ (24). In 1842, Thompson com-
mented in the Lancet that treatment with the ergot of rye 
was beneficial in “. . .the paralysis agitans or tremens in 
advanced life, where I have seen it of considerable benefit 
recently myself . . .’’ (25). One of the lengthier accounts 
of paralysis agitans was published in the Guy’s Hospital 
Reports in 1853. Four cases in individuals ranging in age 
from 34 to 60 years were briefly described. Each case 
was reported by a different author. Consistently noted 
were the gradual and asymmetric onset of this disorder, 
the subsequent involvement of both ipsilateral limbs, the 
progression to a more severe and generalized disorder, 
and the predominance, clinically, of resting tremor (27). 
The following passages are excerpted from this report:
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A fair healthy looking man, by trade a hatter, states 
that in October, two years ago, the weather being cold 
at the time, he got very wet, and sat for a long time in a 
coffee room with his wet clothes upon him, and after-
wards embarked on board a steam boat, remaining on 
deck all night. The next morning on disembarking, he 
could scarcely walk, his limbs feeling stiff and tired. 
After four days, his right hand began to tremble so 
much that he could not write, and gradually the whole 
arm became similarly affected. After eight months, his 
right leg began to feel heavy and tremble like the arm 
on the same side (27).

One of the other four cases was described as follows:

A 34-year-old man who was an engine driver of the 
one of the steam-tugboats on the river . . . dates his first 
symptoms from four years ago, when he began to have 
an aching pain in the left shoulder, soon following by 
trembling of the muscles, and in the course of a year 
extending down to the hand. The leg on the same side 
was similarly affected, and for nine months the disease 
was hemiplegic. During the last three months the other 
arm has begun to shake . . .’ (27).

Finally, in 1855, Paget reported a man with a palsy 
of the third cranial nerve and a gait abnormality. The 
man, a 41-year-old brick maker, had been admitted to 
Addenbrooke’s Hospital. Paget wrote that the patient’s 
“tendency to fall is chiefly forwards; he has a tendency to 
lean forwards, and fall on his face. . . . Whenever he got 
out of bed, he likewise fell precipitately forward’’ (28, 29). 
Paget noted that the gait abnormality was progressive, 
writing as follows: “During the earlier part of the time, 
he could make two or three steps forward before falling; 
afterwards, the propensity to fall forwards showed itself 
before he could take a single step’’ (28). Interestingly, the 
pathology in this case was attributed to a lesion in the 
region of the midbrain: “The disease of the crura was 
the only peculiar and uncommon lesion of the brain, and 
is therefore naturally associated with the peculiar and 
unique symptom’’ (28). He further noted that the lesion 
“was deeply seated, occupying in both crura the position 
of the locus niger, and encroaching on the nervous fibrils 
around it’’ (28).

Those references that did not merely reiterate what 
Parkinson had written, consisted either of passing remarks 
or of brief comments without extensive clinical detail. When 
original cases were reported, these were isolated cases by 
single authors. Only one author of this period described 
having seen more than one case: Elliotson had seen “four 
or five cases’’ by 1833 (13).

Several references described cases that today we 
would classify as other neurologic disorders (30–35). In 
1827 a case of “paralysis agitans’’ was described with 
unusual features, including the onset of tremor in a leg, 

which was described as “swollen, dark coloured, and 
painful’’ (30). The illness was also accompanied by “gid-
diness, with some pain in the head’’ (30). In the Lancet 
in 1831, Gowry described a case of “paralysis agitans 
intermittens’’ (31). The patient, a 26-year old woman 
“of sanguine temperament’’ (31), experienced convulsive 
paroxysms for a period of less than a week. The author 
wrote:

Involuntary tremor of upper and lower extremities, 
continuing for about five or six minutes, occurring 
twice or three times every hour, and attended with 
complete loss of power of limbs; muscles of lips re [sic] 
rapidly and spasmodically brought into contact during 
paroxysm, and tongue partially protruded, with a cor-
responding sound, and inability to articulate; orbicular 
muscles of eyelids, during some of the paroxysms, are 
similarly affected; paroxysm terminates in a heavy 
sigh. . . . During intermission is able to raise hands to 
head, but this is done slowly and with great consequent 
fatigue (31).

In this particular case, the term “paralysis agitans”
was used descriptively to refer to the cessation of vol-
untary movement (paralysis) accompanied by chronic 
seizure activity (agitans). An anonymous report, dated 
1832, described a case seen at St. Thomas’s Hospital (32). 
The diagnosis was given as “paralysis agitans,” although 
the clinical course was unusual. The report described a 
54-year old “china-burner, of a spare habit’’ (32), who 
had been admitted to the hospital. He had experienced 
two episodes that were separated by an 18-month period. 
Each episode was of 6 weeks’ duration, during which 
“the whole of his extremities were in a continual state 
of tremor; head and jaw also affected’’ (32). The patient 
made a “perfect’’ recovery each time. In 1839 a case of 
paralysis agitans was reported in the Lancet (33). From 
the description, it seems more probable that the patient, 
a 14-year-old girl “of apparently good constitution, 
though slender make’’ (33), had transiently experienced 
either epilepsia partialis continua, chorea, or ballism. The 
author wrote that the patient “. . . has a constant and vio-
lent involuntary motion or shaking of the right forearm, 
and slightly of the arm; the motion is so violent that it 
cannot be stopped, though held down. Was seized with 
the same complaint months ago, and got relief from some 
medicine taken inwardly’’ (33). She recovered almost fully 
from the reported episode after a brief period of 4 days, with 
the author writing that she was “almost quite well; only a 
very slight tremulous motion indeed, so slight as to be scarcely 
perceptible; has good motion of the arm, and thinks in a few 
days more shall be perfectly restored’’ (33). Green described 
tremor disorders in 3 children (34). Reynolds reported a 
case of a 57-year-old carpenter who had a tremor. How-
ever, the tremor seemed to be an action tremor rather 
than a tremor at rest: “any attempt to move the limb 
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voluntarily at once reproduces the shaking’’ (35). With 
the use of galvanic stimulation, the tremor resolved to a 
great extent. In summary, both “paralysis’’ and shaking or 
“agitans’’ were noted to accompany neurologic disorders 
other than PD, and the term “paralysis agitans” was often 
loosely applied to these disorders. The problem was well 
summarized by Sanders in 1865:

In regard to paralysis agitans, it is necessary to remark 
that this name is sometimes loosely and inaccurately 
applied . . . . It may be questioned, however, whether 
the term paralysis agitans ought to be confined to the 
senile form of it, associated with a propensity to fall 
or move forwards, described by Parkinson. I think, 
that it would be more useful to reserve for Parkinson’s 
disease the specific name of paralysis agitans festinia, 
or senilis, or parkinsonii, and thus leave us free to 
extend the general name of paralysis agitans to other 
causes occurring at various ages, and not attended 
by the irresistible impulse to move forwards. Certainly 
there are many instances of true paralysis (especially 
spinal paralysis and paraplegia) which are accompa-
nied by jerking and shaking movements without any 
tendency to move forward, and which require a desig-
nation that shall not confound them with Parkinson’s 
disease (9).

It was clear to Parkinson and others that the motor 
system was one of the systems principally affected in 
paralysis agitans. The early view was that the paucity 
and slowness of movement were the result of weakness or 
paralysis, hence the name paralysis agitans seemed appro-
priate (1, 10, 24). Parkinson (1817) noted that patients 
with this disorder had “lessened muscular power’’ (1), 
and he further added that “the weakened powers of the 
muscles in the affected parts is so prominent a symptom, 
as to be very liable to mislead the inattentive, who may 
regard the disease a mere consequence of constitutional 
debility’’ (1). Similarly, Cooke (1820) wrote that “this 
disease begins with some degree of weakness’’ (10), and 
Hall (1841) wrote that “the first symptom of this insidi-
ous [his italics] disease is weakness and tremor’’ (24). 
However, several authors questioned whether paralysis 
was indeed present. In 1836 Watson wrote that “I refer to 
what has been badly called the shaking palsy [his italics] 
. . . badly . . . because there is in truth no paralysis at all’’ 
(16). In 1855 Reynolds wrote that “The term paralysis 
agitans is essentially bad, as paralysis does not necessarily 
exist in the condition referred to, and when present, as in 
some cases, is not primary. . . . The patient can do little 
with his affected limbs; but it is because of their constant 
agitation, not because of their paralysis’’ (15). However, a 
clear separation between signs of pyramidal dysfunction 
(weakness and spasticity) and extrapyramidal dysfunc-
tion (bradykinesia and rigidity) did not arise until the 
work of Charcot (see Chapter 3). In 1879, Charcot wrote: 

“According to that author [Parkinson], decreased muscle 
strength always accompanies the disease, and it is prob-
ably true for a good number of cases. But this is far from 
being the rule. Many patients, including ours today, main-
tain, at least for a long time, good muscular strength’’ (4). 
In the 1880s Charcot (6) began to call to attention the 
presence of “slow movements’’ and “muscular rigidity’’ in 
his patients with paralysis agitans, distinguishing rigidity 
from weakness and bradykinesia:

More commonly, muscular rigidity only comes on or 
predominates in the most advanced stage of paralysis 
agitans. Yet, long before rigidity actually develops, 
patients have significant difficulty performing ordi-
nary activities; this problem relates to another cause. 
In some of the various patients I showed you can eas-
ily recognize how difficult it is for them to do things 
even though rigidity or tremor is not the limiting fea-
ture. Instead, even a cursory exam demonstrates that 
their problem relates more to slowness in execution 
of movement rather than to real weakness. . . .These 
phenomena have often been interpreted as weakness, 
but you may be assured that until late in the disease 
these patients are remarkably strong (6).

Although Parkinson noted that the intellect was 
“uninjured’’ in paralysis agitans (1), the prevalence of 
dementia in Parkinson’s disease has been variably esti-
mated to be on the order of 10% to 40% (36–40). During 
the 45-year period in question, clinicians sometimes made 
passing remarks about the cognitive compromise observed 
in later stages of this illness. For example, Reynolds wrote 
that “the intelligence is enfeebled’’ (15). However, it was 
not until after this period that physicians first began to 
emphasize the presence of cognitive impairment in some 
of their patients. In 1865, Sanders noted that in the final 
stages of the disease, “the memory and intellect are weak-
ened’’ (9). In 1881, Buzzard wrote the following regard-
ing the mental state of one of his patients, a 64-year-old 
man who had worked as an upholsterer’s foreman and 
who had had paralysis agitans for 2 years: “As regards 
his mental state, in reply to inquiry he says that ‘he feels 
lost.’ He says ‘he wants to give his address,’ and gives 139 
Bow Road, which is not altogether correct. He seems very 
obtuse, and scarcely speaks at all, though he is always 
apparently conscious’’ (41).

During this period there was little new knowledge 
or understanding of the precise location of the pathology 
in this disorder. In general, authors reiterated Parkinson’s 
explanation that the pathology lay in the superior part of 
the medulla spinalis (1). However, as noted previously, 
in 1855 Paget reported a man with a palsy of the third 
cranial nerve and the “involuntary tendency to fall precipi-
tately forwards’’ (28). On autopsy, a mass “. . . came close 
to the surface at the origin of the left oculo-motor nerve; 
but elsewhere it was deeply seated, occupying in both 
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crura the position of the locus niger, and encroaching on 
the nervous fibrils around it’’ (28). Paget then wrote:

‘But, assuming the immediate cause of the falling 
forward to have been due to the disease of the crura 
cerebri, we have still some little ambiguity. The struc-
ture of each crus is twofold; in its interior is the locus 
niger, the vesicular substance constituting a nervous 
centre. The exterior is composed of nervous fibrils, 
which form the medium of communication between 
the cerebral and other parts of the nervous system. . . . 
It may, then, the asked, whether the peculiar symptoms 
were due to the disease of the nervous centre or of 
the fibers of communication. . . . The locus niger is, 
with good reason, regarded as the nervous centre of 
the oculo-motor nerve; and this seems commonly held 
to be its function. We have no right to presume that 
its function is thus limited, although, looking to its 
moderate dimensions, we may incline to the opinion, 
that it cannot exercise a very considerable influence 
over the general movements of the body and so may 
be justified in concluding that the particular derange-
ment of locomotion was rather caused by disease of the 
fibres whose function is to keep up a communication 
between the cerebrum and other parts of the nervous 
system (28).

For the time being, the central role of the substantia 
nigra in the pathogenesis of PD remained elusive. Later, 
in the 1870s and again in 1893, Benedikt, Blocq, and 
Marinesco reported cases of hemiparkinsonism in the 
setting of peduncular tuberculomas, and in 1893 Brissaud 
speculated that the substantia nigra might be the location 
of the disease process (42–44).

The primary aim of this analysis was to review the 
literature published in England. During this period, there 

were also several references to PD in both the German 
and the French literature. The most notable were those of 
Romberg (45, 46) and Trousseau (47). These are discussed 
elsewhere (48).

CONCLUSION

James Parkinson’s work in 1817 on the shaking palsy 
(1) received little initial attention in his country, and 
before Charcot’s work in this area, which began in the 
early 1860s (3–5), this disease was the subject of little 
scholarship (2, 3, 6). In the 45-year period between 1817 
and 1861, there are a small number of references in the 
British literature to “shaking palsy.’’ References either 
(a) merely reiterated word for word what had already 
been written by Parkinson or quoted directly from his 
text, (b) provided passing remarks about paralysis agi-
tans, (c) provided relatively sparse clinical descriptions of 
newly reported cases, and (d) did not separate PD from 
other disease entities characterized by both “shaking’’ and 
“palsy’’ (e.g., tonic-clonic seizures and ballism). During 
this period, little new information was added to the origi-
nal clinical observations made by Parkinson in 1817. The 
separation of extrapyramidal signs (bradykinesia) from 
pyramidal signs (weakness) did not become apparent 
until later work by the French neurologic community.
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Charcot and 
Parkinson’s Disease

uring their early years at the 
Salpêtrière in the 1860s, J.-M. 
Charcot and A. Vulpian collabo-
rated so closely in the study of 

multiple sclerosis and Parkinson’s disease (PD) that the 
exact contribution made by each cannot be determined 
(Figure 3-1). As early as 1861, they coauthored a three-
part summary article in which they reviewed the past 
medical literature (primarily foreign), referred to a few 
reports by French colleagues, and added a case that 
they had observed themselves (1–3). Charcot recalled in 
1868 that his well-documented first article still did not 
clarify the nature and characteristics of multiple scle-
rosis—an issue that he and Vulpian frequently faced in 
the large population of Salpêtrière invalids. “In all these 
descriptions, including our own, there was total confu-
sion between paralysis agitans and multiple sclerosis’’ (4) 
(161F, 134E). The separation of PD from other neuro-
logic entities was one of Charcot’s major clinical contri-
butions, and in facilitating the proper identification of 
the disease, these studies set the stage for the eventual 
anatomic link to midbrain lesions by Brissaud in 1895 
(5) and nigral degeneration by Greenfield and Bosanquet 
in 1953 (6).

Jean-Martin Charcot’s focused descriptions of 
PD, its clinical spectrum, and associated features were 
amplified throughout his career. His teaching sessions in 

Christopher G. Goetz

the amphitheater of the Salpêtrière provided the needed 
medical and theatrical setting to compare various move-
ment disorders from the vast patient material at Charcot’s 
disposal. Charcot lectured specifically on PD, both in his 
formal Friday lectures and in his show-and-tell clinical 
case presentations, known as the “Tuesday lessons.’’ The 
formal lectures were by and large read from detailed notes 
that were compiled by his assistant Bourneville into the 
multivolume complete works (Oeuvres Complètes) (4).
The Tuesday lessons were impromptu teaching exercises 
and primarily aimed at showing diagnostic strategies 
through history-taking and clinical examination. These 
doctor-patient dialogues were hand-transcribed by his 
students, Blin, Colin, and Jean Charcot, the professor’s 
son. These lessons were reproduced in lithograph form 
in limited edition and later edited (and often purged of 
interesting comments and reflections) for a more widely 
available printed version (7) (Figure 3-2).

TREMOROUS DISEASES

The origin of clinical confusion between multiple scle-
rosis and PD was the prominent shaking or tremor that 
occurred in both conditions. Charcot approached the 
problem of differential diagnosis by examining tremor 
as a clinical phenomenon. These studies stand among 

D
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Charcot’s most perceptive clinical investigations and 
showed his ingenious methods of collecting clinical data 
with the tools available at the time. Although today 
tremors are best analyzed with special electronic detec-
tors that are lightweight and sensitive to small amplitude 
changes in movement, Charcot adapted the available 
tools of the era to his advantage. His first studies were 
purely observational; he noted that sometimes tremor 
occurred when the patient moved the involved extrem-
ity, but that it was absent when the limb was completely 
relaxed and immobile. In contrast, other tremors per-
sisted during rest and often occurred only at rest. Using 
an adaptation of the bulky apparatus called a sphygmo-
graph, Charcot was able to record various tremors and 
demonstrate the difference in frequency and amplitude 
in various groups of patients (Figure 3-3). By compar-
ing groups of patients, Charcot noted that those with 
rest tremor also had rigidity, balance difficulties, and 
slowness of movement (Figure 3-4). These features con-

stituted the cluster of signs that would be known as 
paralysis agitans or PD, a condition previously described 
by James Parkinson in 1817, but not completely studied 
until Charcot’s seminal descriptions. In contrast, patients 
with predominant action tremor usually had distinctive 
multifocal sclerotic lesions of the central nervous system 
that had been termed sclérose en taches ou en isles by 
Cruveilhier (8). Charcot increasingly ascribed this type 
of tremor, especially when it clustered with signs of 
weakness, sensory abnormalities, visual problems, and 
nystagmus, to multiple sclerosis.

The lectures on comparative features of multiple scle-
rosis and PD were originally presented in 1868, 1869, and 
1871. Thereafter they were repeated in modified form. 
For many of the studies, Charcot recruited his interns and 
externs, and the results formed the basis of many medical 
theses for graduating interns. With his familiar proviso, “si 
je ne me trompe pas,’’ he remarked on his student’s work 
of 1868: “If I am not mistaken, the line of demarcation 

FIGURE 3-1

Jean-Marie Charcot (left) and A. Vulpian (right) who worked together in the 1860s at the Salpêtrière hospital in Paris and wrote
a series of seminal articles that help to separate PD from other tremorous conditions, most specifically multiple sclerosis.
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between these was determined by me for the first time in 
the thesis of Dr. Ordenstein’’ (4) (161F, 134E).

Parkinson’s Disease

After a long and frustrating search, Charcot acquired a copy 
of Parkinson’s “An Essay on the Shaking Palsy’’ (1817) 
through the help of an English librarian, Dr. Windsor 
(Figure 3-5). In 1887 there was still no French translation 
of this work. Speaking during one of in his impromptu 
Tuesday lessons, he said:

It is a small pamphlet almost impossible to find . . . . 
As short as the work is, it contains a number of superb 
ideas, and I would encourage any one of you to embark 
on a French translation” (7, Leçon 9).’ 

He described the features identified by Parkinson, citing 
the strengths and weaknesses of the original description:

FIGURE 3-2

Charcot’s main contributions on PD were coalesced in two series of teaching materials, the Oeuvres Complètes (Complete Works),
based on his formal lectures (left), and his Leçons du Mardi (Tuesday lessons), which were hand transcriptions of his impromptu 
show-and-tell clinical presentations (right).

“This is a descriptive and vivid definition that is 
correct for many cases, most in fact, and will always have 
the advantage over others of having been the first. But 
it errs by being too general and being inapplicable to 
the case where tremor is absent. We also do not find 
here a reference to the element of rigidity that gives 
to these patients their characteristic appearance. 
We could go back and improve on this definition 
as a starting point for more discussion, although 
we should not stop at Parkinson’s definition. Read 
the entire book, and it will provide you with the 
satisfaction and knowledge that one always gleans 
from a direct clinical description made by an honest 
and careful observer (7).

Beginning with this essay, Charcot dissected the 
four cardinal features of PD, and from the definition of 
archtypal cases, he encouraged his students to define and 
classify clinical variants.
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CHARCOT AND PARKINSON’S DISEASE

Tremor

On the basis of his early work with Vulpian, Charcot 
divided tremor by using the same features that modern 
neurologists employ—the frequency of the movements 
and the actions associated with the tremor’s greatest 
intensity (1). Charcot placed the tremor of both PD 
and multiple sclerosis in his first category of slow trem-
ors, that is, 4 to 6 oscillations. He differentiated the 
two by the observation that multiple sclerosis patients 
have no tremor at rest— and that their tremor becomes 
evident only with activity and that it increases with 
effort. In contrast, PD patients show tremor both at 
rest and during activity, and the intensity does not 
increase with action (see Figure 3-3). A third type of 
slow tremor, referred to by others as senile tremor, 
had the characteristics of Parkinsonian parkinsonian 
tremor, except that head titubation accompanied the 
tremorit.

Charcot was tenacious in his stand that PD 
patients had no head tremor and that any shaking of 
the head that they might show was entirely secondary 
to trunk or extremity tremor. This stand was  contested 
by other contemporaries and became the source of 
heated discussion among clinicians in Paris (10). To 
prove this point, Charcot brought a series of patients 
to the amphitheater, each wearing a headband to 
which Charcot had attached a long thin rod with a 
feather at the end. Charcot instructed the audience to 
watch the wavering of the feathers from these many 
patients (Figure 3-6). As those affected with PD sat or 
stood, the feathers oscillated like those on the heads 

of patients with other forms of tremor. But if the 
trunk or arm was suddenly supported or moved, the 
head tremor promptly ceased. With this famed feather 
study,  Charcot convinced his colleagues that titubation 
was not an accompanying feature of PD and that any 
head shaking seen in such patients was mere overflow. 
However, Charcot clearly recognized jaw and tongue 
tremors as features of parkinsonism.

The observation that movement or support dimin-
ished parkinsonian tremor shows that Charcot realized the 
importance of movement in the control of parkinsonian 
tremor. Early in the disease, movement suspended tremor. 
Later, however, with disease progression, tremor became 
continual. Parkinsonian tremor was never exacerbated by 
the patient’s movement.

To contrast with the slow forms of tremor, Charcot 
identified rapid or vibratory tremors, that is, 8 to 9 
oscillations. In this group were tremors associated with 

FIGURE 3-3

Tremor drawings from Charcot’s lesson on tremor 
classification. AB indicates rest and BC represents action. 
Top: multiple sclerosis; middle and bottom, PD.

FIGURE 3-4

Statue by Paul Richter, who worked at the Salpêtrière as an 
artist, physician, and sculptor. This patient shows the flexed 
posture and joint deformities of PD. The statue today is in 
the Musée de l’Assitance Publique, Paris.
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FIGURE 3-5

Essay on the Shaking Palsy by James Parkinson (1817) was the first medical monograph devoted to the description of PD. Charcot 
owned a copy of this rare booklet, but the copy at the Bibliothèque Charcot, Paris, has been lost.

alcoholism, Basedow’s disease, and general paresis. In 
his final group of tremors with intermediate oscilla-
tory frequency, he included mainly hysterical tremors 
and mercurialism. In addition to the frequency, par-
ticular characteristics typified the parkinsonian tremor. 
Charcot described a patient thus: “The parts of the 

hand oscillate in almost a pathognomonic manner. The 
fingers approach the thumb as if to spin wool, and 
simultaneously the wrist and forearm flex to and fro’’” 
(7, Leçon 9).

Although Charcot recognized that tremor was a 
major manifestation of PD, he was insistent that it was 
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not required for the diagnosis. In this regard he consid-
ered the term paralysis agitans a misnomer. He recog-
nized that most patients have both rigidity and tremor 
and divided variants of Parkinsonism parkinsonism into 
two major categories:– cases with tremor and no rigidity 
and those with rigidity and no tremor. In those patients 
without marked tremor, he observed that the posture was 
often less flexed, with the legs and back held in a stiff and 
even slightly extended attitude.

Bradykinesia. Although Charcot did not speak of 
akinesia specifically, he clearly recognized it as distinct 

from rigidity in its clinical significance and often in its 
independent temporal development. Having spoken of 
the rare situation in which rigidity may be marked early 
in the disease, he wrote:

“More commonly, muscular rigidity only comes on or 
predominates in the most advanced stage of paralysis 
agitans. Yet, long before rigidity actually develops, 
patients have significant difficulty performing ordi-
nary activities; this problem relates to another cause. 
In some of the various patients I showed you, you 
can easily recognize how difficult it is for them to 
do things even though rigidity or tremor is not the 
limiting feature. Instead even a cursory exam demon-
strates that their problem relates more to slowness in 
execution of movement rather than to real weakness. 
In spite of tremor, a patient is still able to do most 
things, but he performs them with remarkable slow-
ness. I commented on this a few minutes ago in regard 
to speaking. Between the thought and the action there 
is a considerable time lapse. One would think neural 
activity can only be effected after remarkable effort; in 
reality, the execution of the slightest movement causes 
extreme fatigue for the patient. These phenomena 
have often been interpreted as weakness, but you may 
be assured that until late in the disease, these patients 
are remarkably strong’’ (7, Leçon 21).

Commenting on the masked facies or blank stare that 
is so characteristic of the parkinsonian patient, he 
continued: “. . . the muscles of the face are motion-
less, there is even a remarkable fixity of look, and the 
features present a permanent expression of mournful-
ness, sometimes of stolidness or stupidity’’ (4) (167F, 
139E). On masked facies, he continued: “This particu-
lar facies was not originally appreciated. It is not in 
Parkinson’s description. I believe I am the first to draw 
attention to its features that are so arresting and that in 
fact suffice to establish with ease the proper diagnosis’’ 
(4), (168F, 140E).

Stance, Posture, and Gait Abnormalities. Charcot 
considered drawings, photographs, and sculptures to 
be important medical documents and invested heav-
ily in developing a medical iconography wing of the 
Salpêtrière service. Charcot himself was an avid sketcher 
and included his own drawings as part of regular patient 
notes (observations). Although technically crude and rap-
idly executed, they captured the stature, posture, and gait 
of PD in its natural evolution (Figure 3-7). Of Charcot’s 
drawings, Henry Meige wrote: “The ability to discern 
in a country scene or in a human body certain essential 
contours, to perceive instantly a pattern and to be able 
to isolate from this pattern the elements necessary for its 
expression—– and to do it exactly in spite of all irrelevant 
details—this is the faculty that Charcot possessed to a 
high degree”. “(11, p. 491).’’

FIGURE 3-6

Drawings from the Salpêtrière of patients with various neu-
rologic conditions. The top two figures are of note for this 
article: the top figure shows the hunched posture of a patient 
with PD; the second figure demonstrates Charcot’s method of 
determining titubation and postural head tremor. The patient 
wore a band around the head with a feather attached to the 
top, and physicians observed the wavering of the feather when 
the head was unsupported and supported.
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CHARCOT AND PARKINSON’S DISEASE

In Figure 3-8 Charcot captured the posture, facial 
expression, and hands of a parkinsonian Jewish mer-
chant seen on one of his voyages to Morocco in 1889. 
With his junior colleagues he developed La Nouvelle 
Iconographie de la Salpêtrière, a journal that contained 
an extensive photographic and drawing pictorial collec-
tion of the neurologic patients at the Salpêtrière during 
and after Charcot’s tenure until 1918.

Charcot described the slow and hesitant walking of 
the parkinsonian patients and the patient’s tendency to 
retropulse and propulse. “In contrast, if you even tap the 
second patient, he will propulse forward and his gait will 
be quite unusual. His head bends forward, he takes a few 
steps and they become quicker and quicker to the point 
that he can even bump into the wall and hurt himself. If 
I pull on his trousers from behind, he will retropulse in 
the same distinctive way’’ (7, Leçon 21).

Charcot attempted to analyze propulsion and retro-
pulsion and remained unsatisfied with available theories.

“In this regard, I will make a comment on a rather 
widespread and respected physiologic explanation of 
propulsion in patients with paralysis agitans. I will-
ingly agree that the tendency to make running steps 
relates to the thrust-forward posture, so that in walk-
ing, these patients will run after their center of gravity. 
Evidently, however, this explanation will not account 
for retropulsion, for the body’s forward inclination 
does not change at all as the patient retropulses. In this 

case, he cannot be said to run after his center of gravity; 
in fact, he runs away from it’’ (7, Leçon 21).

Rigidity Parkinson himself did not speak of rigidity in 
his description. Charcot, however, identified this impor-
tant sign and differentiated it from spasticity:

“Spasticity, as you know, is of spinal origin and is more 
or less directly related to a physiologic or structural dys-
function of the descending spinal pyramidal tracts. What 
is the physiologic explanation for rigidity in Parkinson’s 
disease? As far as I know, nothing is known and it is just 
this ignorance that I plan to demonstrate to you today. 
I have two goals, first to stimulate you to study the 
phenomenon of rigidity and second to impress on you 
the essential distinction between rigidity and pyramidal 
or spinal hypertonicity—, that is, the absence of reflex 
accentuation in rigidity’’ (7, Leçon 22).

The absence of pyramidal weakness in rigid par-
kinsonian patients was further emphasized by Charcot: 
“Sooner or later there is an apparent decrease in strength. 
Movement is slow and seemingly weak, although testing 
with a dynamometer shows that this is not really weak-
ness. Such problems seem rather to relate, as we will see, 
to muscle rigidity’’ (7, Leçon 22).

Etiology and Natural Progression

Charcot classified PD as a névrose, a term used to 
designate neurologic conditions, where no identifiable 
neuroanatomic lesions were present. Although the onset 

FIGURE 3-7

Drawings by Charcot contrasting the usual flexion posture of PD with one variant of PD with extended posture.
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was usually insidious, he believed that two precipitating 
influences could be identified—prolonged exposure to 
a damp, cold environment, especially a dark first-floor 
dwelling with poor air ventilation, and a sudden exposure 
to an intensely emotional crisis. In the case report by Rom-
berg of a patient whose tremor began after he was robbed 
by Cossacks and left in the snow, the two influences could 
not be easily separated. The disease affected patients in 
their forties and fifties and was distinctly not a disease 
that regularly began in the eldely population. Charcot 
thought that tremor could cease during the final phase 

of illness, even when it had previously been the most 
prominent feature of the disease in the past (4).

Charcot recognized that most cases of PD had a 
relentlessly progressive course and that patients became 
increasingly disabled over time. Because almost all 
patients at the Salpêtrière were lifelong residents, he had 
the opportunity to chart their course. He engaged profes-
sional artists, like Paul Richer, to document the progres-
sive impairments, and included such documents as part 
of the patients’ medical records (Figure 3-9). In constrast 
to this usual pattern, however, Charcot also believed that 
PD could resolve and be cured in certain cases. wever, He 
doubted however that such cases related in any way to the 
various pharmacologic therapies used. He cited several 
reports of patients who were followed by reputable phy-
sicians and whose parkinsonism disappeared. Whether 
there were toxic, encephalitic, or drug-induced forms of 
reversible parkinsonism in the nineteenth century is not 
known. After citing the reports of cures coincident with 
therapy, he wrote: “These citations show that the shak-
ing palsy is not incurable, but we must recognize that 
we know nothing about nature’s role in such cases of 
reversible disability’’ (7, Leçon 9).

Treatment

“He disdained therapeutic interventions, considering 
the irregularities of the human body as an astronomer 
would watch the movements of the stars.” (12). These 
words were written by the writer Léon Daudet, who 
had known Charcot in several capacities, as the play-
mate and boyhood friend of Charcot’s son, as a medical 
student under Charcot’s watchful eye, and as the son 
of Charcot’s patient, novelist Alphonse Daudet, who 
suffered from neurosyphilis. The description evokes 
an image of a scientific purist and a distant, objective, 
even emotionally cold researcher, an image reinforced 
by Charcot’s silent manner and stern physical bearing. 
In spite of their dramatic flair, however, Daudet’s words 
must be reviewed with circumspection, for throughout 
the height of his career Charcot was not only a world-
renowned scientific researcher but also a prominent and 
highly sought -after practicing physician. As a clinician, 
Charcot developed aspects of the modern neurologic 
examination, introduced diagnostic tools and strategies, 
and treated numerous neurologic conditions, including 
PD, with traditional, and innovative, even controversial, 
therapies. Although Daudet suggests that Charcot was 
a therapeutic nihilist, Charcot’s lectures, articles, and 
personal correspondence with patients demonstrated an 
active interest in therapeutic interventions.

Charcot’s attentiveness to treatment, follow-up, and 
surveillance is evident in a series of 18 unpublished let-
ters located in the archive collection of the Bibliothéque 
Charcot, Paris (portfolio MA VIII, Parkinson’s disease),

FIGURE 3-8

A Moroccan patient afflicted with PD, drawn by Charcot 
in 1889 while he was on a voyage. As Charcot said to his 
students, “I have seen such patients everywhere, in Rome, 
Amsterdam, Spain. They reflect always the same picture. They 
can be identified from afar. You do not need a medical his-
tory” (9, Leçon 21).
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which concerns a patient with PD. These unnumbered doc-
uments, not all dated, cover a period of at least 15 months, 
from January 1863 through March 1864, and are kept 
in an envelope with the patient’s name and the diagno-
sis “paralysis agitans’’ written in Charcot’s large script. 
As a group, these letters reveal how the doctor—patient 
relationship arose and evolved, as well as the attentive-
ness offered to the patient by Charcot. Charcot’s letters 
of reply to the patient were based on the patient’s and 
his family’s assessment of response to treatment. Charcot 
adopted this system as an efficient form of organization 
for dealing with outpatients, as shown in an undated 
letter from the series attached with the prescription: “I 
would be most obliged, Monsieur, if you would remind 
me of this prescription the next time you write.’’

In the first letter, dated January 19, 1863, the 
patient reminded Charcot that he was originally referred 
by Brown-Séquard and that Charcot had seen him two 
months earlier. Charcot had prescribed rest and camphor 

therapy, which the patient followed, but without respite. 
Thereafter Charcot embarked on several therapies, and 
each time he modified his recommendation based on the 
detailed reports of symptoms and changes. The treat-
ments included hyoscyamine, a centrally active anticholin-
ergic drug that is among the class of agents currently used 
to treat PD, and ergot products, which are the basis of 
some modern dopamine agonist drugs. He also used silver 
nitrate, iron compounds, henbane, pills, and zinc oxide. 
Charcot was highly specific in his instructions, indicating 
that quinquina should be diluted with syrup made from 
orange rind and that pills be made of 0.5 centigrams of 
silver nitrate impregnated in 9 grams of soft bread to 
render 100 pills for ingestion.

The documents are particularly revealing of the tone 
of the doctor-–patient relationship. The traditional image, 
derived from the Tuesday lessons of nearly 25 years later, 
is Charcot’s speaking to the patient, often iimperiously, 
about his or her symptoms and the patient’s generally 

FIGURE 3-9

Portrait of a patient on the Charcot neurological service at the Salpêtrière, drawn by the medical artist Paul Richer, showing the
progressive impairment over time. The picture captures the posture and arthritic changes of untreated PD.
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accepting his recommendations without comment. These 
earlier letters document instead a lively interchange
between doctor and patient, with the patient assert-
ively evaluating Charcot’s treatments and, with some 
audacity, even recommending that he consider others. 
When the patient was helped, he openly acknowledged 
Charcot’s contribution, but when he was not, he wrote 
back promptly asking for better treatments. The tone 
of Charcot’s replies is not known, as his letters are not 
included, but the dates of the letters demonstrate that 

he answered the letters quickly and kept them together 
as a medical dossier. A copy of a prescription written by 
Charcot for a patient with PD is shown in Figure 3-10.

CHARCOT AND PARKINSON’S DISEASE

Summarizing his views of the state of therapy for PD in 
the 1870s, he stated: “Everything, or almost everything, 
has been tried against this disease. Among the medicinal 

FIGURE 3-10

Prescription written by Charcot for a patient with PD. Translation: 1. Take immediately before each meal, one granule of hyo-
scyamine (at one milligram per granule) and four additional granules of the same dose at night before retiring. Start with six pills
daily and progressively increase to eight and then ten pills daily. These pills may be bought at the Duroy Pharmacy, 10 rue de 
Faubourg Montmartre in Paris. 2. Immediately following each meal, take in a small glass of wine, 4 drops of Pearson solution, 
that is 8 drops each day. Paris, May 4, 1877. Charcot.
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substances that have been extolled, and which I have 
myself administered to no avail, I need only enumerate 
a few.’’ (4).

Charcot’s Students and the Salpêtrière

Although in the 1880s Charcot’s research focus moved 
increasingly toward the study of hysteria in the 1880s, he 
maintained a keen interest in PD throughout his career. 
Several of his students wrote their medical theses on 
PD and its variants. After Charcot died, the Salpêtrière 

remained a focus of PD study, and E. Brissaud, who 
temporarily assumed Charcot’s professorial chair in 
neurology, reported cystic brain stem lesions in the 
midbrain of PD patients in 1895. Several articles on 
parkinsonian variants were published in the Nouvelle 
Iconographie de la Salpêtrière and other journals that 
Charcot had established. These reports remain impor-
tant medical documents on parkinsonian syndromes 
and their natural evolution and progression, especially 
because of the accompanying photographs from the 
Salpêtrière.
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Timeline of Parkinson’s 
Disease History 
Since 1900

1911
• First synthesis of D/L dopa (1)

1912–1913
• Description of intracytoplasmic eosinophilic inclu-

sions (later referred to as Lewy bodies) in dorsal 
motor nucleus of vagus and substantia innomita; 
the substantia nigra was considered unaffected in 
the original report (2–3)

1913
• Levodopa isolated from broad bean plants at Roche 

and a simplified manufacturing process described (4)

1917–1926
• First diagnosis of encephalitis lethargica—secondary 

parkinsonism (5, 6)

1919
• Constancy of nigral lesions in PD noted (7)

1929
• Use of large doses of atropine for PD initiated (8)

1940
• First neurosurgical approach to the basal ganglia for 

treatment of postencephalitic tremor attempted (9)

1947
• First stereotactic pallidotomy (10)

William J. Weiner
Stewart A. Factor

1950s
• Introduction of synthetic anticholinergics (11)

1951
• Discovery of dopamine (“encephalin’’) in the brain 

and the determination that only levodopa could 
increase its concentration in the central nervous 
system (12)

• First use of apomorphine in PD (13)

1952–1953
• Substantia nigral lesions essential and the occur-

rence of Lewy bodies required as definite criteria in 
neurological definition of PD (14, 15)

1955
• Introduction of ventrolateral (VL) thalamotomy for 

tremor (16)

1957
• Catechol compounds demonstrated in brains of a 

variety of animals (17)
• “Reserpine demonstrated to reduce brain dopamine 

and cause bradykinesia in rabbits; both reversed 
with levodopa (18).”

1958–1959
• Dopamine demonstrated to be highly concentrated 

in the caudate/putamen (19, 20)

4
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1959
• Catechol compounds including dopamine demon-

strated in human brain (21)

1960
• Description of Shy-Drager syndrome (22)
• Dopamine found to be decreased in the corpus stria-

tum of brain from patients with PD (23)

1961–1962
• First reported successful trials of intravenous and 

oral low-dose levodopa (24, 25)

1964
• Description of striatonigral degeneration (26)
• Description of progressive supranuclear palsy 

(PSP) (27)

1964–1965
• Histofluorescence techniques demonstrate that 

dopamine is concentrated in substantia nigral neu-
rons; existence of nigrostriatal dopaminergic path-
way discovered (28, 29)

1967
• First successful oral use of high-dose D/L dopa (30)

1968
• Description of corticobasal degeneration (31)
• First successful use of oral high-dose levodopa (32)
• Multiple system atrophy (MSA)—unifying concept 

for olivopontocerebellar atrophy (OPCA), striatoni-
gral degeneration, and Shy-Drager syndrome (33)

• Laradopa (levodopa) approved by the FDA for use 
in PD and distributed worldwide (34)

1969
• First successful use of amantadine (35)

1973
• Introduction of dopa decarboxylase inhibitors : FDA 

approves carbidopa/levodopa (Sinemet) (36)
• Concept of dopamine agonists introduced (37)

1974
• Identification of dopamine receptors (38)
• First clinical use of bromocriptine, the first oral 

dopamine agonist (39)

1975
• Introduction of benserizide-levodopa (Madopar) (34)
• First clinical use of L-deprenyl, the first MAO-B 

inhibitor (34)

1978
• Bromocriptine approved by the FDA for use in PD

1979
• MPTP (1-methyl 4-phenyl 1, 2, 3, 6-tetrahydropyri-

dine)-induced parkinsonism first reported, although 
it is not recognized (40)

• Dopamine receptors found to exist as subtypes (41)

1983
• MPTP-induced parkinsonism recognized and more 

fully described (42)

1985
• First use of the atypical antipsychotic clozapine for 

psychosis in PD (43)

1986
• Parkinson Study Group (PSG) formed

1989
• Thalamic deep brain stimulation (DBS) first used 

for treatment of tremor (44)
• FDA approves pergolide for use in advanced PD
• FDA approves selegiline for use in advanced PD
• First report of the DATATOP (Deprenyl and 

Tocopheral Antioxidant Therapy of Parkinson-
ism) study—a controversial study with several 
firsts: first PSG trial, first neuroprotective trial, 
first use of need for dopaminergic therapy as an 
endpoint (45)

1990
• Contursi kindred described—large autosomal domi-

nant kindred (46)
• First description of diffuse Lewy body disease 

(47–50)
• Model of basal ganglia circuitry introduced, provid-

ing an explanation for the effect of surgical therapy 
in PD (51–53)

1991
• FDA approves Sinemet CR for use in PD

1992
• Reintroduction of pallidotomy in PD (54)

1993
• Apomorphine approved for use in PD in the United 

Kingdom

1995
• DBS of the subthalamic nucleus first used for treat-

ment of PD (55)

1997
• FDA approves thalamic DBS to treat parkinsonian 

tremor
• The new generation of dopamine agonists prami-

pexole and ropinirole are approved for use in the 
United States

• Amantadine found to improve dyskinesia (56)
• The first mutation of Park1, alpha-synuclein gene, 

is identified in Contursi and other kindreds with 
PD (57)

• The first mutation of Park2, also known as parkin, 
causing juvenile autosomal recessive parkinsonism, 
is identified (58)

• Lewy bodies found to stain for alpha-synuclein (59)
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1998
• Tolcapone is approved by the FDA for use in stable 

and fluctuating PD

1999
• Entacapone is approved by the FDA for use in 

advanced PD
• UCH-L1 (Park5) gene mutation discovered in a sib 

pair with PD (60)
• First double-blind placebo-controlled trial demon-

strating the efficacy of clozapine in the treatment of 
psychosis in PD (61)

2000
• Rotenone animal model for PD is developed (62)

2001
• The first mutation of Park6, in the PINK1 (PTEN-

induced putative kinase-1) gene, causing an autosomal 
recessive form of parkinsonism, is discovered (63)

• A double-blind, sham surgery–controlled study of 
fetal transplantation in PD demonstrates lack of 
efficacy and the development of runaway dyski-
nesias (64)

2002
• DBS Surgery of the subthalamic nucleus (STN) is 

approved by the FDA for treatment of fluctuating 
PD patients

• Proteosomal inhibitors are used to develop an ani-
mal model of PD (65)

2003
• The first mutation of Park7 in the DJ1 gene, caus-

ing an autosomal recessive form of parkinsonism, 
is discovered (66)

• Braak and Braak present a schema for ascending 
progression of Lewy body pathology in PD (67)

2004
• Subcutaneous administration of apomorphine is 

approved by the FDA as rescue therapy for “off” 
times in PD (68)

• The first Park8 mutation in the LRRK2 (leucine-
rich repeat kinase 2) gene—causing an autosomal 
dominant form of PD and the only hereditary form 
of parkinsonism found in typical sporadic late-onset 
disease—is discovered (69, 70)

• ELLDOPA trial results are reported, producing clini-
cal data suggesting that levodopa might be protec-
tive, while imaging data suggest the opposite (71)

2005
• Preliminary results of a pilot trial for the first gene 

therapy in PD, viral vector delivery of the GAD gene 
into the STN, is reported (72)

2006
• Rasagiline (an MAO-B inhibitor) is approved by the 

FDA for use in early and advanced PD ( 73, 74)
• Orally disintegrating (Zydis) selegiline (an MAO 

B inhibitor) is approved by the FDA for use in 
advanced PD (75)

• The results of the first large-scale double-blind, 
placebo-controlled trial examining an antiapoptotic 
drug (Cep 1347) as a potential neuroprotective agent 
in PD are reported, showing the drug’s failure (76)

• Intraputamenal infusion of GDNF (glial cell line–
derived neurotrophic factor) fails to modify PD in 
a randomized, placebo-controlled trial (77)

2007
• Rotigotine dopamine agonist patch is approved by 

the FDA for use in early and advanced PD (78)
• Pergolide is removed from the U.S. market due to 

cardiac valvulopathy (79)
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Epidemiology

he epidemiology of Parkinson’s dis-
ease (PD) can be divided into the 
broad categories of descriptive, ana-
lytic, and experimental. Descriptive 

epidemiology deals with incidence, mortality, and preva-
lence rates. Analytic studies identify those factors that 
influence the frequency of disease, time trends, and their 
significance. These studies identify associations of dif-
ferent events and factors involved in PD in an effort to 
determine causes. Experimental epidemiology focuses pri-
marily on treatments and requires careful clinical assess-
ments and documentation.

Most scientific research occurs in laboratories, where 
a hypothesis is generated and then tested using controlled 
experiments. By contrast, epidemiology is the study of 
nature’s experiments, which may have been influenced 
by economic, social, or medical developments. Unlike 
laboratory experiments, which can be strictly controlled 
to eliminate confounding variables, epidemiologic studies 
must continuously navigate potential biases. Major biases 
may be introduced during case finding, data collection, data 
analysis, or interpretation of data. If care is not taken, these 
biases can render conclusions invalid. Planned laboratory 
experiments can be verified by others using exactly the same 
methodology and material. However, no two epidemiologic 
studies are ever identical because they are conducted using 
human populations over long periods of time.

Michele L. Rajput
Ali H. Rajput
Alexander Rajput

Compared with laboratory experiments, epidemio-
logic studies require considerably more time and effort, 
and the yield—for example, publications or presentations 
per unit of effort—is far less. Epidemiologic studies must 
be planned, conducted, and interpreted carefully; patience 
truly is a virtue in these studies. The disadvantages are 
balanced by an important fact: the final objective of 
biomedical research is the application of its findings to 
human health and disease, and an overwhelming major-
ity of laboratory studies may never reach this goal. In 
contrast, well-done epidemiologic studies have direct and 
immediate application.

The connection between an epidemiologic study 
and daily clinical practice requires interpretation on the 
part of the clinician. It is important that appropriate 
significance be given to each aspect of the observations. 
A large report may have only a small part that is both 
scientifically valid and clinically applicable. A clinician 
may have to interpret a one-of-a-kind epidemiologic 
study. An even more difficult situation is presented 
when two somewhat similar studies come to differ-
ent conclusions. In those situations, a rule of thumb 
is often the best guide: rely on your intuition regard-
less of who the author is, where the study was con-
ducted, and in which journal the paper was published. 
If something does not make sense, do not believe it, or 
at least reserve judgment until further research supports 

T
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the conclusions. Here we briefly outline some of the 
issues that are critical for good epidemiologic studies of 
parkinsonism.

SELECTION OF LOCATION AND POPULATION

There is no community or institution that lends itself 
to all types of epidemiologic studies. Experimental and 
clinical studies are conducted in clinic populations. Inci-
dence studies must often focus on physician-diagnosed 
cases ascertained via health care providers. With appro-
priate effort, prevalence studies can be conducted in any 
community. Because there is no biological marker, the 
diagnosis of PD can be made only by clinical assessment, 
and it requires a high level of cooperation from those 
being screened. All individuals in the community may 
not wish to participate. In spite of some limitations, a 
door-to-door survey of a community is the best method 
to ensure accurate ascertainment of all cases for preva-
lence studies.

The age distribution of the population being studied 
must also be considered. Parkinsonism is concentrated 
in older age groups; therefore studies restricted to indi-
viduals above a certain age would find inflated rates. 
Unless rates are adjusted for the age distribution of the 
community residents, these rates will not be applicable 
to the general population. Prevalence studies conducted 
in community residents often exclude the institutional 
population. Because a large proportion of advanced 
parkinsonian patients reside in institutions, these stud-
ies provide lower prevalence rates and are therefore not 
generalizable (1, 2).

DIAGNOSIS OF PARKINSONISM 
AND VARIANTS

Wide variations in the diagnostic criteria utilized in epi-
demiologic studies make comparisons difficult if not 
impossible. While reading the results of a study, it is 
critical to ascertain the definition used by the research-
ers to discern exactly which patient population is being 
described. de Rijk and coworkers carefully reviewed 
the literature on the diagnostic criteria of PD used in 
different epidemiologic studies and concluded that the 
best criteria are the same as those used in clinical stud-
ies (3). A patient is diagnosed as having PD if 2 of the 
3 following symptoms are documented: bradykinesia, 
rigidity, and tremor (3, 4). Of course if the objective 
of the study were to study idiopathic PD alone (4), an 
accurate diagnosis of PD would require the exclusion of the 
many variants of parkinsonism (5). These variants include 
but are not limited to drug-induced parkinsonism (DIP), 

progressive supranuclear palsy (PSP), and multiple sys-
tem atrophy (MSA).

Most epidemiologic studies make no special effort 
to identify different variants of PS, and this can compli-
cate the interpretation of results and the generalizability 
of conclusions. A Rochester study of patients diagnosed 
between 1967 and 1979 elaborated on the variants of 
parkinsonism: 85.5% PD, 7.2% DIP, 1.4% PSP, 2.1% 
MSA, and 1% vascular parkinsonism (6). Every recent 
incidence and prevalence study has noted that the most 
common parkinsonian variant is PD.

To further complicate matters, the clinical diagnosis 
of PD is not always accurate (4). In most cases the error 
involves the misdiagnosis of other variants of parkinso-
nian syndrome (PS) or of patients with essential tremor 
as having PD. Even after many years of follow-up, up to 
24% percent of the patients clinically diagnosed as having 
PD had a different diagnosis upon autopsy (4, 7). Most 
epidemiologic studies probably do not accurately reflect 
the frequency of the uncommon variants. For instance, 
DIP is rare in community residents (1) but common in the 
institutionalized elderly (2). Those epidemiologic studies 
that are all-inclusive therefore indicate a larger propor-
tion of DIP (6, 8, 9). They reflect the PS variants in the 
entire population and therefore are more meaningful. 
With the widespread use of newer antipsychotic agents, 
it is anticipated that DIP may become less common.

PROGRESSION OF PARKINSONISM 
AND STAGING OF DISEASE

The distribution of patients with respect to stage of disease 
is another important characteristic to know about a study 
population. The progression of motor symptoms differs 
in PS variants. The rate of progression of disability is 
more rapid in MSA and PSP than in idiopathic PD (10, 
11). It has been estimated that the progression from one 
stage—as defined by Hoehn and Yahr (H&Y)—to the 
next takes approximately 2 to 2.9 years (12), but recent 
studies indicate that progression in an optimally treated 
PD patient is much slower. An average nondemented PD 
patient with onset at age 62 years who is treated appro-
priately progresses by one H&Y stage in approximately 
6 years (13). The progression rate varies widely from 
patient to patient. Despite these variations, the disease 
will advance at a relatively constant rate in any given 
individual (12).

INCIDENCE OF PARKINSON’S DISEASE

Incidence studies are difficult to perform because they 
require the identification of all new cases in a large, 
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defined population. Most studies to date have used 
various combinations of hospital records, specialist 
records, prescription drug databases, and inquiries to 
physicians, hospitals, and long-term-care facilities. The 
most complete case ascertainment includes door-to-door 
surveys and screenings to identify cases not previously 
diagnosed. Door-to-door surveys can also be used to 
identify a population without PD that can be followed 
prospectively to identify new cases as symptoms first 
appear. By necessity, incidence studies usually report 
each incident case as of date of diagnosis, since the date 
of symptom onset is difficult to pinpoint. To avoid year-
to-year fluctuations, studies must include all patients 
diagnosed over several years.

In 2003, Twelves and colleagues completed a system-
atic review of all PD incidence studies (14). After thor-
oughly reviewing 94 references, 25 PD incidence studies 
were identified. These studies used a variety of methods 
and differing case definitions; moreover, their data came 
from many different countries, including North and South 
America, Australia, Europe, Asia, and the Middle East. 
Crude annual incidence rates ranged from 4.5 per 100, 
000 in Libya (15) to 26 per 100, 000 in London (16). 
Five studies were similar enough and provided sufficient 
data for the calculation of age-standardized rates (17–21). 
Ultimately, four of these studies gave annual incidence 
rates ranging from 16.5 to 18 per 100, 000 population. 
These studies were from Finland (18, 19), the borough 
of Manhattan in New York City (20), and the United 
Kingdom (21). One study from Italy gave a much lower 
estimated annual incidence rate of 8 per 100, 000 (17). 
The authors hypothesize that low case ascertainment from 
20-year-old medical records and/or the high rate of undi-
agnosed PD in Italy contributed to the low incidence rate 
in the Italian study.

The incidence of PD increases with advancing age. It is 
concentrated in the higher age groups, and only 4% to 10% 
of patients have onset before age 40. In our clinic-based 
study of 934 patients over 22 years, 6% had onset before 
age 40 (11). In the most recent Olmsted County study, the 
annual incidence per 100, 000 was 1 between the ages of 
30 and 39 years, 17 between the ages of 50 and 59 years, 
and 93 between the ages of 70 and 79 years (8). On the 
basis of these incidence rates, the lifetime risks of PD are 
estimated at 2.0% for men and 1.3% for women (22).

If the current survival trends continue, there will be 
a progressively higher population of elderly in the general 
population, and the overall incidence of PD will rise. 
Other developments that contribute to higher incidence 
are the increasing recognition that PD may begin at a 
young age and that a significant proportion of demented 
patients also have parkinsonian features. This is not a 
true increase in incidence but an effect of improved case 
ascertainment.

LIFE EXPECTANCY IN PARKINSON’S DISEASE

PD by itself is not fatal; however, it leads to physical 
disabilities that predispose to deep venous thrombosis, 
pulmonary embolism, pneumonia (23), falls, and result-
ing complications (24). Patients with PD have mortality 
rates 35% to 65% higher than those of matched controls 
(25, 26). Life expectancy in western countries has pro-
gressively increased over the last several decades because 
of improved socioeconomic conditions and better health 
care. Parkinson’s disease patients of today would share 
some of those longevity gains; hence the life expectancy 
of contemporary patients would be longer than that of 
patients diagnosed 30 to 40 years ago. To overcome that 
bias in studying mortality, cases and controls must be 
matched on birth year and gender.

The onset of PD is insidious and difficult to ascertain 
precisely. The date of onset is established retrospectively, 
relying on the patient’s history; it is only an approxima-
tion and not an exact date. The interval between symptom 
onset and clinical diagnosis may be several years. Because 
of the uncertainty of the onset date, life expectancy from 
the onset of symptoms cannot be measured accurately.

By approximating a time of onset retrospectively for 
survival analysis, survival rates expected in the general 
population are artificially inflated by not accounting for 
individuals with PD who die without having been diag-
nosed (27). When we used the date of onset in our study 
of 934 PS patients, survival in the PS group was longer 
than expected in the general population. The observation 
that patients suffering from a chronic, progressively dis-
abling disease lived longer than the general population of 
unaffected individuals does not make sense. To overcome 
this bias, survival must be computed from the date of 
first patient contact and controls matched as of this date 
(11, 28). By doing so, the benefits of socioeconomic and 
medical advancements in the general population would 
be shared by parkinsonian patients equally and would 
not be a factor in the PD survival gains (29).

Although expressing survival as a “mean” number 
of years has value in counseling patients, it does not help 
to elucidate any survival changes consequent to current 
methods of management. As life expectancy in the general 
population increases, one would expect some increase in 
mean life expectancy in parkinsonian patients as well. 
Several studies indicate that, in the last three decades, 
life expectancy in parkinsonian patients has increased 
significantly. Uitti and coworkers, using a mathemati-
cal model, concluded that the use of levodopa increased 
survival considerably (28). Kurtzke and associates (30) 
observed changes in age at death between 1970 and 
1985 and concluded that patients were now living 5 years 
longer than they were before levodopa became avail-
able. If the recent 5-year increase in mean survival in 
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parkinsonian patients were added to the prelevodopa 
survival of 9.42 years (excluding postencephalitic parkin-
sonism) (13), the mean survival today would be approxi-
mately 15 years.

Change in life expectancy with time has implica-
tions not only for the individual patient but also for 
the health care system in order to provide services. If 
the new cases were to emerge at the same rate as before 
but survival increased, the total number of cases at any 
given time would be higher than before. If there is indeed 
an increase in the life expectancy of today’s patients 
compared with the past generations, it may reflect the 
benefits of modern drug therapy. Some observers have 
concluded that the life expectancy gain is simply an 
indicator of improved socioeconomic/general medical 
care, leading to increased survival (31). To distinguish 
between these points of view, case-control studies are 
needed, but they would be unethical. Levodopa, the 
most potent drug, or any other drug given to control 
symptoms, cannot be withheld for a prolonged period 
from any person with the objective of comparing the 
survival of treated versus untreated patients. By neces-
sity, evaluations of the effect of access to levodopa must 
be made by other means.

At the Movement Disorder Clinic in Saskatoon, 
Saskatchewan, 934 patients were studied between 1968 
and 1990 (11). The severity of disability and the type 
of parkinsonism in these patients were comparable to 
those noted in a large prevalence study (32). These 
934 patients could be subdivided into prelevodopa- and 
levodopa-era cases based on date of first visit to the 
Movement Disorder Clinic (11). Survival was reduced 
in both groups, but the most favorable prognosis was 
noted in 565 cases with onset after 1973 and unre-
stricted levodopa access. In 1975, the Saskatchewan 
prescription drug policy was implemented and levodopa 
was fully funded by the province for all patients. Cases 
diagnosed before 1974 had a 10-year survival of 46%, 
compared with the expected 69%. For cases diagnosed 
in 1974 or later, the observed 10-year survival was 78%, 
compared with the expected 83%. Thus survival was 
significantly better in the more recent cases compared 
with those diagnosed earlier, when levodopa was not 
available or was severely restricted P � .025). Further 
analysis demonstrated that the survival benefits were 
realized only when levodopa was initiated before the 
patients developed postural instability as indicated by 
modified H&Y stage 2.5.

Survival of PD patients has improved remarkably 
since levodopa came into widespread use, although it 
remains shortened compared with that of the general 
population. It is estimated that the life expectancy of a 
nondemented patient with onset of idiopathic PD at age 
62.4 years will be reduced by approximately 2 years if 
the disease is treated adequately. Survival is significantly 

shorter in other variants of parkinsonism and in those 
who have dementia at first assessment (11). Shortened 
survival in patients with dementia has also been reported 
by several other workers (28, 33).

PREVALENCE OF PARKINSON’S DISEASE

Disease prevalence is a result of incidence and survival. 
With an aging population and improved medical therapy, 
PD prevalence can be expected to increase even if age-
specific incidence rates remain constant.

There is universal agreement that the prevalence 
of parkinsonism increases with age. One recent study in 
Holland found the prevalence of PD to be 0.6% (6 per 
1000 people) in those between the ages of 65 and 69 years 
and 2.6% (26 per 1000) in the those aged 85 to 90 years 
(34). It is estimated that between 1971 and 1991 there 
was a doubling in the number of individuals over age 
85 in Canada and the United States, thereby markedly 
enlarging the population at risk for developing parkin-
sonism. In Finland, the age-adjusted prevalence of PD 
increased from 139 per 100, 000 in 1971 to 166 per 100, 
000 in 1992 (19).

The best prevalence studies are those in which the 
entire population of a community is directly surveyed. 
Most studies are restricted to populations 40 years of 
age and older, thereby excluding the significant portion 
of the general population below that age, where the 
prevalence is lower. This gives the impression of higher 
than actual rates in the general population. Worldwide, 
prevalence rates range from 57 per 100, 000 in China 
(56) to 371 per 100, 000 in Sicily (35). A state registry 
was used to estimate PD prevalence as 329.3 per 100, 
000 in Nevada (36). As noted earlier, prevalence stud-
ies should not rely only on physician-diagnosed cases. 
Door-to-door studies have revealed that between 35% 
and 42% of the parkinsonian patients were undiagnosed 
before the survey (35, 37).

There are other means of estimating prevalence, but 
they are not reliable. Death registers as a source of preva-
lence rates have the lowest yield. In an overwhelming 
majority of these patients, the patient dies of a related 
medical condition and the diagnosis of PD is not noted 
on the death certificate (38). Also, the accurate coding of 
PD is associated with patient income; PD was recorded 
in almost 70% of the high-income group compared with 
just 35% in the group with the lowest income (38). The 
number of antiparkinsonian drug prescriptions in a pop-
ulation is another indicator of prevalence rates. Drug 
tracer methodology was used to estimate PD prevalence 
in British Columbia as ranging between 109 and 125 per 
100, 000 (39). However, this is an underestimate, since 
undiagnosed cases are missed as well as early, mild cases 
as yet untreated.
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RISK FACTORS

Both heredity and the environment have a role in the etiol-
ogy of PD. These topics are covered in later chapters.

Race and ethnicity may be associated with risk of 
PD. Some previous studies based on private patients in 
American hospitals indicated that the risk of parkin-
sonism differed according to skin color, with whites 
being at increased risk (40, 41). On the assumption that 
environmental toxins might cause PD, it has been sug-
gested that MPTP toxicity is more likely in whites than in 
blacks (42). On the other hand, studies in Copiah County, 
Mississippi, found no significant differences in PS risk in a 
mixed-race community consisting of nearly equal number 
of blacks and whites (37). In another mixed-race U.S. 
population survey, the incidence was highest among black 
males, although there was higher mortality in this group, 
resulting in lower prevalence in blacks (43). When age of 
population was taken into account, the prevalence of par-
kinsonism in U.S. blacks was 5-fold higher than in blacks 
living in Nigeria. (44). It should be noted that the studies 
of blacks and whites in Copiah County, Mississippi (37), 
and those in Nigeria (44) were conducted by the same 
principal investigator (B.S. Schoenberg) using the same 
methodologic tools and that the results are therefore not 
attributable to methodologic bias.

A study of a health maintenance organization 
reported that incidence rates did indeed vary by race/
ethnicity (45). The highest rates were among Hispanics 
(16.6 per 100, 000), followed by non-Hispanic whites 
(13.6), Asians (11.3), and blacks (10.2). In contrast, the 
prevalence of PD in China varied greatly by geographic 
region, with one rural region having a prevalence of 
620 per 100, 000 (46). One study of PD in an Inuit popula-
tion in Greenland reported an age-adjusted PD prevalence 
of 187.5 per 100, 000, similar to the rate of 209 per 100, 
00 in the Faroe Islands but double that of 98.3 per 100, 
000 in Als, Denmark (47). The prevalence of PD in elderly 
care home residents in Bangalore was 19.5% among the 

Indians compared with just 3.9% among the admixed 
Anglo-Indian residents (48). Geographic variations were 
also observed in Alberta, Canada (49). These data sug-
gest some role of race/ethnicity in the risk for PD, but the 
environment likely plays a larger part.

Risk of PD is also associated with gender. Several 
studies have reported a higher prevalence in males than 
in females (19, 20, 50, 51), and large clinical trials often 
enroll more males than females (52). On the other hand, 
one study did find a higher prevalence among women 
(53), and higher prevalence rates have been reported in 
women than in men in some carefully conducted door-to-
door studies (35, 54). The preponderance of the evidence 
indicates that the relative risk for men of developing PD is 
1.5 (50). Although men may develop PD more often than 
women, their disease course seems to be similar, including 
age at death, which one would not expect given women’s 
longer life expectancy (55).

Smoking and caffeine are independently associated 
with a lower risk of PD (56). A review of 6 prospective 
studies reported a pooled risk of 0.51 for ever smok-
ers and 0.35 for current smokers compared with never 
smokers (57). Smoking has a dose-response relationship 
with PD (58). Current heavy smokers had a lower risk 
(OR � 0.08) than current light smokers (OR � 0.59), 
and former heavy smokers who had recently quit had a 
lower risk (OR � 0.37) than those who had quit more 
than 20 years earlier (OR � 0.86). Caffeine has a similar 
relationship in men, with about half the PD risk for the 
highest caffeine intake compared with the lowest (59); 
however, the relationship in women was U-shaped, with 
the lowest risk in the moderate intake category. For 
both smoking and caffeine, the cause-effect relationship 
with PD has not been established. PD will continue to 
increase in prevalence. In addition to basic science studies, 
prospective epidemiologic studies are needed to ascertain 
what causes PD, so as to identify prevention strategies. By 
necessity, these studies will be large and time-consuming 
but also well worth pursuing.
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Cardinal Features of 
Early Parkinson’s Disease

he term parkinsonism has evolved 
over time to refer to the constella-
tion of signs in the clinical entity 
described by James Parkinson in 

1817 (1). The 3 cardinal signs include resting tremor, 
rigidity, and bradykinesia. However, there are no specific 
criteria for the use of this term. For instance, does the 
presence of any of the core features alone constitute par-
kinsonism? Or is a threshold of motor signs needed before 
a patient would be labeled as having parkinsonism?

Parkinson’s disease (PD), the most common cause 
of parkinsonism (2), has a more specific definition, with 
gradations of diagnostic certainty (3–5). The definitive 
diagnosis of PD requires autopsy; however more rigor-
ous clinical diagnostic criteria have emerged over the last 
2 decades (6). The motor signs of early PD are usually 
asymmetric, and symptomatic improvement with dopa-
minergic drugs is significant and sustained. Familial par-
kinsonism and familial PD are entities that may follow 
an autosomal dominant (with variable penetrance) or 
autosomal recessive pattern of inheritance.

EARLY NONSPECIFIC FEATURES

The early symptoms of PD may be nonspecific, such as 
fatigue, reduced energy, joint stiffness (especially of the 
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shoulder), muscles cramps, or vague sensory disturbances. 
Unilateral limb dystonia, especially in the foot, may 
accompany the sensation of limb stiffness (7). Dragging 
of one foot or tripping after walking a distance even in 
the absence of dystonia may occur. The patient may take 
a longer time to perform daily activities. The eyes may 
feel dry, with a sensation of burning due to the reduced 
frequency of blinking.

There may be a feeling of internal (usually asym-
metric) quivering before the emergence of visible resting 
tremor (8). Slower and more effortful handwriting, with 
smaller letters (micrographia) may occur. Typing on the 
computer keyboard may become slower, with more typo-
graphical errors. The patient may complain of hoarseness 
or a soft voice (hypophonia), especially after speaking for 
a while. Family members may notice an asymmetrically 
reduced arm swing in the patient during ambulation. 
Drooling is usually not an early feature of PD, but it can 
rarely occur early in the course of the disease.

Sleep disturbances are common in early PD, even 
before the emergence of motor symptoms. Rapid-
eye-movement (REM) sleep behavior disorder is a com-
mon manifestation. It is due to the loss of the normal 
muscle atonia during REM sleep and is characterized 
by excessive movements while dreaming. The acting out 
of dreams can be quite violent and even injurious to the 
patient or the bed partner. One study found that among 
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patients with PD and REM sleep behavior disorder, more 
than half developed the disorder before motor symptoms 
were present (9). Others have suggested that REM sleep 
behavior disorder is actually part of the overall dopamine 
deficiency syndrome seen in PD (10). Periodic limb move-
ments during sleep, a common complaint usually voiced 
by the bed partner, may further fragment sleep.

Restless legs syndrome (RLS) and a sense of inner 
restlessness (restless body syndrome) are common in early 
PD. The clinical syndrome of akathisia (Greek term mean-
ing “inability to sit still”) has similarities to RLS. RLS 
responds well to dopaminergic therapy, and akathisia is 
frequently brought on by dopamine antagonists, again 
suggesting a shared neurotransmitter mechanism. The 
prevalence of RLS in the general population is nearly 
10% (11), while its prevalence in PD patients has been 
reported to be as high 21%, about twice that in the gen-
eral population (12). The relationship between brain iron 
and dopamine deficiency, RLS, and PD remains to be 
elucidated.

Further early nonmotor manifestations include con-
stipation, seborrheic dermatitis, decreased perception of 
smell (hyposmia), and dysautonomia, including bladder 
dysfunction. Constipation is a common early complaint. 
One study questions whether constipation is part of early 
PD or whether it is so prevalent before the presence of 
motor symptoms that it may be a marker of susceptibility 
to develop PD (13). Constipation may also be exacer-
bated by drugs, both dopaminergic and anticholinergic 
agents, used to treat motor symptoms.

The perplexing association between seborrheic der-
matitis and PD and its improvement with levodopa treat-
ment has been established for decades (14). The exact 
mechanism for seborrheic dermatitis is unclear. It is an 
ill-defined condition characterized by chronic scaling of the 
skin on the head and trunk, where sebaceous glands are 
prominent. Theories of why it occurs in PD patients have 
ranged from increased sebum excretion, to slow emptying 
of the pilosebaceous canal reservoir, and even to the pos-
sibility that a common potential environmental agent may 
lead to both seborrheic dermatitis and PD (15).

Hyposmia occurs early in PD and may precede motor 
symptoms by many years. It is such a well-recognized 
feature of PD that some are proposing olfactory dysfunc-
tion as a risk factor for developing PD (16). Hyposmia is 
bilateral and unrelated to the side of initial motor signs or 
antiparkinson drug therapy (17). A recent study suggests 
that a combination of idiopathic REM sleep behavior 
disorder and olfactory dysfunction had a high correlation 
with the presence of clinical and neuroimaging signs of 
nigrostriatal dysfunction (18).

The most common bladder symptoms in early PD 
are urinary frequency, urgency, and urge incontinence. 
These symptoms generally correlate with the severity of 
detrusor hyperreflexia (i.e., excessive detrusor muscle 

contraction at early stages of bladder filling) as measured 
by urodynamic testing (19). Obstructive uropathy due to 
an enlarged prostate further exacerbates bladder symp-
toms in older men with PD. Erectile dysfunction in men 
is also extremely common in any stage of PD (20).

Although the presence of early severe dementia 
together with motor parkinsonism points to a diagno-
sis other than PD, subtle abnormalities in cognition and 
executive function are common in early PD. Change in 
personality, difficulty with concentration, slowed thinking 
(bradyphrenia), and mood changes—especially depres-
sion and anxiety—may be present in early PD (21). Visual 
perception, recognition deficits, impaired tasks of execu-
tive function, planning and working memory, and infor-
mation processing may all be impaired (22, 23). There is 
evidence that these cognitive deficits in PD significantly 
influence quality-of-life measures (24).

CORRELATION BETWEEN SYMPTOMS 
AND PATHOLOGIC STAGES OF 

PARKINSON’S DISEASE

Braak et al. have proposed that PD is a synucleinopathy 
with 6 neuropathologic stages (25, 26). It is believed that 
the pathologic changes in PD begin years before motor 
symptoms appear. Table 6-1 summarizes the 6 pathologic 
stages proposed by Braak and colleagues. During the pres-
ymptomatic (with regard to motor symptoms) stages 1 to 2, 
inclusion-body pathology is confined to the medulla oblon-
gata, the dorsal motor nucleus of the vagus nerve and the 
reticular formation, the pontine tegmentum, the olfactory 
bulb, and the anterior olfactory nucleus. In addition, the first 
Lewy body pathology appears in the locus ceruleus. These 
pathologic changes may explain hyposmia, early mild dys-
autonomia, and early mood/cognitive complaints.

In stages 3 to 4, the substantia nigra and the basal 
portions of the midbrain and forebrain are involved. The 
pars compacta of the substantia nigra, where the dopami-
nergic neurons of the nigrostriatal pathway are located, 
are clearly involved by these stages. Other brain regions 
that show pathologic change include the cholinergic teg-
mental pedunculopontine nucleus, raphe nuclei, cholin-
ergic magnocellular nuclei of the basal forebrain, and 
hypothalamic tuberomamillary nucleus. Braak hypoth-
esizes that by stages 3 to 4, patients cross the threshold to 
manifest the motor symptoms of PD (26). Motor, cogni-
tive, and autonomic complaints at these stages may be 
explicable by the underlying pathology.

In stages 5 to 6, the neurodegenerative process is 
widespread and involves much of the neocortex. The pre-
viously described pathologic changes in other regions are 
more pronounced and inclusion-body pathology is now 
present in the prefrontal and association cortices and even 
in primary neocortical areas. Therefore the damage to the 
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autonomic, limbic, and somatomotor system that began in 
stages 1 to 2 is now compounded by the neocortical pathol-
ogy. In advanced PD, motor symptoms are more severe and 
dysautonomia and cognitive impairment more pronounced, 
correlating with the widespread pathologic changes.

CARDINAL MOTOR FEATURES OF 
EARLY PARKINSON DISEASE

Tremor

Tremor is the most common presenting sign of early 
PD (27). Approximately 70% of patients notice tremor as 
the first symptom (28). Onset of tremor is usually in one 
hand; it may later involve the contralateral upper limb or 
ipsilateral lower limb. Typically, the tremor is a 3- to 5-Hz 
rhythmic “pill-rolling” movement of the thumb and index 
finger while the hand is at rest. There may be abduction 
and adduction of the thumb or flexion and extension 
of the wrist or of the metacarpophalangeal joints. The 
tremor may also extend to the forearm with pronation/
supination or even to the elbow and upper arm.

During early disease, tremor is often intermittent 
and is evident only under stress. Tremor is worsened by 
anxiety, fatigue, and sleep deprivation. It diminishes with 
voluntary activity but may reappear with static posture 
(e.g., outstretched hands) and is absent during sleep. 
Resting tremor is enhanced by mental task performance, 
such as “serial 7” subtractions, and by motor task perfor-
mance in a different body part. The hand tremor may also 
be enhanced during ambulation. Compared with essential 
tremor, the resting tremor of PD is generally less likely to 
be exacerbated by caffeine or improved with alcohol.

The jaw, tongue, head, and trunk are rarely affected 
by tremor in PD, although the resting tremor in the arm 
can be so severe as to be “transmitted” to the trunk and 
head. Tremor limited to the head/neck is more likely a sign 
of essential tremor rather than of PD. Resting tremor in the 
ankles or the thighs may be seen only when the patient is 
supine or keeps the legs in a certain position. Lower limb 
resting tremor may be exacerbated by motor activity in the 
upper limbs, but it usually disappears with ambulation.

The mechanism of parkinsonian resting tremor 
is unknown but is thought to be due unmasking of a 
pathologic central oscillator at 3 to 5 Hz (29). The ana-
tomic basis for resting tremor is likely different from the 
suspected classic neuropathology of PD (i.e., nigrostria-
tal degeneration). Functional neuroimaging of this path-
way with positron emission tomography (PET) shows 
better neuroimaging correlation with bradykinesia and 
rigidity than with tremor (30). In addition, as in the case 
of essential tremor, lesioning of the ventral intermedi-
ate nucleus of the thalamus (a cerebellar relay nucleus) 
alleviates parkinsonian resting tremor (31). The exact 
mechanism by which pallidotomy, pallidal stimulation, 
or subthalamic stimulation improves resting tremor, 
in addition to improving rigidity and bradykinesia, is 
unclear.

Rigidity

Rigidity is an increased resistance to passive stretch (29). 
This resistance is nearly equal in both agonist and antago-
nist muscles and generally uniform throughout the range 
of motion of the joint being tested. It may be sustained 
(plastic or “lead pipe”) or intermittent and ratchetty 
(“cogwheel”). Although cogwheel rigidity is usually 
thought to be parkinsonian rigidity complicated by par-
kinsonian tremor, it may occur in the absence of tremor, 
and the frequency felt by the examiner tends to be higher 
than that of the visible resting tremor.

Rigidity is only one form of increased tone; it should 
be differentiated from spasticity, paratonia, pain-related 
guarding of the joints in arthritic patients, and even a 
cogwheel phenomenon seen in essential tremor. Spasticity 
is velocity-dependent (“clasp-knife”) and is associ-
ated with upper motor neuron signs such as pathologic 

TABLE 6-1
Pathologic Stages of PD Proposed by 

Braak et al.

Stage 1
Medulla oblongata and olfactory bulb lesions in dorsal 
nucleus of cranial nerves IX and X, intermediate reticu-
lar formation, olfactory bulb, and anterior olfactory 
nucleus

Stage 2
Pontine tegmentum pathology of stage 1 plus lesions in 
caudal raphe nuclei, gigantocellular reticular nucleus, 
and ceruleus-subceruleus complex

Stage 3
Midbrain pathology of stage 2 plus lesions in pars com-
pacta of substantia nigra

Stage 4
Basal prosencephalon and mesocortex pathology of stage 
3 plus prosencephalic lesions, anteromedial temporal 
mesocortex, and allocortex (CA-2 plexus)

Stage 5
Neocortex pathology of stage 4 plus lesions in prefrontal 
cortex and sensory association neocortical areas

Stage 6
Neocortex pathology of stage 5 plus lesions in first-order 
sensory association areas, premotor cortex, and even 
primary sensory and motor cortices

Source: Adapted from Braak et al. (25, 26). With permission.
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hypereflexia, Babinski signs, and pyramidal distribution 
weakness. Gegenhalten or paratonic stiffness as seen in 
dementia is characterized by a resistance to passive move-
ment proportional to the force applied by the examiner. 
Joint pain in the setting of arthritis can lead to local muscle 
spasm and guarding and cause increased tone (32). The 
cogwheel phenomenon may also be seen in severe essen-
tial tremor due to the interruption of passive movement 
by coarse tremor, especially if the patient fails to relax 
completely.

Rigidity is usually asymmetric in early PD. It is com-
monly present at one or both wrists and in the neck. 
Rigidity may also manifest as a slightly flexed elbow on 
the more affected side in early disease. Rigidity (and 
bradykinesia) may even lead to tendon contractures 
with limited joint range of motion despite dopaminergic 
therapy. Shoulder rigidity may predispose the patient to 
develop a frozen shoulder syndrome and early arthritis (33).
As the disease progresses, the characteristic stooped 
posture is manifest, likely in part due to severe rigidity 
of the flexor musculature of the cervical and thoracic 
spine (34).

The pathogenesis of rigidity in PD is multifactorial, 
related to abnormal long-latency reflexes, abnormal 
background muscle contraction, and even changes in 
muscle and joint characteristics (29). As opposed to the 
monosynaptic spinal cord reflexes, long-latency stretch 
reflexes are mediated by a loop through the sensorimotor 
cortices, and their enhancement is likely related to abnor-
mal excitability of this central loop (35). The overactivity 
in the dorsal premotor cortex in PD patients, as measured 
by transcranial magnetic stimulation (36), helps support 
the hypothesis that this is a contributor to rigidity.

Assessment of rigidity can be challenging and 
remains largely qualitative as judged by the examiner (37). 
Rigidity at the wrist is optimally assessed by passive 
movements of � 30 degrees around the midposition with 
angular velocities of 140 to -190 degrees per second 
(38). Repeated tone examinations in both the sitting and 
lying positions may be necessary, as the PD patient does 
not relax well and there is slight muscle contraction at 
rest (29). Rigidity may be brought out or enhanced with 
contralateral motor activity (e.g., examining wrist tone 
while the patient does finger tapping with the other 
hand). Quantitative measurements of rigidity are dif-
ficult, but responses measured by controlled stretches 
may be accomplished by torque motors with good clinical 
correlation (39).

Bradykinesia

Although resting tremor may be the most visible sign of 
PD, bradykinesia is usually its most disabling component. 
Bradykinesia describes slowness of voluntary movements 
and poverty of normal associated movements; akinesia 

is an extension of bradykinesia implying nearly absent 
voluntary movement (40). There may be 2 reasons for 
akinesia: either the movement is too small to be seen or 
the time to generate movement is extremely long, so that 
the movement never really occurs. Using this distinction 
between bradykinesia and akinesia, reaction-time experi-
ments can help evaluate both bradykinesia (through 
prolongation of movement time) and akinesia (through 
prolongation of reaction time).

Bradykinesia can be present as an early sign in dif-
ferent body parts. In the eyes it presents with saccadic 
hypometria (41) and in the face with reduced frequency 
of blinking and diminished facial animation. Hypophonia
is likely a symptom of bradykinesia of the respiratory and 
the vocal cord muscles (42). In examining the patient for 
hypophonia, the patient is asked to say the months of 
the year loudly and clearly. In early PD, the voice lacks 
the natural fluctuations of volume and pitch and tends to 
fatigue quickly. In later stages there is slow initiation of 
speech, which becomes progressively softer (sometimes 
down to a whisper) and more monotonous. In early PD, 
dysarthria is usually absent, but it is a common problem 
in later stages. New-onset of stuttering or reemergence of 
childhood stuttering may be an early sign of PD (43).

Bradykinesia and rigidity are usually asymmetri-
cally present in the same limb in early PD. Initially 
bradykinesia may be confined to the distal muscles 
of the hand, manifesting itself as micrographia (if the 
dominant hand is involved first) or slow finger tap-
ping and impaired performance on fine motor tasks. 
Micrographia is best brought out by asking the patient 
to write continuously in cursive letters without resting 
or taking the pen off the paper. The proximal limb and 
truncal muscles tend to be involved later in the disease, 
but if one considers reduced arm swing to be a sign of 
bradykinesia, this can certainly be an early presenting 
sign. Before assessing bradykinesia, the examiner must 
exclude local arthritic pain, corticospinal tract or cer-
ebellar signs, impaired cardiopulmonary reserve, and 
auditory, visual, or cognitive disturbances that may 
affect the patient’s comprehension or performance of 
the motor tasks.

Limb bradykinesia, as measured by the motor part 
of the Unified Parkinson Disease Rating Scale (44), is 
rated by having the patient tap the index finger to the 
thumb repeatedly, do alternating pronation/supination 
of the forearm, close the hand into a fist and open it 
sequentially, and tap the sole of the foot rhythmically to 
the floor while seated by lifting the foot about 10 cm each 
time. It is important that the patient perform these tasks 
for a long enough time (at least 15 seconds) per side to 
allow for motor fatigue to become apparent. The exam-
iner should pay attention to the speed, amplitude, and 
the rhythmicity of the movements and how they change 
over the period during which the task is being performed. 
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Generalized bradykinesia is rated by the overall slowing 
of all body parts, including an evaluation of how easily 
the patient stands from a seated position with or without 
pushing off the arm rests and of the patient’s speed of 
ambulation.

More quantitative objective measures of limb bra-
dykinesia in PD have been used. One of the simplest 
and most accurate tests is performance on the Purdue 
pegboard (45). The patient is asked to insert pegs in the 
holes on the pegboard, first with each hand separately and 
then with both at once, over a specified period of time. In 
a comparison between tapping on a contact board with 
a contact pencil and the insertion of pegs, both tasks 
proved to be useful tools for the objective evaluation of 
bradykinesia in PD, but peg insertion correlated better 
with disease severity (46). The superiority of the pegboard 
test over a tapping task as a marker of bradykinesia in 
PD was confirmed (47). Bradykinesia is correlated with 
nigrostriatal neuroimaging (30). Similarly, the Purdue 
pegboard score also correlates with nigrostriatal dys-
function measured by PET (48). Rapid alternate tapping 
with the index and middle fingers on two adjacent keys 
of a computerized electronic drum with simultaneous 
contralateral hand activation also showed significant 
correlation with fluorodopa PET scans (49).

The exact mechanism underlying bradykinesia is 
unclear (29), but it is thought to be related to decreased 
cortical activation due to impaired function in the basal 
ganglia–thalamocortical circuitry (50). Bradykinesia 
results from a failure of the basal ganglia’s output to 
reinforce the cortical mechanisms that prepare and 
execute the commands to move (51). Impairment of 
both motor cortex activation and deactivation mea-
sured by transcranial magnetic stimulation is an early 
feature of PD and may be a physiologic correlate of 
bradykinesia (52). Other human evidence supporting 
decreased cortical activation includes somatosensory 
evoked potential studies (53) and movement-related 
cortical potentials looking at the Bereitschaftspoten-
tial, which is a slow-rising negativity before self-paced 
voluntary movements (54). In addition, cerebral blood 
flow studies using PET show abnormal cortical blood 
flow in PD, which is normalized by stimulation of the 
subthalamic nucleus (55).

Postural Instability and Gait Disturbance

Although postural instability is included as one of the 
4 motor signs of PD (56), only resting tremor, rigid-
ity, and bradykinesia are considered to be the 3 cardinal 
features (57). Significant impairment of postural reflexes 
is rare in early PD and usually occurs about 5 years after 
the onset of the disease (58). In fact, the presence of 
severe early postural instability points to a diagnosis 
other than PD. Nevertheless, gait disturbance and mild 

postural instability can be present in early PD, especially 
in patients with an older age of onset (59).

In early PD, the posture may show a slight flexion 
of the neck or trunk with a slight lean to one side. Abnor-
malities of gait may include asymmetrically reduced arm 
swing, overall slowing of gait and early fatigue, shortened 
stride length and intermittent shuffle, or tripping over 
objects, sometimes in association with ankle dystonia and 
the inability to turn quickly. As the disease progresses, gait 
initiation becomes a problem, the steps become shorter 
and more uncertain, and there is festination. Fear of falling 
further contributes to a progressively hesitant gait (60). 
Freezing refers to difficulty initiating gait or stoppage 
of gait when turning or arriving at a real or perceived 
obstacle (61). Freezing is usually absent in early PD.

The mechanisms underlying postural instability 
and the gait disturbance are likely multifactorial (62). 
Many contributors to gait and balance problems—such as 
arthritic pain, sensory neuropathy, and visual problems—
may have nothing to do with PD itself. Clinical tests for 
the evaluation of postural instability in patients with PD 
are numerous, but the most valid simple clinical test is an 
unexpected shoulder pull from behind (63). The patient 
is asked to stand with eyes open and feet comfortably 
apart and instructed to resist falling by taking one step 
back using either foot when necessary. This “pull test” 
should be performed by the examiner with a moderate pull 
consistently each time, while being prepared to catch the 
patient from behind if necessary and counting the number 
of steps taken by the patient to maintain balance (64). The 
pull test is usually normal in early PD, with no more that 
one step backward needed to recover. The timed “up and 
go” test is a simple and reliable timed ambulation test. The 
patient is timed and the number of steps counted while he 
or she rises from an armchair, walks 3 to 6 meters (10 to 
20 feet), turns, walks back, and sits down again (65). The 
total number of steps counted should include all the steps 
needed to make a 180-degree U-turn.

THE DIFFERENTIAL DIAGNOSIS OF 
PARKINSON’S DISEASE

The clinical diagnosis of PD relies heavily on history, neu-
rologic examination, and improvement of motor signs with 
dopaminergic therapy (6). The differential diagnosis of 
parkinsonian syndromes is extensive (66, 67). It includes 
normal aging, essential tremor, drug-induced parkinson-
ism, the Parkinson-plus syndromes (progressive supranu-
clear palsy, corticobasal degeneration, the multiple-system 
atrophies, and dementia with Lewy bodies), vascular par-
kinsonism, normal-pressure hydrocephalus, and other less 
common diseases (68). Attention to distinct patterns of 
symptoms and signs and the time course of the disease can 
help to improve diagnostic accuracy (69).



II • CLINICAL PRESENTATION50

Normal Aging

There is little agreement on a definition of normal 
aging (70). Slowness of movement, stooped posture, stiff-
ness, and postural instability are common in the elderly 
(71). Comorbid conditions such as arthritis can also 
contribute to reduced mobility and stiffness. Asymmet-
ric motor signs and a more accelerated rate of symptom 
progression are more suggestive of PD. If the level of 
suspicion for PD is high enough, a trial of levodopa may 
be the only way to establish significant and sustained 
response to dopaminergic therapy and hence the clinical 
diagnosis of PD.

Essential Tremor

Essential tremor is characterized by action tremor rather 
than resting tremor (72). It tends to be bilateral but is 
frequently asymmetric; in half the cases, there is a family 
history. The frequency (8 Hz) of essential tremor is higher 
than that of PD, but it decreases with age. In severe cases, 
essential tremor may seem to be present at rest, making it 
difficult to differentiate from the tremor seen in PD. The 
presence of rigidity, bradykinesia, and response to dopa-
minergic therapy helps differentiate PD from essential 
tremor. However, some PD patients have a postural rather 
than a rest tremor or both postural and rest tremor, and 
some with long-standing essential tremor may develop 
parkinsonism (73).

Drug-Induced Parkinsonism

Drug-induced parkinsonism usually occurs after expo-
sure to neuroleptics. Antiemetic and promotility agents 
(e.g., promethazine, prochlorperazine, metoclopramide, 
and droperidol) (74), reserpine (75), tetrabenazine (76), 
and even some calcium channel blockers (e.g., flunari-
zine and cinnarizine) (77) can cause parkinsonism. The 
symptoms are symmetric, and drug-induced parkinson-
ism resolves when the offending drug is stopped, although 
resolution may require weeks to months.

Progressive Supranuclear Palsy

Progressive supranuclear palsy (PSP) is a rapidly pro-
gressive degenerative disease belonging to the family of 
tauopathies, with widespread pathology involving cor-
tical and subcortical structures (78). In PSP, oculomo-
tor disturbance, early postural instability with falls, and 
frontal dementia predominate. There is symmetric onset 
of parkinsonism, early postural instability, severe axial 
rigidity, absence of tremor, and poor response to dopa-
minergic therapy. Supranuclear gaze palsy, especially of 
downgaze, is the defining characteristic. Blepharospasm 
and eyelid opening apraxia are also common (79).

Corticobasal Degeneration

Corticobasal degeneration (CBD) usually manifests 
with markedly asymmetric parkinsonism and cortical 
signs (80). There is asymmetric limb dystonia and limb 
apraxia as well as corticospinal tract signs and earlier 
dementia than in PD. Cortical myoclonus, early oculo-
motor and eyelid abnormalities, cortical sensory signs 
(e.g., agraphesthesia), and the alien limb phenomenon 
may be present. There is poor response to dopaminergic 
medications. The variability of presentation of patho-
logically proven CBD is wide; for example, it can pres-
ent as a primary frontotemporal dementing illness that 
can mimic the dementia seen in other neurodegenerative 
diseases (81).

Multiple-System Atrophy

Multiple-system atrophy (MSA) is a current term lumping 
together the previously split entities of olivopontocerebel-
lar atrophy (OPCA), Shy-Drager syndrome, and striatoni-
gral degeneration (82). MSA presents with parkinsonism 
as well as cerebellar, autonomic (orthostatic hypotension, 
bladder and bowel dysfunction, temperature dysregula-
tion), and pyramidal dysfunction in various combinations 
(83, 84). MSA-P (formerly striatonigral degeneration) is 
characterized by symmetric parkinsonism without tremor 
and early postural instability. MSA-C (formerly OPCA) 
manifests itself with cerebellar signs and parkinsonism. 
Corticospinal tract signs and respiratory stridor may be 
seen in all types of MSA. There is no significant motor 
improvement with dopaminergic therapy. In fact, the 
severity of orthostatic hypotension often prevents an 
adequate trial of dopaminergic drugs.

Dementia with Lewy Bodies

Whether dementia with Lewy bodies (DLB) exists as a dis-
tinct clinical entity is controversial. The usual description 
of DLB indicates that it is characterized by progressive 
parkinsonism and early dementia. DLB is the second most 
common cause of neurodegenerative dementia in older 
people (85). Some estimates suggest that up to 30% of 
dementias may be due to DLB (86). The current con-
sensus is to restrict a diagnosis of DLB to patients with 
parkinsonism who develop dementia before or within 
12 months of the onset of motor symptoms (87). In DLB, 
there is minimal or no resting tremor. Early cognitive and 
psychiatric problems are present. Fluctuating cognition 
and level of interaction, early recurrent and well-formed 
hallucinations, REM behavior sleep disorder, and psycho-
sis may be present even prior to dopaminergic therapy. 
Motor symptoms do not improve and psychiatric symp-
toms are exacerbated by small doses of dopaminergic 
medications.
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Vascular Parkinsonism

Vascular parkinsonism is due to multiple infarcts in the 
basal ganglia and the subcortical white matter (88). 
Since there are no specific diagnostic criteria, true 
incidence and prevalence rates of vascular parkinson-
ism are not known, but some estimates suggest that 
this condition may account for up to12% of all cases 
of parkinsonism (89). In vascular parkinsonism, the 
motor signs are symmetric, affecting the lower limbs 
more than the upper limbs, so-called lower-body par-
kinsonism. Gait difficulty is a common presentation. 
Resting tremor is usually absent. Dementia, pseudo-
bulbar affect, urinary symptoms, and pyramidal signs 
frequently accompany vascular parkinsonism. There 
is no therapeutic response to dopaminergic therapy. 
Brain imaging reveals extensive small vessel disease 
in the basal ganglia and the subcortical white matter. 
Microvascular lesions are commonly seen on magnetic 
resonance imaging (MRI) in the older population, and 
PD patients are no exception. Therefore the mere pres-
ence of these lesions on imaging does not necessarily 
imply vascular parkinsonism.

Normal-Pressure Hydrocephalus

Normal-pressure hydrocephalus (NPH) refers to chronic, 
communicating adult-onset hydrocephalus. Gait dis-
turbance, urinary incontinence, and cognitive impair-
ment make up the clinical triad of NPH without other 
signs of raised intracranial pressure (e.g., papilledema). 
NPH has been the subject of an intensive advertising 
campaign (90) that has raised patients’ concern about 
whether their parkinsonism is caused by this problem. 
Hydrocephalus can present with motor signs similar to 
those seen in vascular parkinsonism. It is hypothesized 
that the close proximity of the basal ganglia and their 
connections to the ventricular system may predispose 
them to mass effect or ischemic injury in the setting of 
ventriculomegaly (91). The gait disturbance of NPH does 
not respond to dopaminergic therapy or to external cues, 
while both are quite effective in improving gait and stride 
length in PD (92).

NEUROIMAGING IN THE 
DIAGNOSIS OF EARLY PD

PD is a clinical diagnosis; in typical cases, no labora-
tory test or neuroimaging is necessary. However, when 
the history or clinical findings are atypical, MRI may be 
helpful. Over the last 2 decades, functional neuroimaging 
of the nigrostriatal dopaminergic pathway with PET and 
single photon emission computed tomography (SPECT) 
has been refined as a tool in quantifying functional dopa-
minergic terminals in the striatum (93, 94).

Functional neuroimaging is still used only experi-
mentally and not for the routine diagnosis of early PD 
or assessment of disease progression. Both SPECT and 
PET have been used in therapeutic trials that include 
disease progression as an outcome measure (95, 96). 
However, drug-induced changes in radiotracer binding 
might undermine the reliability of imaging studies of 
disease progression (97). For this reason, there is much 
controversy about the interpretation of the neuroimaging 
findings of those trials (98).

CONCLUSION

The 3 cardinal features of early PD are resting tremor, 
rigidity, and bradykinesia. Table 6-2 summarizes pro-
posed diagnostic criteria for clinically possible, clini-
cally probable, and clinically definite PD as well as the 
exclusionary criteria (68). Postural instability is a rare 
occurrence in early PD and is less specific than the other 
3 signs. Asymmetry of motor symptoms and signs is the 
rule rather that the exception in PD. However, asymmetry 
may be absent or may not be uniform for the different 
motor signs (e.g., in the same patient, tremor may be 

TABLE 6-2
Clinical Criteria for the Diagnosis or Exclusion of 

Parkinson Disease

1. Diagnostic Criteria
Clinically possible PD

One of the following: asymmetric resting tremor,
asymmetric rigidity, or asymmetric bradykinesia

Clinically probable PD
Any 2 of the following: asymmetric resting tremor, 

asymmetric rigidity, or asymmetric bradykinesia
Clinically definite PD

Criteria for clinically probable PD
Definitive response to antiparkinsonian medications

2. Exclusionary criteria
Exposure to drugs that can cause parkinsonism, such as 

neuroleptics, some antiemetic medications, tetrabena
zine, reserpine, flunarizine, and cinnarizine

Cerebellar signs
Corticospinal tract signs
Eye movement abnormalities other than a slight limitation 

of upward gaze
Severe dysautonomia
Early moderate to severe gait disturbance or dementia
Evidence of severe subcortical white matter disease, 

hydrocephalus, or other structural lesions on MRI 
that may explain parkinsonian symptomatology

Source: Adapted from Samii et al. (68). With permission.
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worse on one side and bradykinesia and rigidity worse 
on the other) (99). Exposure to drugs that can cause 
parkinsonism, cerebellar or corticospinal tract signs, 
oculomotor abnormalities other than slight limitation 
of upward gaze, severe dysautonomia, early moderate 
to severe gait disturbance or dementia, severe subcortical 
white matter disease, and hydrocephalus should point 
to a diagnosis other than PD. The heterogeneity in early 

clinical signs and subsequent disease progression has led 
some to divide PD into various subtypes depending on age 
of onset, tremor predominance, and rate of progression 
(100). Parkinson’s disease remains a clinical diagnosis 
based on its phenotype (101); there is no confirmatory 
diagnostic test. At present, functional neuroimaging of 
the nigrostriatal pathway with PET and SPECT are not 
unequivocal markers of disease progression in PD.
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Gait Disturbances

n his paper “An Essay on the Shak-
ing Palsy”(1), James Parkinson first 
described, as follows, the gait dis-
turbances typical of the condition 

later to be named after him:

The propensity to lean forward becomes invincible, and the 
patient is thereby forced to step on the toes and fore 
part of the feet, whilst the upper part of the body is 
thrown so far forward as to render it difficult to avoid 
falling on the face. In some cases, when this state of the 
malady is attained, the patient can no longer exercise 
himself by walking in his usual manner, but is thrown 
on the toes and forepart of the feet; being, at the same 
time, irresistibly impelled to make much quicker and 
short steps, and thereby to adopt unwillingly a run-
ning pace. In some cases it is found necessary entirely 
to substitute running for walking; since otherwise the 
patient, on proceeding only a very few paces, would 
inevitably fall.

Gait disturbances such as festination are characteris-
tic integral elements of Parkinson’s disease (PD). However, 
it was not until recently that episodic gait disturbance was 
recognized as a specific parkinsonian feature (2).

Parkinsonian gait is classified as a hypokinetic 
rigid type of gait disorder (Table 7-1) (3). However, the 
underlying mechanism of gait disturbance in PD is het-
erogeneous and complex. It is affected by muscle rigidity, 

Nir Giladi
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hypokinesia, bradykinesia, decrease in force generation, 
dysrhythmicity, left/right dyssynchrony, abnormal scaling 
of step size, abnormal preparation and execution of motor 
set (4), as well as dysexecutive syndrome. In addition, 
the ability to initiate and maintain locomotion is heav-
ily dependent on postural reflexes, which are frequently 
disturbed in PD. The contribution of each disturbance to 
the final parkinsonian gait abnormality differs from one 
patient to another and in the same individual at different 
times of day or stages of the disease.

The purpose of this chapter is to characterize the 
different subtypes of gait disturbances in PD, correlate 
them with the clinical syndrome, and discuss the effects 
of different therapeutic modalities.

GAIT DISTURBANCE AS PART OF 
THE CLINICAL SYNDROME

Gait disturbance (not including decreased arm swing while 
walking) is the presenting symptom in 3.5% to 18% of 
patients clinically diagnosed as having PD (5–7). Gomez 
and coworkers (8) compared PD patients with symptom 
onset before the age of 40 years with those with symptom 
onset after age 60 and found that gait disturbance was 
the presenting symptom in 39% of the late-onset patients 
compared with only 3% of the early-onset subgroup. 
However, a significant number of patients who present 
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with gait disturbance as the initial motor symptom of 
parkinsonism (frequently in association with postural 
reflex abnormalities) are eventually diagnosed as hav-
ing other parkinsonian syndromes, such as progressive 
supranuclear palsy (PSP), normal-pressure hydrocephalus 
(NPH), or vascular parkinsonism and not primary PD. In 
a retrospective analysis of patients with a pathologically 
confirmed diagnosis of Lewy body PD, none had gait 
disturbance as the presenting symptom, whereas 100% 
of those with pathologically observed vascular changes at 
the level of the basal ganglia and parkinsonism presented 
with gait disturbance (9). In other clinical-pathologic 
studies, 13% to 33% of patients presented with postural 
instability or gait disturbance (PIGD) as the initial motor 
symptom (10–12). Those patients who present with PIGD 
as the initial motor symptom are significantly older (10), 
which concords with our clinical experience.

It is more common for gait disturbance to be a 
feature of advanced PD. As the disease progresses, all 
patients lose their ability to walk independently because 

of a combination of severe rigidity, akinesia, and postural 
instability. Hoehn and Yahr (5) based their clinical scale 
for PD motor progression on this observation, defining 
the most advanced stages (stages 4 and 5) according to 
the individual’s ability to stand and walk.

Since the introduction of levodopa 40 years ago (13), 
the relationship between disease progression and dete-
rioration of gait has become more complex. Because of 
recent therapeutic advances, patients can often walk well 
in the “on” state even in the advanced stages of the dis-
ease, whereas akinesia can be seen at earlier stages as 
part of the “off” state. Furthermore, the beneficial effect 
of levodopa treatment has created new types of gait dis-
turbances, such as choreic or dystonic (dyskinetic) gait 
and “on” freezing. Moreover, the use of levodopa and 
functional neurosurgery have increased the PD patient’s 
life expectancy and years of mobility. Consequently, dis-
turbed postural reflexes, orthostatic hypotension, severely 
distorted posture, as well as cognitive disturbances have 
become major contributory factors in gait disturbance in 
advanced stages of PD. 

ASSESSMENT OF GAIT

Gait should be assessed in every PD patient as part of the 
basic evaluation at the initial and all follow-up evalua-
tions. Two timed tests of gait can be used to assess perfor-
mance, the 10-m walk test and the timed “‘up-and-go”’ 
(TUG) test (14–16). Both tests have established validity 
and reliability in both the home and the clinical setting 
for patients with PD (16–18). In the 10-m walk test, the 
patient is asked to perform straight-line walking, enabling 
the measurement of gait speed, step length, and step fre-
quency. In the TUG, the patient is asked to stand up and 
walk forward for 3 meters, turn around, and return back 
to his or her chair, providing an opportunity to evaluate 
turning, gait initiation, and termination. In both tests it 
is important to be explicit about the speed with which 
the task should be accomplished: the patient should be 
asked to walk at whatever speed feels most comfortable 
(or is preferred). While the patient is performing the task, 
the examiner should assess the patient’s ability to initiate 
gait, keep an upright position, walk toward a destination, 
perform a turn in place, and return to the chair correctly. 
Other features that should be observed are body posture, 
speed and fluency of stepping, stride length, and the dis-
tance between the feet (base). While looking carefully 
at a single step, one should note the height to which the 
swinging leg is raised above the ground and how this 
foot meets the floor (heel strike) and rolls forward. In 
addition, attention should be paid to the degree of arm 
swing and axial rotation. Such an examination should be 
performed in an open space free of obstacles to allow for 
the patient’s best performance. There are several clinical 

TABLE 7-1
System-Oriented Classification of Gait Syndromes

Peripherally originating gait syndromes

• Musculoskeletal
Joints, bones, ligaments, tendons or muscles, 
peripheral nerves, neuromuscular junction

• Sensory
Proprioceptive, vestibular, visual

Centrally originating gait syndromes

• Spinal
Spastic paraparetic
Sensory ataxic

• Pyramidal
Spastic
Paretic

• Cerebellar
Ataxic

• Extrapyramidal
Bradykinetic/hypokinetic
Rigid
Dyskinetic
Episodic

• Frontal
Dysequilibrium
“Apractic”

• Unclassified
Cautious
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scales in use to evaluate gait. The most widely used is 
the Tinetti scale, which assesses balance and mobility 
in two different measurements that yield a maximum 
of 28 points: 16 for balance and 12 for gait (19). There 
is no universally accepted scale that specifically assesses 
parkinsonian gait. However, almost all clinical scales in 
use for evaluation of parkinsonism include several items 
to rate gait. If the patient is complaining about freezing, 
the examiner should try to provoke freezing episodes by 
asking the patient to perform more turns, walk through 
narrow spaces, and step up and down the stairs to dif-
ferentiate between freezing (gait disturbance only) and 
akinesia (stairs and gait disturbance).

The clinical assessment of gait is ultimately based 
on the examiner’s observational impression. For more 
detailed and precise evaluation of gait, however, the 
assessment takes place in a 3-dimensional computerized 
gait laboratory, where cadence, stride length, velocity, 
and double limb support are measured while obtaining 
information on muscle activation, joint movement, and 
analysis of limb movement in space (20). For the assess-
ment of dynamic aspects of gait, such as stride-to-stride 
variation, left/right leg synchronization as well as the use 
of cues or the effect of dual tasking, locomotion should 
be assessed over a longer period of time and over multiple 
steps. For such studies either pressure-sensitive insoles or 
special shoes are frequently used, as well as walkways 
with sensor pads. Ambulatory monitors are now used 
for quantifying daily walking and general mobility in 
daily life (21, 22).

Gait Initiation

Initiation of gait can be subdivided into a movement prep-
aration period and a movement execution phase. Move-
ment preparation represents the “motor planning” phase, 
in which an overall strategy is taken as to where, when, 
and how to initiate gait (23). In PD patients, the prepara-
tion time was found to be significantly prolonged, with a 
tendency to become longer as the disease progressed (24). 
Execution time was prolonged as well, but to a lesser 
degree (24). Normally the Bereitschafts potential (BP) (the 
preparatory cortical potential proceeding a motor act) is 
larger in amplitude when complex sequences of move-
ments are being executed, such as stepping, rather than 
when simple motor tasks are performed (25). Vidailhet 
and coworkers (26) found that the BP did not increase in 
amplitude in PD patients when step initiation in standing 
was compared with foot tapping in sitting. The abnormal 
response of the BP in step initiation was interpreted as 
an indirect neurophysiologic sign for abnormality in the 
central preparatory phase of gait initiation (26).

During gait initiation, posture is adjusted by first shift-
ing the center of gravity (COG) laterally and rotating the 
body before weight is taken on the stance foot to allow 

the leading leg to swing forward while the COG is shifted 
anteriorly to create the forward momentum (27). This 
shift in the COG anteriorly is accomplished by bending 
the ankle and trunk (28). The onset of the anterior shift of 
the trunk was found to be slow in patients with advanced 
PD (24). In addition, there is reduced lateral shift of the 
body mass over the stance limb, decreased propulsive 
force, and prolonged anticipatory postural adjustment 
(29, 30). Alterations in postural stability might inter-
fere with the performance of an otherwise intact motor 
program and movement sequencing and might create 
specific difficulties in gait initiation (31). Execution time 
and the relative timing of submovement sequences associ-
ated with gait initiation were similar in PD patients and 
age-matched controls (24).

All of these motor deficits reported in PD patients 
are most pronounced in self-initiated gait, whereas 
external cues, attention, and sensory stimulation as well 
as levodopa treatment can improve these parameters 
significantly (29). One can conclude that disturbances 
in gait initiation are directly related to dysfunction of 
the basal ganglia to control internally cued movement 
sequences, delaying onset but not slowing down the exe-
cution or altering the pattern of movement components 
of gait initiation (24, 29).

Start hesitation is the classic parkinsonian distur-
bance experienced at gait initiation. It has been described 
as the most common type of freezing of gait (FOG) and 
is considered to be part of the episodic gait disturbances 
discussed below, under “Freezing of Gait” (6, 32, 33) 
(Table 7-2).

Start hesitation is best described by patients as a feel-
ing that their feet are “stuck or glued to the ground.” It is 
frequently seen at initiation of gait but also occurs while 
changing from one mode of movement to another—for 
example, while completing a turn and trying to move 

TABLE 7-2
Examples of Episodic Gait Disturbances 

in Parkinsonism*

Freezing of gait
Start hesitation
Turning hesitation
Tight quarters hesitation
Hesitation while reaching destination
Hesitation during mental overload or stressful 
situations

Festinating gait

*It is helpful to distinguish between those gait disturbances 
that occur continuously, whenever the patient walks (e.g., slowness, 
reduced foot strike) and those that are transient and episodic.



II • CLINICAL PRESENTATION58

forward. Although an episode of start hesitation generally 
lasts a few seconds, it can sometimes last long enough to 
make gait impossible. During the “on” state, start hesita-
tion usually lasts a few seconds and is easily overcome; 
during the “off” state, start hesitation lasts much longer 
and is more difficult to overcome (32). During these epi-
sodes, patients are actively trying to overcome the block 
by making small and ineffective movements with their 
legs. In the worst case, this situation can lead to falls.

The mechanism responsible for start hesitation is 
not clear, but it has been associated with a complete 
lack of initiation of postural adjustments (29). Andrews 
(34) recorded leg muscle activation of PD patients dur-
ing freezing episodes and demonstrated coactivation of 
agonist and antagonist muscles without the temporal 
activation pattern seen in normal gait initiation. Such a 
disturbance of muscle activity can explain the inability 
to initiate a step.

The gait initiation pattern of PD patients is difficult 
to assess objectively, both in gait laboratories and during 
the office visit, because it is highly variable and influenced 
by many sensory and cognitive factors. Several studies 
attempting to assess start hesitation or other FOG epi-
sodes have failed (Table 7-3) (29, 35). We have recently 
proposed a FOG interview based questionnaire—a vali-
dated scale for evaluating severity of freezing episodes 
and the frequency of start hesitation (36, 37).

Locomotion

Abnormal locomotion is characteristic of parkinsonism. 
The parkinsonian gait is slow, with reduced stride length, 
decreased cadence (steps per minute), and increased 
proportion of the gait cycle spent in the double-limb 
support phase of stance. Shuffling and festinating gait, 
freezing episodes, decreased arm swing, and abnormal 
posture are additional contributory features. Morris and 

coworkers (38, 39) demonstrated in a series of experi-
ments that patients with PD have a fundamental dis-
turbance in stride length regulation, whereas cadence 
control remains intact. However, it becomes increasingly 
clear that basal ganglia dysfunction affects not only the 
automatic maintenance of the scale of movement (motor 
set) but also the running of each component of the motor 
plan in a timely manner (cue production). Recent find-
ings of higher step-to-step variability of stride duration 
(32, 40–43) and increased variability of leg muscle acti-
vation during stepping (44, 45) may reflect this deficit 
in cue production. Stride length can become normal by 
the use of visual cues or strategies that increase atten-
tion to gait performance (39, 46). In contrast, tasks that 
compete for the individual’s attention while walking (dual 
tasking distraction) decrease gait speed and increase stride-
to-stride variability (dysrhythmicity) and left/right swing 
phase synchronization (39, 47–49). Normal locomotion 
in PD is a motor task influenced by cognition (50).. Fur-
thermore, the vulnerability of locomotion during dual 
tasking in regard to rhythmicity is directly correlated 
with the performance of the executive functions and 
attention (48).

Shorter stride length and increased stride-to-stride 
variability may be indirect signs of a disturbance at the 
level of the basal ganglia and the premotor/supplementary 
motor area (SMA)–associated loops, which are important 
structures for the internal control and automatic running 
of the gait pattern. In other words, the primary distur-
bance in parkinsonian gait is in motor set (4, 39), which 
affects gait as an automatic task. 

Freezing of Gait

Freezing episodes while the patient is in motion (motor 
blocks) represent a special form of locomotive distur-
bance seen only in parkinsonism. This phenomenon refers 
to transient episodes, lasting seconds, in which walking 
is halted. It is a positive symptom that starts with has-
tened but synchronized activation of leg muscles prior 
to the actual block (51, 52) and continues with an inef-
fective activation of the leg muscles during the actual 
block (53).

Freezing episodes are unrelated to muscle weakness 
or abnormal muscle tone; once freezing ends, the patient 
is free to move or perform the task at his or her usual 
pace (2).

“The pathophysiology of FOG is poorly understood 
as neuro-imaging of gait itself is not possible. Recent 
neuro-imaging studies of brain activity during rest in 
patients with and without FOG have reported conflict-
ing results using 2 different techniques (54). A PET-study 
of the dopamine and glucose metabolism in the striatum 
showed no group differences. A SPECT- study of brain 
perfusion demonstrated that patients with FOG have 

TABLE 7-3
Clinical Characteristics of Freezing of Gait 

(FOG) Episodes as Reported by 390 Parkinson’s 
Patients with Fluctuations in Motor Response

CHARACTERISTICS

Percentage of Patients with FOG 48
Mainly outdoor 29
Start hesitation 57
Turning hesitation 54
At doorway 34
On open runway 22

Source: From Giladi et al. (39). With permission.
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decreased bilateral activity of the orbitofrontal cortex 
in comparison to their counterparts without FOG(55). 
Whether this deficit reflects a primary dysfunction of 
reduced processing of incentive motivation which is 
associated with the orbitofrontal area, or is evidence 
of reduced compensatory activity to prevent FOG is 
unclear.”

The severity of freezing is not correlated with any 
of the other cardinal features of parkinsonism, support-
ing its unique and independent pathophysiology (56). 
Freezing of gait can be classified into 2 types according to 
its relation with dopaminergic treatment: (a) as a symp-
tom of a hypodopaminergic state that will improve with 
dopaminergic treatment (“off” freezing) (32) and (b) as 
an event that occurs during relatively normal gait (“on” 
freezing); the latter does not improve with apomorphine 
injections and can become worse with dopaminergic 
treatment (57). Thus freezing while “on” is not neces-
sarily the same as “on” freezing. Another and probably 
more common explanation is that the treatment dose 
effectively improves bradykinesia and rigidity but is not 
high enough to overcome freezing. In such cases higher 
doses of levodopa might improve gait at the price of the 
appearance of dyskinesias.

Andrews (34) recorded electromyographic (EMG) 
activity with surface electrodes in 5 PD patients suffer-
ing from frequent freezing episodes. All 5 had similar 
(EMG) activity during the FOG episodes, which was 
initial activity of the gastrocnemius-soleus muscles, fol-
lowed by simultaneous activity of the tibialis anterior 
muscle. This activity of flexors and, shortly thereafter, the 
coactivation of flexors and extensors was observed during 
freezing episodes in the muscles of the knee as well. Sub-
sequent studies showed variable patterns of sometimes 
reciprocal and sometimes simultaneous EMG activity in 
leg flexors and extensors in relation to freezing that dif-
fered from the muscle activity recorded in resting and 
postural tremor (58, 59). When EMG activity during the 
steps preceding freezing was analyzed, premature timing 
in the tibial and gastrocnemius muscles occurred with 
overall preservation of reciprocity. This was interpreted 
as a disturbance of central gait cycle timing, contributing 
to insufficient generation of step amplitude and eventual 
breakdown of movement (52).

Freezing phenomena are common in PD (6, 60) and 
have been reported in most other hypokinetic movement 
disorders (60). It is part of parkinsonian akinesia (34, 
61–63). FOG was reported in about 7% of recently diag-
nosed untreated parkinsonian patients (6, 64). Later on, 
however, when levodopa treatment had to be (and not 
been) initiated because of clinical deterioration, 26% of 
these patients ultimately experienced FOG (65). This 
increment in the percentage of “freezers” before levodopa 
was given, demonstrates that disease progression is a 
major cause of FOG and is unrelated to treatment.

Barbeau (66, 67) and Ambani and Van Woert (68) 
were the first to notice a significant increase in freezing 
starting about a year after the introduction of high-dose 
levodopa treatment. In advanced PD, it is difficult to 
differentiate between the contribution of the underly-
ing pathologic process, disease progression, and the 
possible effect of levodopa treatment on the develop-
ment of freezing. Several reports have demonstrated an 
association between FOG and the duration of levodopa 
treatment (6, 66, 69), although Lamberti and coworkers 
(65) found no such association. An association between 
dopamine agonist treatment and freezing of gait has been 
suggested (70). Such relationships could be attributed 
to the weaker symptomatic effect of dopamine agonists 
(ropinerol and pramipexol) when they were compared 
to levodopa in early stages of PD. The answer to this 
controversy will come from prospective studies.

Several reports have shown that there is an increased 
risk of FOG in PD when initial symptoms begin on the 
left side in association with speech or balance problems 
(6, 64, 65). In contrast, the risk of developing freezing 
significantly decreased when the initial motor symptom 
was tremor (64). Other factors found to be associated 
with increased freezing episodes were depression (33, 64), 
increased stride-to-stride variability (32), and left/right leg 
dyssynchronicity (71). An association of freezing of gait 
with dysexecutive function further supports the role of 
cognition in the development of FOG (72).

Freezing episodes have been divided into 3 subtypes: 
(a) no movement–akinesia (the patient is not making any 
observed effort to overcome the block), (b) trembling 
in place (rapid synchronized movement of both legs 
observed as the patient attempts to overcome the block 
but no movement forward is seen), and (c) shuffling for-
ward (the patient makes an effort to overcome the block 
and is partially successful but the steps are very small and 
rapid and no real step is taken) (32).

Patients can often overcome freezing episodes by pay-
ing increased attention to the motor task and using external 
cues and a variety of behavioral and motor tricks (73). 
Stressful situations, especially time-limited ones such as 
entering an elevator or crossing the street when the light 
is green, exacerbate FOG. Curiously, a visit to the doc-
tor’s office or the gait laboratory improves FOG (35)—a 
phenomenon that may amaze the caregiver and that is 
probably related to attention and stress. Hence, the clini-
cal evaluation and quantification of FOG during motion 
is difficult because of the highly variable and transitory 
nature of this motor disturbance.

Freezing can be a very disabling symptom of par-
kinsonism. It is especially troublesome when it occurs on 
every attempt to move. At these times it might be difficult 
to differentiate it from akinesia during the “off” state. 
One study has demonstrated that the experience of FOG 
plays a special and very important role in the decreased 
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quality of life associated with PD, over and above its 
effect on gait and mobility (74).

Festinating Gait

Festinating gait is another typical disturbance of loco-
motion in parkinsonian patients. Its frequency is unde-
termined, but it is known to be more common in older 
patients and in those with more advanced PD (75). 
Festinating gait is commonly seen in idiopathic PD and 
rarely in symptomatic parkinsonism (76). It consists of 
rapid small steps taken in an attempt to keep the center 
of gravity (COG) above the feet while the trunk leans 
forward involuntarily and shifts the COG forward. To 
compensate and in an attempt to prevent falling, the 
patient increases stepping velocity and further shortens 
the stride (77). Rather than representing compensatory 
steps for an increasing loss of step amplitude, festina-
tion may also be a primary deficit related to freezing. 
The increased step frequency combined with minimal 
step amplitude, characteristic of festination, may reflect 
an involuntary rhythmic dyscontrol of gait. Further evi-
dence for the fact that festination and freezing are related 
phenomena is provided by the finding that freezing pre-
ceded by festinating steps is the most common subtype 
of freezing (32, 51, 78).

Arm Swing

One of the clinical features associated with parkinsonian 
gait is decreased arm swing. It is frequently a very early 
sign of the disease. Decreased arm swing was reported 
as the most bothersome presenting symptom in 2.5% 
of 800 diagnosed unmedicated patients enrolled in the 
Deprenyl and Tocopherol Anti-oxidative Therapy of 
Parkinsonism (DATATOP) study (79). The reduction in 
upper limb movements in PD patients was associated 
with a significantly delayed onset of arm swing, reduced 
length of arm cycle, and reduced velocity of arm swing in 
the gait cycle (24). Decreased arm swing while walking is 
part of hypokinesia/bradykinesia and is also influenced by 
rigidity. All these parameters are further disturbed with 
progression of the disease (24).

TREATMENT OF PARKINSONIAN GAIT

Levodopa, the most effective and commonly used anti-
parkinsonian drug, has significant and long-lasting effects 
on parkinsonian gait. Shortly after levodopa was intro-
duced for the treatment of parkinsonism in the late 1960s, 
its effect on gait velocity became clear (79–81). Its use 
led to a significant improvement in stride length, veloc-
ity, and synchronization of movements, double-support 
time, and control of foot landing (82, 83). However, there 

was a ceiling effect to the improvements in stride length 
and double-support time; that is, there was no further 
improvement above a certain dose (82). The addition of 
motivational or arousal processes and external cueing 
yielded further improvements in stride length (39, 84).

The effect of levodopa on locomotion occurs through 
mechanisms involved in control of force and amplitude 
rather than rhythmicity or automaticity (82). Levodopa 
treatment did not affect stride-to-stride variation and had 
little effect on the ability to produce rhythmic stepping 
in response to an external cue (41). The symptomatic 
benefit of levodopa is greater in younger-onset (� 40 years) 
patients, suggesting that gait disturbances in the older PD 
population are related to nondopaminergic mechanisms.

The motor complications of long-term treatment 
with levodopa, especially dyskinesia (dystonia and cho-
rea), have serious implications with regard to gait. Severe 
painful foot or leg dystonia as well as violent general-
ized or crural chorea/ballism, frequently aggravated by 
walking, have become a major problem of advanced 
PD patients. Patients often have to choose between an 
akinetic “off” state with freezing or an “on” state with 
disabling dyskinesias. These hyperkinetic complications 
are much more common in younger patients (85) and 
appear initially in the legs, affecting walking.

Dopamine agonists’ clinical benefit on gait, as mea-
sured by the Unified Parkinson’s Disease Rating Scale 
(UPDRS) (86) and other clinical assessment tools, has been 
shown. Amantadine, selegiline, rasagilene, tolcapone, and 
entacapone are all known for their symptomatic benefit on 
almost all parkinsonian parameters, including gait distur-
bances. However, there has been no prospective, double 
blind study that assessed the effect of any of these drugs 
on parkinsonian gait as the primary outcome.

In addition to medications, it is generally agreed that 
nonpharmacologic treatment and, in particular, rehabili-
tation can improve parkinsonian gait disturbances (87).

Treatment of Freezing of Gait

Freezing is considered to be among the more resistant 
symptoms in PD. “Off” freezing may respond to dopa-
minergic treatment, whereas “on” freezing sometimes 
improves by lowering the dosage of dopaminergic medi-
cations.

One of the most characteristic features of freezing 
is its response to “tricks” or attentional strategies. Stern 
and associates (73) were the first to report such tricks 
in detail, dividing them into (a) gait modification by the 
patient alone or with the assistance of another person 
and (b) assistance by auditory (nonverbal), verbal, or 
visual stimuli or cueing. Based on clinical observation, 
motor tricks can be recommended to overcome a freezing 
episode because of their effectiveness, noninvasiveness, 
and availability. However, whether training with such 
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strategies is also effective in reducing the occurrence of 
freezing episodes needs further investigation.

Selegiline was shown to decrease the frequency 
of FOG in early PD in a subanalysis of the DATATOP 
study (64). Selegiline’s mechanism of action on freezing 
is poorly understood. Theoretically, the drug might act 
either by its inhibitory effect on monoamine oxidase type B 
(MAO-B) to increase dopaminergic activity, through the 
amphetaminergic activity of its metabolites, or through 
another undefined mechanism. The possibility that this 
drug has a specific effect on motor programming was 
raised by a study demonstrating significantly improved 
movement control and directional control of arm move-
ment (88). Whether selegiline taken concomitantly with 
levodopa has the same symptomatic effect on FOG in 
more advanced cases remains to be determined.

The direct effect of levodopa on FOG has never been 
assessed. However, it is a common experience that when 
freezing episodes are directly related to a hypodopami-
nergic state, any dopaminomimetic treatment that will 
decrease the severity or duration of the “off” phase will 
decrease the number of freezing episodes. The effect of 
dopamine agonist drugs on FOG is not clear. Two studies 
suggest that treatment with dopamine agonists can exac-
erbate freezing episodes (70, 89), but these observations 
have never been confirmed in a large-scale prospective 
study in advanced patients. In contrast, apomorphine 
injections have been reported to produce a good symp-
tomatic effect on severe freezing episodes where other 
antiparkinsonian agents failed (57, 90).

L-threo 3, 4-dihydroxyphenylserine (DOPS) (a 
chemical precursor of norepinephrine) has been reported 
to have a moderate symptomatic effect on FOG mainly 
in patients with “pure freezing syndrome” (91). A similar 
study (92) reports complete disappearance of freezing 
in 2 patients with PD lasting for 3 weeks, after which 
the freezing returned and showed no additional response 
even when higher doses of L-threo-DOPS were given. 
Two additional patients had transient subjective improve-
ment for 4 weeks. Another report describes only transient 
benefit from L-threo-DOPS in a patient with pure akine-
sia (93). Two small double-blind studies found no benefit 
from L-threo-DOPS treatment for freezing in advanced 
PD (S. Fahn, personal communication) (94). Although the 
role of L-threo-DOPS in FOG in parkinsonian patients is 
limited, it seems to provide a mild and temporary benefit 
for patients with “pure freezing syndrome, ” an entity 
believed to be a subtype of PSP (95).

REHABILITATION OF GAIT DISTURBANCES

Physiotherapy for gait disorders in PD can be of benefit, 
especially by improving the speed of walking through a 
variety of training methods (96, 97). Treadmill training 

has been shown to have an immediate beneficial effect on 
gait speed (98), at least in patients with early to mid stage 
PD, with some carryover to normal walking lasting up to 
4 months (99). In addition, walking on a treadmill can 
be used as an external pacemaker, improving the timing 
variability of gait (100).

To overcome the typical problem of automatic main-
tenance of appropriate scale and timing of gait, cues have 
been used as a nonautomatic drive for walking. Exter-
nal cues are temporal or spatial stimuli associated with 
the initiation and ongoing facilitation of motor activity 
(gait). In contrast, targeted attention also enhances move-
ment but provides an internal focus, which may be easily 
diverted and difficult to generate continually. Given the 
faulty automatic brain circuits of the basal ganglia and 
the supplementary motor area, it is not surprising that 
neuroimaging studies show patients with PD tending to 
make more use of the prefrontal, parietothalamic premo-
tor cerebellar circuitry (101, 102). Cueing may emphasize 
the activation of these alternative lateral neural pathways, 
whereas attention may underscore the use of prefrontal 
and frontal pathways.

Cueing immediately improves the range and timing 
of movement. Two systematic reviews (17, 103) provide 
the strongest evidence for the short-term effects of audi-
tory cues (104) and, to a lesser degree, for visual and 
somatosensory cueing. The clinical application of cues by 
physiotherapists in the home situation showed carryover 
of these immediate effects into improved gait and balance 
performance tested without the presence of cues, as well 
as a better score on the FOG questionnaire in those suf-
fering from freezing. Effect wore off after training and 
showed limited carryover to function in the activities of 
daily living (ADLs) (105). There is some limited evidence 
that auditory cueing in particular improves the quality 
of gait during double tasking (21). Although clinically 
several forms of sensory stimulation ameliorate freez-
ing, auditory cueing with a metronome or visual markers 
(walking device) have so far not shown any measurable 
effects on the occurrence of freezing in the “on” phase. 
Cueing of patients with freezing may require a specific 
set of cueing techniques to accommodate for the dys-
regulation of both the scale and timing of stepping; these 
procedures require study in the “off” phase.

FUNCTIONAL NEUROSURGERY FOR 
GAIT DISTURBANCES

Stereotactic neurosurgery is an increasingly common 
approach for treating patients with advanced PD. Unilateral 
pallidotomy has significant beneficial effect in decreasing 
“off” duration and severity as well as the severity of dys-
kinesia (106–110). Some studies also report significant 
improvement of gait disturbances mainly associated 
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with the “off” state (109, 111). Bilateral high-frequency 
deep brain stimulation (DBS) of the globus pallidus 
internus (GPi) has shown that gait can be significantly 
improved when the dorsal GPi was stimulated, whereas 
stimulation of the posteroventral GPi causes significant 
worsening of parkinsonian gait (112). A meta-analysis 
examining the effects of bilateral stimulation of the sub-
thalamic nucleus and unilateral/ bilateral GPi stimula-
tion showed clear benefits in gait and posture scores, 
more so during the “off” than the “on” state (113, 114). 
In one study, 2 patients with PD and gait disturbance 
received low-frequency (20-Hz) stimulation via DBS at 

the level of the pedunculopontine nucleus (PPN) in the 
upper brainstem. The initial report is of interest because 
of the significant improvement in gait, over 50%, which 
opens a whole new approach to the treatment of gait in 
PD (115).
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Sensory Symptoms

ensory symptoms are perhaps as 
common as tremor in Parkinson’s 
disease (PD), but because these 
symptoms are not seen by physi-

cians and may not be reported by caretakers, they may 
be overlooked. In discussions of PD, sensory symptoms
usually refers to painful or nonpainful somatosensory 
symptoms. Descriptions and classifications have variously 
included or excluded pain or other sensory symptoms 
thought not to be directly related to PD (i.e., comorbidi-
ties such as an arthritic knee or neuropathic pain in a 
PD patient with diabetes). However, the relationship can 
be ambiguous (e.g., low back pain). Other studies have 
excluded symptoms associated with increased muscle 
contraction. But although “muscular” symptoms—such 
as painful dystonic spasms, cramps, aching, heaviness, 
or stiffness—typically parallel levodopa-related fluctua-
tions in motor signs, other sensory symptoms may also 
be levodopa-responsive. These include sensory symptoms 
thought to reflect autonomic disturbances—such as dys-
pnea, precordalgia, and distal cold sensation—or sensa-
tions of an inner restlessness (akathisia). The response 
to levodopa may be more variable or absent in patients 
with stabbing, paresthesia-like sensations or an internal 
tremor, and symptoms may worsen with levodopa in 
patients with burning sensations (Table 8-1).

Richard M. Zweig
Debra Elliott

The pathophysiologic processes contributing to sensory 
symptoms in PD are not well understood but are likely 
multiple, involving dopaminergic and nondopaminergic 
sytems as well as the basal ganglia and extrastriatal sys-
tems. This chapter begins with an illustrative case report 
followed by a discussion of somatosensory symptoms in 
patients with PD and a review of dopaminergic and other 
pathophysiologic processes that may be contributing to 
these symptoms. This is followed by a brief discussion on 
another nearly universal sensory symptom in PD: hypos-
mia. Finally, a brief review of the evaluation and treat-
ment of somatosensory symptoms is included.

FREQUENCY, LOCATION, AND QUALITY OF 
SOMATOSENSORY SYMPTOMS

Sensory symptoms are present in the majority of individu-
als with PD. Among a series of 388 consecutive levodopa-
responsive PD patients completing an itemized question-
naire, 67% endorsed pain or other sensory symptoms (1).
Of these, 94% had pain characterized as “muscular” 
(mostly endorsed as “stiffness”), and approximately 
half had pain considered “rheumatologic”—primarily 
articular or spinal. Whereas 10% of patients had rest-
less legs or akathisia; only 8% had pain characterized as 

S
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paresthesia, dysesthesia, burning, itching, or “ill defined.” 
Localization was mostly segmental or axial, with an occa-
sional radicular or pseudoradicular distribution. Head-
ache, facial pain, anorectal pain, or pain in a visceral 
distribution was uncommon. Pain was present at disease 
onset in over 25%, and in those with motor fluctuations, 
pain often occurred in the “off” phase.

Population-based quality-of-life surveys corroborate 
the presence of pain and other sensory symptoms in PD 
(2–4). Unfortunately, the fact that pain and discomfort 

are also common in the aging general population makes 
a true disease-specific cause-and-effect association dif-
ficult. For example, using a short questionnaire, Schrag 
and colleagues (2) reported that 46.2% of 461 individuals 
between the ages of 60 to 69 from the general popula-
tion endorsed “pain”; this figure increased to over 60% 
among individuals over 80 years of age. Most of the 
124 PD patients from this study were over 60. For these 
patients, the percentage with pain was only fractionally 
greater than that in the general population (e.g., 54.5% 

TABLE 8-1
Somatosensory Symptoms in Parkinson’s Disease

SYMPTOM LOCALIZATION LEVODOPA RESPONSE OTHER THERAPY REFS.

Paresthesia-like: Extremities, esp.side Variable Possibly anxiolytics 2, 3, 4, 9, 11
numbness tingling   of greatest motor
coldness  signs

Aching pain  Extremities, joints variable  2, 3, 4, 5, 6, 11
Burning  Extremities � head  May worsen  2, 3, 4, 9

or body
Radicular Extremities Variable  5, 6
Cramps, tightness Neck, calf, paraspinal Often responsive  5
Painful dystonias Usually feet Often responsive  Possibly lithium 5, 6
Genitalia (in women)  Often responsive  4, 8
Unilateral oral  Usually none Clozapine, possibly  8

(esp. burning)    other analgesics
Sensory dyspnea  May be responsive  9
Internal tremor Axial�/� limb Usually none Anxiolytics 10
Akathisia  Occasional Clozapine 11, 12
Headache Esp. nuchal Occasional  Amitriptyline 15, 16, 17
Back pain  Mid/lower back  May be responsive   18

CASE REPORT

A 76-year-old man with a 13-year history of PD had a 4-year history of pain in his left lower extremity. This was 
described as an electric-like, stabbing pain that traveled from the left thigh and groin to his ankle. Before the onset 
of pain, symptoms consisted primarily of levodopa-responsive hypophonic dysarthria, hypomimia, tremor of his 
lower lip, and mild generalized bradykinesia. Although gait and posture were mildly affected, he was regularly 
playing golf. The pain became severe, was unresponsive to conservative therapy, and did not appear to be associ-
ated with or affected by levodopa treatment. Spondylitic changes and lumbar disc herniation (LS through S1) were 
seen on imaging studies. Despite a decompressive laminectomy, pain persisted; it was aggravated by standing and 
walking but relieved by bending forward. No sensory changes were found on examination, but weakness of the 
left extensor hallucis longus was noted, as was pain with extension of the lumbar spine and straight leg raising. 
Repeat imaging and electromyography (EMG) were consistent with L5 radiculopathy and a second surgical proce-
dure was performed, but without success. Following a third unsuccessful procedure less than 2 years after onset of 
pain, placement of a temporary spinal cord–stimulating electrode was undertaken. Although paresthesias elicited 
by stimulation corresponded to the distribution of his usual pain, there was no relief from pain. Initially change in 
posture and reluctance to walk were attributed to pain resulting from the patient’s spinal disease. However, a severe 
parkinsonian gait disorder with frequent freezing evolved.
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in the 60- to 69-year-old age group). Pain did increase 
with disease severity, as reflected in the staging defined 
by Hoehn and Yahr (5). In another population-based 
quality-of-life survey of 111 patients evaluated in 1993 
and then 4 years later, worsening of motor function [i.e., 
Unified Parkinson’s Disease Rating Scale (UPDRS) motor 
score] related to increased nonmotor measures, including 
pain, social isolation, and “emotional reactions”(6). Over 
4 years, more than 50% of patients had a greater than 
30% increase in pain score.

In an early series of 101 patients, including 
patients with postencephalitic parkinsonism (7), about 
40% reported pain, tingling, numbness, coldness, or 
burning primarily localized to one or more limbs, typi-
cally ipsilateral to the side of the body with the greater 
motor deficit. There was a paresthesia-like quality to 
most of the symptoms, and sensory symptoms preceded 
the onset of motor symptoms in several patients. This 
series excluded patients with diabetes, arthritis, muscu-
loskeletal diseases, or other medical illnesses. Aching or 
cramp-like sensations were included, but pains or other 
sensory symptoms thought to be clearly associated with 
increased muscle contraction (painful dystonic spasms, 
cramps) or otherwise caused by the primary motor dis-
order (heaviness, stiffness) were also excluded. Response 
to levodopa was variable, with increased pain (especially 
a burning sensation) occurring more often than pain 
relief (7). These results were similar to those in a more 
recent study of 51 consecutive PD patients, 36 with 
predominantly unilateral symptoms (8). Patients with 
cognitive impairment or neuropathy were excluded. Of 
the 36 with unilateral disease, 21 had pain described as 
burning, itching, or tearing. In 6 patients, pain was the 
initial symptom. Usually but not always, pain occurred 
on the more affected side; however, it could sometimes 
be bilateral or rarely be felt on the less affected side. In 
a series of 50 patients (9), nerve conduction and studies 
of somatosensory evoked potentials were within normal 
limits and did not distinguish between patients with and 
without somatosensory symptoms.

In contrast to these studies, other authors have 
emphasized nonmotor symptomatology that specifically 
parallels levodopa-related fluctuations in motor signs. 
In a series of 95 patients with PD, 46% reported pain, 
which was related to motor fluctuations in two-thirds 
(10). The majority of these patients had cramps or muscle 
tightness (neck, paraspinal area, calf). Painful foot and 
other dystonias were also common, while radicular-like 
pain, joint pain, or akathitic-related sensations occurred 
less commonly. Quinn and coworkers (11) have proposed 
a classification of pain in PD primarily based on timing of 
(and response to) levodopa. In these patients with or with-
out associated dystonic spasms, pain would occur in the 
early morning, with “beginning of dose,” “end of dose,” or 
“wearing-off.” They also recognized levodopa-responsive 

pain preceding the diagnosis of PD and peak-dose pain 
associated with “on period” dyskinesias (12).

Ford and coworkers (13) reported a series of 
8 patients with PD and one case of atypical parkinsonism 
with severe oral or genital pains of unknown etiology. In 
the 3 women with genital pain, the pain was generally 
responsive to levodopa and was associated with motor 
fluctuations or wearing off. Oral pain was less responsive 
to levodopa. These sensations were often unilateral and 
burning in quality. In all cases the pain syndromes were 
described as having “a relentless and distressing quality 
that overshadowed the other features of the parkinsonism” 
(13). Psychiatric disturbances were noted in 6 patients, 
including depression and anxiety. Other nonmotor “off” 
symptoms, as described by Hillen and Sage (14), included 
sensory dyspnea and other sensory-related autonomic 
disturbances.

A common sensory syndrome in patients with PD—
typically associated with aching, tingling, or burning—is 
“internal tremor.” In a series of 100 consecutive patients, 
44% reported internal tremor (15). Overall, 69% had 
internal tremor, other sensory symptoms, or both. 
Internal tremor was most often localized axially (chest, 
abdomen, and neck), with or without limb involvement. 
There was no statistical association of internal tremor 
with the presence or severity of resting tremor. This 
symptom was not associated with motor fluctuations 
and was not relieved by antiparkinsonian medications. 
There was an association with symptoms of anxiety and 
response to anxiolytics. The authors recognized the simi-
larity between both internal tremor and paresthesia-like 
sensory symptoms of Parkinson’s patients and somatic 
symptoms associated with primary anxiety disorders. 
They distinguished internal tremor from akathisia, 
another common symptom in Parkinson’s patients that 
can arguably be considered “sensory.”

In a series of 100 patients with PD, 68% acknowl-
edged feelings of inner restlessness resulting in a need to 
move (16). In the majority of patients, this was attributed 
to parkinsonian motor disturbances or various sensory 
complaints. However, “pure” akathisia, not attribut-
able to other features of the disease, was reported by 
26% of the total group. This symptom, typically found 
in patients with more advanced disease, was usually not 
responsive to antiparkinsonian medications and was not 
associated with motor fluctuations. The authors distin-
guished akathisia from the restless legs syndrome (RLS); 
for example, only 2 of the patients with pure akathisia 
had symptoms primarily in the evening or at night. In 
another study, clozapine-responsive nocturnal akathisia 
was reported in 9 patients with PD (17). Five of the 
patients had stereotyped repetitive movements of the 
lower extremity that were associated with the akathisia. 
Because of the lack of lower extremity paresthesias, these 
patients were also thought not to have RLS.
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Typical levodopa-responsive RLS has been described 
in PD, occurring in up 20% of patients, in contrast to a 
frequency of 4% to 10% in the general population (18). 
It is usually not the presenting feature of PD but rather 
tends to occur after the diagnosis of PD has been made. 
Sensory discomfort in RLS includes deep, sharp, lancing 
pain as well as burning or “creepy-crawly” sensations, 
inducing an urge to move the legs (19). Patients with PD 
and RLS tend to be older than those with primary or 
familial RLS; the latter does not predispose to develop-
ing PD later in life (20). PD patients with RLS are older 
than those without RLS and are more likely to develop 
depression (21).

In 50 patients with motor fluctuations, Witjas and 
associates (22) divided 54 nonmotor symptoms into 
autonomic, cognitive/psychiatric, and pain/sensory cat-
egories, as originally proposed by Riley and Lang (23). 
The most common sensory symptom, considered “auto-
nomic” in this study, was a “sensation of being hot,” 
present in 56% of the patients. Akathisia was reported 
in 54% of patients. Other common symptoms—including 
dyspnea, a cold sensation (both considered autonomic), 
and a “tightening” sensation—were present in over 
40% of patients. Hot or cold sensations were present 
in the “off” state in over half of the patients with these 
complaints but were also not uncommonly independent 
of state. Other common sensory (or sensory/autonomic) 
symptoms, seen in over 20% of patients, were tingling 
sensations, diffuse pain, restlessness (distinguished in 
this study from akathisia), precordialgia, and abdominal 
pains. Less common symptoms included neuralgia-like 
and burning pains. Internal tremor was not mentioned 
in this study. Six of the patients reported sensory fluctua-
tions as “most incapacitating.” The sensations of burning 
and less often akathisia were occasionally associated with 
the “on” state. In a similar study of 47 patients (24), of 
which all but 9 had motor “off” symptoms, 22 had associ-
ated nonmotor “off” symptoms. Included in the group of 
those with “autonomic” symptoms were 7 patients with 
variously off-state facial flushing or other “hot” sensa-
tions, 2 describing cold sensations, and 3 with abdomi-
nal bloating or abdominal or genital pain. Other sensory 
symptoms included 7 patients with dyspnea, and 1 each 
with pain in the lower extremities or internal tremor. 
In the course of these studies, an attempt was made to 
distinguish and exclude sensory symptoms thought to 
be “muscular.”

Frequency and characteristics of headache and back 
pain have been studied in PD. Headache—more com-
monly nuchal than occipital, temporal, or frontal but 
not associated with nuchal (or extremity) rigidity—was 
present in 35% of a series of 71 patients (25). Although 
early-morning headache responsive to levodopa has 
been described (26), larger studies report tension-like 
headaches responsive to amitriptyline (26, 27).Middle 

or lower back pain was reported to be present at some 
stage of the illness in 68% of a series of 60 patients with 
PD without “conditions well known to cause back pain” 
(28). Back pain preceded the onset of recognized 
parkinsonism in almost half of these patients. In several 
patients, back pain was responsive to levodopa. None 
of the studies reporting frequency of headache or back 
pain included control groups without PD. Tension-like 
headaches and low back pain are among the most com-
mon symptoms reported to the general neurologist or 
primary care physician. Thus the relationship between 
PD-specific pathology and these symptoms must be con-
sidered unclear.

Patients will often endorse more than one sensory 
symptom and often will have both sensory and other 
nonmotor symptoms. In a series of 99 nondemented PD 
patients, Shulman and colleagues (29) used standardized 
test batteries to determine the frequency of 5 categories 
of nonmotor symptoms: depression, anxiety, fatigue, 
sleep disturbance, and sensory symptoms. All but 12% 
of the patients had a nonmotor symptom in at least 1 
category; 60% had symptoms in 2 or more, and nearly 
25% endorsed 4 or 5 categories. Sensory symptoms were 
present in 63% of the patients. Overall, greater nonmo-
tor symptoms correlated with severity of PD as reflected 
in the UPDRS.

PATHOPHYSIOLOGY OF SENSORY 
DYSFUNCTION

The basal ganglia are thought to participate in motiva-
tionally or behaviorally relevant sensorimotor integration 
(30, 31). Current models of basal ganglial physiology 
emphasize somatotopically and functionally segregated 
parallel circuits (32, 33); less attention has been directed 
toward defining sensorimotor integrative properties. Basal 
ganglial output from the traditionally recognized output 
nuclei—that is, the globus pallidus internus and substan-
tia nigra pars reticulata—is inhibitory (32, 33). Output 
directed toward regions of the thalamus that project to the 
frontal lobe is highly segregated somatotopically. In PD, 
increased activity of the globus pallidus internus and sub-
stantia nigra reticulata, due to a shift in balance between 
“direct” and “indirect” basal ganglial pathways, results 
in excessive inhibition of thalamocortical activity (34). 
Frontal hypometabolism—which has been demonstrated 
in patients with PD using 18F fluorodeoxyglucose positron 
emission tomography (PET) scanning (35)—is thought to 
underlie “hypokinetic” features of PD. However, posi-
tive symptomatology, in particular somatosensory distur-
bances, is not well accounted for by the “direct/indirect” 
model of basal ganglial function (see Figure 8-1).

The striatum receives sensory input from numer-
ous sources (30, 33). As the entire neocortex projects 
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to the striatum, any cortical area involved in sensory 
processing could theoretically utilize basal ganglial con-
nectivity. Projections to the striatum from cortical areas 
involved in somatosensory function include somatotopi-
cally organized input from the first somatosensory cortex 
(30). This input to the putamen parallels input from the 
primary motor cortex. Dense topographic projections 
also arise from the second somatosensory cortex and 
inferior parietal area 7b (36), which contains somato-
sensory, multisensory, and task-related neurons. All of 
these regions contain neurons selectively responsive to 
painful (nociceptive) stimuli. Regions of the prefrontal 
and cingulate cortex that contain nociceptive neurons 
also project to the striatum (30, 37). Electrical stimulation 
of the primary somatosensory cortex produces striatal 
activity distinct from that due to stimulation of the motor 
cortex and suggests that the caudate/putaminal response 
to somatosensory stimuli allows somatotopic somatosen-
sory discrimination and perception (38). In a rat model 
of PD, functional neuroimaging revealed decreased excit-
atory input to the sensorimotor cortex due to depletion 
of dopamine in the substantia nigra pars compacta and 
striatum and increased spatial homogeneity, suggesting 
increased neuronal synchronization in the parkinsonian 

state (38). In patients with PD (40), disorders of somato-
sensory discrimination and perception are represented by 
deficits in tasks requiring perioral 2-point discrimination; 
poor tactile localization on the tongue, lips, and jaw; 
and problems in discriminating grating orientation and 
roughness at the fingertips.

Patients with PD demonstrated abnormal cortical 
and subcortical activation upon passive sensory stimula-
tion as measured using 15O PET (39). Decreased vibratory 
stimulus–induced activation was seen of the contralateral 
sensorimotor (S1/M1) and lateral premotor cortex, con-
tralateral S2, contralateral posterior cingulate, bilateral 
prefrontal cortex (Brodmann area 10), and contralateral 
basal ganglia, along with enhanced activation of ipsilat-
eral sensory cortical areas (caudal S1, S2, and insular 
cortex). These responses were considered to represent 
altered central focusing and gating of sensory impulses 
or enhanced compensatory recruitment of associative 
sensory areas due to basal ganglial dysfunction.

The principal thalamic input to the striatum arises 
from the intralaminar nuclei, including the center median 
and parafascicular nuclei (33, 42). The specific func-
tion of this thalamic input is not known; however, in 
experimental animals, the majority of neurons within 
these structures (or at least major areas within them) 
respond to somatosensory and, in particular, nociceptive 
stimuli (42).

With the exception of the first somatosensory cor-
tex, somatosensory-responsive (particularly nociceptive) 
neurons within the other cortical areas, as noted earlier, 
and in the intralaminar thalamic nuclei often have large, 
bilateral receptive fields or no somatotopic organization 
(30, 36).This parallels striatal (and pallidal) somatosensory-
responsive neurons, which also tend to have large cutane-
ous receptive fields (31).Nociception-related inputs to the 
intralaminar thalamic nuclei arise from (or are modulated 
by inputs from) numerous sites, including spinothalamic 
and spinoreticulothalamic tracts and their trigeminal 
equivalents, the superior colliculus (43), pedunculopon-
tine nucleus (cholinergic and noncholinergic neurons 
located within the mesopontine reticular formation) (44), 
dorsal raphe, and substantia nigra reticulata (45). Of 
course many of these sites connect with each other or 
to other basal ganglia–related structures (30), possibly 
relaying somatosensory information (e.g., substantia 
nigra reticulata projections to the superior colliculus, 
pedunculopontine connections to the substantia nigra, 
globus pallidus, and subthalamic nucleus)(44).

The majority of dopaminergic substantia nigra 
neurons are also responsive to somatosensory input, but 
only if the input is of specific behavioral significance. 
For example, in a monkey study (46), over 85% of 171 
dopaminergic neurons evaluated in the awake animal 
increased firing rates that followed the spontaneous touch 
of food but not of nonfood objects hidden behind a box. 
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FIGURE 8-1

Possible basal ganglia–related pathways involved in noci-
ceptive and nonnociceptive somatosensory processing. Most 
of these pathways are described in the text. Thicker arrows 
reflect relatively larger or better-studied pathways. Excitatory 
versus inhibitory aspects are not indicated in this figure.

Abbreviations: Cm-Pf � centre median and parafascicular 
nuclei; DR � dorsal raphe; GPe � globus pallidus externa; 
GPe � globus pallidus interna; Inf � inferior; PPN � pedun-
culopontine nucleus; RF � reticular formation; SC � superior
colliculus; Spinothal � spinothalamic; SS � somatosensory; 
SNc � substantia nigra pars compacta; SNr � substantia 
nigra pars  reticulata; STN � subthalamic nucleus.
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In anesthetized monkeys, 68% of 140 dopaminergic neu-
rons responded to painful stimulation by decreasing firing 
rates. There was no response in this setting to nonpainful 
somatosensory stimulation (even if intense). Responses 
in both paradigms (awake and anesthetized) were non-
somatotopic and bilateral. Metabolic mapping studies 
in rodents and cats—following stimulation of vibrissae 
corresponding to corticostriate projections—showed 
a robust neural response in the caudate/putamen. The 
information processed was thought to be used to deter-
mine sensory-dependent postures (i.e., head positioning 
for feeding) rather than localization. The activity pattern 
was “patchy” anatomically, representing several func-
tionally different regions of the striatum (47).

There is evidence that dopaminergic substantia 
nigra neurons can encode stimulus intensity (48). Dopa-
minergic nigrostriatal projections appear to significantly 
influence the sensory responsiveness of striatal neurons, 
although the effect may be indirect (30, 49). Striatal 
neurons are normally highly responsive to external 
sensory stimulation. Responsiveness in the caudate 
nucleus is decreased and altered qualitatively (less 
selective, larger receptive fields) in cats treated with 
the dopamine-selective neurotoxin 1-methyl 4-phenyl 
1,2,3, 6-tetrahydropyridine (MPTP) (49). The onset of 
this effect is coincident with that of parkinsonian motor 
deficits. With recovery of motor function, striatal neuro-
nal responses return to baseline. Decreased responsive-
ness of striatal neurons to sensory input may contribute 
to the contralateral sensory neglect that results from the 
intrastriatal administration of the dopamine-depleting 
agent 6-hydroxydopamine (30).

The intricate relationship between sensory process-
ing and motor function has been discussed by Kaji and 
Murase (50). They noted that PD patients can take advan-
tage of external visual or auditory sensory clues to initiate 
and perform movements. The “sensory trick” in normal-
izing body posture or movement in dystonia by tactile or 
proprioceptive input is a similar phenomenon, implying 
a general sensorimotor mismatch in motor control in this 
condition. Task specificity in dystonia points to a dys-
function of motor output linked to a fixed sensory input. 
The basal ganglia encode and “gait” sensory information 
relevant to motor control and also alter visual and audi-
tory cortical evoked responses. The responsiveness of the 
trigeminal sensory nucleus is also altered by activation 
of the caudate nucleus or globus pallidus. These activi-
ties are “set-related” or “context-dependent” discharges 
associated with the movements or postures required by 
the environment. As a consequence of basal ganglial sen-
sory processing, neurons in the supplementary motor or 
premotor cortex discharge in response to a sensory cue 
long before the onset of movement. Lesions of the basal 
ganglia therefore affect mainly automatic movements that 
depend on sensory guidance.

Visual stimuli are also processed by the striatum 
with output mapped from the lateral substantia nigra to 
area TE of the temporal lobe (51). In monkeys, higher-
order visual cortical projections to the caudate/putamen 
are much more prominent than primary visual cortical 
projections (52). PD-related deficits in perception of facial 
expression as well as visual hallucinations seen in other 
Lewy body diseases and schizophrenia may be manifesta-
tions of a deficit in these higher cortical visual connec-
tions (47). Testing errors on the effect of visual feedback 
on pointing can detect changes in the processing of visual 
proprioceptive information in very mild PD and may even 
be used in the future for early diagnosis (53).

The coordination of sensory stimuli is relevant to 
cognition. Striatal cells are particularly active in relation 
to cues that orient spatial attention (47). In PD, decreased 
ability to focus on salient stimuli and ignore irrelevant 
information (54) results in impaired attention, which can 
cause deficits in working memory, attentional set-shifting, 
planning and problem solving, and perception. This last 
can affect sensory symptoms in patients.

DOPAMINERGIC MODULATION OF 
NOCICEPTION AND PARKINSON’S DISEASE

Dopamine depletion appears to increase nociception (30, 
55, 56). Although both basal ganglia–related supraspinal 
and spinal dopaminergic responses have been implicated, 
the effect appears to be predominantly supraspinal (30, 
36, 57, 58). For example, in a mouse study demonstrat-
ing hyperalgesia following systemic administration of 
MPTP (59), the effect diminished after about 2 weeks, 
coincident with a marked increase in serotonin activity 
(despite low dopamine concentrations). Dopamine (and 
serotonin) mediation of nociception may involve interac-
tions with opiate activity.

Best known for their analgesic properties, opiates are 
found in high concentrations in the basal ganglia and colo-
calize with GABA in both “direct” and “indirect” stria-
topallidal projections (33): direct pathway projections to 
the globus pallidus internus and substantia nigra reticulata 
colocalize dynorphin (and substance P), whereas indirect 
pathway projections to the globus pallidus externus colo-
calize enkephalin. Kurumaji and coworkers (59) have pro-
vided indirect evidence favoring the role of basal ganglial 
metenkephalin in pain responsiveness by finding a close 
relationship in the rat between circadian fluctuations in 
pain responsiveness and metenkephalin–like immunore-
activity in selective brain regions, including the striatum 
and “mesolimbic” area but not within the thalamus or 
amygdala.

Mesocorticolimbic dopamine neurons arising in the 
ventral tegmental area (VTA) respond to opioids (via 
indirect activation) and psychostimulants (via decreased 
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reuptake and/or reduced release) and play a role in the 
reward response to these substances. These neurons proj-
ect to the nucleus accumbens, amygdala, and prefron-
tal cortex. Although they are not as severely affected 
as dopaminergic nigral neurons, there is involvement of 
VTA neurons at least in some patients with PD [e.g., see
Zweig and coworkers (60)] . Moreover, dysregulation of
this system may contribute to the “dopamine dysregu-
lation syndrome” that sometimes complicates dopami-
nergic therapy in PD patients (61). Dopamine also modu-
lates opioid antinociception, both at the spinal level and 
supraspinally, as studied in rodent models using acute 
phasic (tail flick), tonic pain (formalin), and integrated 
(hot plate) tests (62). This complex network can aug-
ment and/or diminish response to a noxious stimulus. 
Results from experimental models are sometimes con-
flicting, which is consistent with the wide variability of 
PD-associated pain symptoms, ranging from no pain in 
a limb that is continuously moving or rigid, to aching or 
otherwise unexplained burning or dysesthetic pain.

Acute and sustained noxious stimuli increase dopa-
mine (DA) in the spinal dorsal horn (63). Although there 
are conflicting reports (64), in general D2 agonists potenti-
ate spinally mediated antinociception when they are given 
alone or with opioids (65). D2 agonists selectively interrupt 
nociceptive reflexes without interfering with monosynaptic 
motor reflexes. By contrast, D1 agonists elicit pronocicep-
tive effects both alone and when given with D2 agonists or 
opioids. The anti- and pronociceptive actions of D2 and 
D1 agonists respectively are expressed via their actions on 
projection neurons from the dorsal horn and/or primary 
afferent terminals (63). Nevertheless, on the basis of tail-
flick testing for acute pain (presumably spinally mediated) 
in D2 receptor knockout mice, kappa opioid and to a less 
degree mu opioid analgesia is enhanced (66).

Dopamine agonists, both in experimental animals 
and in humans, appear to potentiate the analgesic effect 
of morphine, whereas depletion of dopamine, for exam-
ple, by 6-hydroxydopamine lesions of the substantia nigra 
compacta and adjacent VTA, attenuates morphine analge-
sia (30, 67–70). In humans, dextroamphetamine has been 
added to morphine to enhance analgesia—for example, 
postoperatively (65). The selective D2 dopamine agonist 
quinpirole, the nonspecific agonist apomorphine, as well 
as cocaine and amphetamine typically induce analgesia 
in the formalin test for tonic pain (71). These effects, 
which are thought to be mediated supraspinally, can be 
blocked by pretreatment with either D1 or D2 antago-
nists. Lesions causing DA depletion in the VTA have been 
found to block the analgesic effects of systemic opioids in 
tonic pain (formalin test) but not in acute, phasic pain. 
Also, application of a DA antagonist into the nucleus 
accumbens blocks analgesia induced by application of 
opioids into the VTA or amphetamine in the accumbens, 
supporting a specific role for DA release in this structure 

in opioid-mediated analgesia (71). In the rat model, an 
analgesic effect of dextroamphetamine is blocked by 
6-hydroxydopamine lesions (67). Other studies have 
demonstrated that mu opioid and DA-mediated antinoci-
ception requires D1-like receptors supraspinally (62, 72). 
Dopamine-mediated augmentation of morphine-induced 
antinociception, at least via D2 receptors, may involve 
5-HT2 antagonism, which in turn increases dopamine 
release (73).

Altier and Stewart (74) noted that morphine injected 
into the VTA caused analgesia to tonic painful stimuli. 
Exposure to stress caused release of the naturally occur-
ring opioid metenkephalin in the VTA, resulting in inhi-
bition of tonic pain. This effect could be blocked by the 
intra-VTA infusion of the opioid antagonist naltrexone. 
Similar results were found using substance P agonists 
and antagonists, suggesting a role for this substance in 
DA-related mesocorticolimbic tonic pain modulation 
as well (74). DA release in the nucleus accumbens fol-
lowing morphine administration was suppressed in a 
chronic neuropathic pain model (sciatic nerve lesion in 
the mouse) (75). The function of mu opioid receptors in 
the VTA was also downregulated. This has been hypoth-
esized to explain the decreased addictive tendency of 
chronic opiate use clinically in chronic pain states. In 
this model, neuropathic pain may activate the ascend-
ing inhibitory pathway from the spinal cord projecting 
indirectly to the VTA, resulting in reduction in morphine-
induced DA release in the nucleus accumbens. Although 
mu opioid agonists stimulate DA release, kappa agonists 
inhibit DA release in the nucleus accumbens (and dorsal 
caudate) (76, 77). Thus activation of the kappa opioid 
system by chronic inflammatory nociception may inhibit 
dopamine release in the nucleus accumbens, also result-
ing in the suppression of reward effects produced by 
morphine (70).

Dopamine levels within the dorsal striatum as well 
as the nucleus accumbens and other VTA projection sites 
vary significantly in otherwise normal humans with com-
mon polymorphisms of the catechol-O-methyltransferase 
(COMT) genotype. Individuals homozygous for an allele 
resulting in greater COMT activity and thus less dopamine 
(and less D2 receptor binding) have been hypothesized, 
based on animal models, to have increased enkephalin 
content in projection sites, resulting in an increased abil-
ity to activate mu opioid receptors in response to pain 
(78). This was demonstrated using PET imaging of a 
selective mu opioid radiotracer. The clinical consequence 
was less pain reported following sustained hypertonic 
saline infusion into the masseter muscle in individuals 
with this allele (78). More recently, the same group dem-
onstrated activation of mu opioid receptors in the nucleus 
accumbens and other mesocorticolimbic sites in humans, 
reporting reduced pain following the administration of a 
placebo in this pain model (79).
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The relevance of these observations for PD is 
unclear. In principle, as with the COMT allele, untreated 
or undertreated patients might be expected to experience 
less pain, but then they might be expected to respond to 
dopamine-based therapies by experiencing more pain, as 
can occur with levodopa therapy (7). However, Djaldetti 
and associates (80), using quantitative measurement of 
tactile and thermal sensory input via a visual analog scale, 
found that tactile and warm sensation was unchanged in 
PD but that heat pain threshold was significantly lowered 
in both the “on” and “off” states.

In addition to modulating VTA/mesocorticolimbic, 
spinal, and well-known periaqueductal gray and seroto-
nergic raphe noiciceptive-responsive pathways, morphine 
injected into various regions of rat pallidum or substantia 
nigra reticulata also produces a dose-dependent analgesia 
(inhibited by naloxone) (81, 82). This effect appears to 
be specific, as responses on nonnociceptive sensorimo-
tor tasks are generally unaffected. At least within the 
substantia nigra, this effect appears to be mediated by 
the mu receptor (76). Similarly, intravenous morphine 
significantly depresses nociception-related responses in 
additional brain regions—including, in a rat study (83) 
the ventral globus pallidus and the central nucleus of 
the amygdala. Putative nociception-related pathways 
between this region of the amygdala and basal ganglia 
(including the globus pallidus and substantia nigra) have 
also been reported (30).

Interestingly, certain pain syndromes similar to those 
described in patients with PD have also been described in 
psychiatric patients following neuroleptic use. In a series 
of 107 psychiatric inpatients (84), 23% of 60 patients 
being treated with neuroleptics experienced pain, as 
compared with only 1 of 47 patients being treated with 
other psychotropic drugs. In general, the pain described 
was a poorly localized aching in the extremities. Sen-
sory complaints of heaviness, stiffness, or those associ-
ated with acute dystonic reactions were excluded. Pain 
occurred more frequently in patients with parkinsonism, 
akathisia, or both and tended to correlate with the sever-
ity of parkinsonism. Ford and coworkers (85) described 
11 patients with tardive oral (9 patients) and genital 
(2 patients) pain similar in character to that which the 
same authors described in patients with PD—for exam-
ple, as severe, relentless, and overshadowing other neuro-
logic symptoms (13). All of the patients also had typical 
orolingual dyskinesia, and most had tardive dystonia or 
akathisia as well.

An interesting relationship exists between nocicep-
tion and RLS involving dopaminergic and opioid systems. 
Stiasny-Kolster and coworkers (86) showed significant 
generalized static hyperalgesia to pinprick in the limbs of 
RLS patients as compared with healthy controls. There 
was no allodynia to light touch, however, suggesting 
A-delta fiber high-threshold input central sensitization. This 

neuropathic hyperalgesia improved with dopaminergic 
treatment. The authors conclude that the pathophysiology 
of RLS includes disturbed supraspinal pain modulation 
involving descending dopaminergic pathways. The role of 
opioids in the pathophysiology of RLS has been known 
empirically because of treatment efficacy. Opioid-binding 
abnormalities in the “medial pain system” (thalamus, 
amygdala, caudate, anterior cingulated gyrus, insular 
cortex, and orbitofrontal cortex) was demonstrated by 
von Spiczak and colleagues (87).

Nondopaminergic mechanisms may also be respon-
sible for some of the sensory symptoms in patients with 
PD. Neuronal loss occurs within the locus ceruleus (LC) 
in PD (88). Noradrenergic projections from the LC to the 
dorsal horn of the spinal cord, along with direct and indi-
rect noradrenergic fibers from A5/A7 groups in the pon-
tine tegmentum, reportedly inhibit ascending nociceptive 
pathways (89). There is also moderate to severe loss of 
cholinergic neurons of the pedunculopontine nucleus in PD 
(90–92). In addition to projections to intralaminar thalamic 
nuclei, projections to other sites may contribute to a role of 
this nucleus in nonopiate analgesic systems (93, 94). These 
cholinergic neurons have also been implicated in an experi-
mental model of morphine addiction (95, 96), possibly via 
projections to the dopaminergic mesolimbic system.

Studies have reported an association of pain with 
depression in PD (97, 98). In one study of 95 patients, 
46% had pain thought to be associated with the dis-
ease. Severe depression was noted in 34% of those with 
pain but in only 13% of those without pain. Although, 
as suggested by the authors (97), depression may color 
“the interpretation of pain” or “pain can exacerbate an 
already present depression,” it is also possible that under-
lying serotonergic pathology could predispose to both 
pain and depression. The latter possibility was supported 
by a study of cerebrospinal fluid from 10 PD patients 
with pain, 14 PD patients without pain, and 8 non-PD 
patients with poststroke thalamic pain syndrome (98). In 
addition to having the highest scores on a self-test depres-
sion scale, the PD patients with pain had significantly 
lower levels of the serotonin metabolite 5-HIAA in their 
cerebrospinal fluid (CSF) than did the other groups. Low 
CSF levels 5-HIAA had previously been associated with 
depression in PD without reference to pain (99).

OLFACTORY SYMPTOMS IN 
PARKINSON’S DISEASE

Unlike somatosensory symptoms, where variability is the 
rule, diminished sense of smell is found almost universally 
in patients with PD. Although initial studies using single 
odorants suggested hyposmia in less than 50% of patients 
(100, 101), a comprehensive objective evaluation using 
The University of Pennsylvania Smell Identification Test 
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(UPSIT) indicated that greater than 90% of PD patients 
have a profound olfactory deficit (102). Deficits include 
odor identification as well as discrimination and odor 
threshold detection (102–105). Although patients are 
often unaware of their olfactory dysfunction (102), 
hyposmia occurs very early in the course of PD; along 
with rapid-eye-movement (REM) sleep behavior disorder 
and constipation, it may commonly precede parkinsonian 
motor signs (106, 107). Although hyposmia is not clearly 
related to disease duration, odor discrimination was 
shown to correlate negatively with motor scores on the 
Unified Parkinson’s Disease Rating Scale (UPDRS) (104). 
Relatively higher UPSIT scores may distinguish patients
with tremor-predominant or a more benign PD from those 
with predominantly postural instability–gait disorder dis-
ease (108), at least in those tremor-predominant patients 
with a family history of tremor (109). Smell identification 
scores have also been shown to correlate with dopamine 
transporter imaging in the striatum in patients with early 
PD (110) and in a percentage of asymptomatic relatives 
of PD patients, some of whom subsequently developed 
PD (111, 112).

The early or even “presymptomatic” hyposmia 
noted in PD is fully consistent with known early alpha 
synuclein–immunoreactive Lewy body and Lewy neurite 
pathology as well as neuronal loss involving the anterior 
olfactory nucleus and olfactory bulb (113, 114). In defin-
ing their staging system for PD pathology, Braak and col-
leagues (114) noted involvement of the olfactory nucleus 
or bulb in many patients with stage 1 disease, most with 
stage 2, and all with stages 3 to 6 disease. They also 
noted subsequent pathology in olfactory-related regions, 
including the olfactory tubercle, piriform cortex, periam-
ygdaloid cortex, and olfactory portions of the entorhinal 
cortex. Of note, the olfactory bulb pathology does not 
appear to include dopaminergic cells within this structure. 
Rather, a significantly increased number of dopaminergic 
cells within the olfactory bulb in PD has been reported. 
As dopamine inhibits the mitral cell response to olfac-
tory input, this paradoxic finding has been hypothesized 
to contribute to the hyposmia in these patients (115). 
Consistent with lack of evidence indicating a direct rela-
tionship between dopaminergic dysfunction and hypos-
mia, dopaminergic therapies have not been reported 
to improve olfactory function in PD (102, 106). In one 
study, deep brain stimulation (DBS) of the subthalamic 
nucleus was shown to improve odor discrimination, if not 
odor thresholds, in PD patients (117), possibly indicating 
a role for higher-order olfactory-related structures in this 
function. Impairment in sniffing has also been demon-
strated in PD and correlates with poor performance on 
olfactory tests (118).

Although patients may be unaware of hyposmia, 
it is possible that decreased smell may contribute to the 
weight loss often seen in PD. This has not been formally 

studied, but patients with decreased appetite and weight 
loss will often indicate that food no longer “tastes good.” 
Finally, hyposmia may be clinically useful in discriminat-
ing PD from related conditions. While hyposmia is also an 
early and almost universal finding in Alzheimer’s disease 
and dementia with Lewy bodies, it appears to be milder 
in multiple system atrophy and uncommon in progres-
sive supranuclear palsy, corticobasal degeneration, and 
probably essential tremor [as reviewed by Hawkes (119)]. 
Olfaction is also reportedly normal in RLS (120) and vas-
cular parkinsonism (121). Olfaction distinguished early-
onset patients with the Parkin mutation, who had normal 
olfaction, from those without the mutation, where the 
hyposmia typical of older patients was found (122).

TREATMENT OF SENSORY SYMPTOMS IN 
PARKINSON’S DISEASE

The evaluation and treatment of sensory symptoms in 
patients with Parkinson’s disease still requires the nuanced, 
subjective, qualitative approach (i.e., the “art of medi-
cine”) practiced by many of the best physicians of past 
eras. Parkinson’s is primarily a disease of the elderly, who 
often have (or develop) multiple medical problems. The 
treating physician must obviously look for “flags” sug-
gesting other disease processes, such as weakness (focal 
or out of proportion to that due to deconditioning), axial 
sensory level, hyperreflexia or reflex loss, astereognosia, 
or joint deformity. Although a certain restraint in order-
ing diagnostic studies to evaluate each sensory symptom 
is warranted, it can be difficult to decide where to draw 
the line. For example, a normal electromyographic/nerve 
conduction velocity (EMG/NCV) study can be reassur-
ing in certain situations. However, patients often have 
several normal or otherwise unhelpful studies. Cervical 
or lumbar MRI scans are rarely normal in the elderly, yet 
they are often not helpful.

In evaluating sensory complaints, the physician 
should always try to determine whether there is a link to 
levodopa-related fluctuations in motor symptoms or to 
other aspects of the motor disturbance. Although some 
somatosensory symptoms would be more likely than oth-
ers to respond to levodopa (Table 8-1), an increase in 
the dosage of levodopa (or dopamine agonist) might be 
remarkably effective in the individual patient. In other 
patients, levodopa can aggravate or cause pain (e.g., burn-
ing). In some patients, pain experienced during the “on” 
period does not respond to manipulation of oral dopa-
minergic medications; the only course is to stop levodopa 
and sacrifice mobility for comfort (12). Transient drug 
holidays may stop pain, but they do not provide a long-
term solution. Two papers have reported on the usefulness 
of subcutaneous apomorphine injections for “off” period 
pain refractory to levodopa (123, 124). In this situation 
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the apomorphine injection, with its rapid action, aborts 
a painful episode early. The effects have been shown to 
last several years (124). Apomorphine can be effective in 
patients who are refractory to treatment with other dopa-
mine agonists. Leg edema, a common side effect of aman-
tadine and dopamine agonists, can be associated with 
sensory symptoms. As in patients with other causes of 
dystonia, focal dystonia in PD may respond to injections 
of botulinum toxin (125). Long-acting benzodiazepines 
(e.g., clonazepam) may be useful for patients with internal 
tremor and those with nocturnal akathisia (15), particu-
larly if they also have symptoms suggestive of a REM sleep 
behavior disorder. The atypical neuroleptic clozapine has 
also been reported to be effective in patients with noc-
turnal akathisia (18, 126), whereas inconsistent benefits 
from this medication have been reported in small series of 
patients with pain of the pelvis, back, or lower extremity 
(126, 127). Unfortunately the efficacy of narcotics, aspi-
rin, acetaminophen, other nonsteroidal anti-inflammatory 
drugs, anticonvulsants, or other analgesic agents has not 
been systematically evaluated for the treatment of sensory 
symptoms in PD. From practical experience, they often 
do not appear to be useful.

Treatment of RLS in PD includes diagnosing and 
treating secondary disorders such as iron deficiency, 

although the frequency of iron deficiency as a comor-
bidity contributing to RLS symptoms in PD patients has 
not been explored. Nonpharmacologic measures include 
maintaining regular sleep patterns, avoiding caffeine and 
alcohol, moderate exercise, and relaxation techniques. It 
is important that dopamine agonist or levodopa use in 
these patients be consistent with the overall management 
of the patient’s symptoms.

Invasive procedures for PD also affect nonmotor 
symptoms. Loher and coworkers (128) reported that uni-
lateral or bilateral deep brain stimulation improved pain 
by 74% to 90%, cramps by 88% to 90%, and dysesthesia 
by 88% to 100% at 1 year. The effect was seen within 
the first week after surgery and was sustained. Honey 
and associates (129) showed that unilateral pallidotomy 
was effective in improving or abolishing Parkinson’s-
related somatic and musculoskeletal pain for up to 1 year 
(the length of the study) in the majority of patients—an 
effect that appeared to be greater than that achieved with 
levodopa alone. Pain symptoms were improved bilaterally 
even when motor symptoms responded unilaterally, and 
dramatic pain relief was seen in patients whose rigidity 
responded only modestly. Thus invasive procedures may 
improve nonmotor symptoms, adding quality-of-life bene-
fits over and above those achieved for motor symptoms.
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Voice, Speech, and 
Swallowing Disorders

ost individuals with Parkinson’s dis-
ease (PD) develop voice and speech 
disorders during the course of their 
illness (1). Reduced vocal loudness, 

monotone and breathy or hoarse voice, and imprecise, 
hypokinetic articulation are the main characteristics of 
Parkinsonian speech (2, 3–13). These voice and speech 
disorders, collectively termed hypokinetic dysarthria, 
can be among the first signs of PD (14). Reduced facial 
expression, body gestures, and voice changes often make 
individuals with PD seem cold, withdrawn, unintelligent, 
and moody (15). Hypokinetic dysarthria often impairs 
effective communication and reduces the ability to social-
ize, interact with family, and maintain employment, thus 
adversely affecting the quality of life of these individuals 
(9, 16, 17).

Most individuals with PD also develop swallowing 
disorders (dysphagia) during their illness (18). These dis-
orders sometime appear as first signs of the disease (19). 
The swallowing problems include difficulty with lingual 
motility, bolus formation, and initiation of swallow as 
well as delayed pharyngeal response and decreased pha-
ryngeal contraction (18, 20, 21). Weight loss and lack of 
enjoyment in eating associated with dysphagia have been 
reported by patients. Aspiration pneumonia may develop 
during later stages of the disease and in some cases may 
cause death (22).
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Although neuropharmacologic (23, 24) and neu-
rosurgical (25, 26) approaches have proven effective in 
improving limb motor symptoms in PD, their therapeutic 
impact on speech production and swallowing has been 
minimal, adverse, or inconsistent (27, 28). Vocal fold 
collagen augmentation has been reported to improve 
glottic closure and phonation in PD (29, 30). Tradi-
tional treatment of hypokinetic dysarthria has focused 
on changing rate, articulation, prosody, or a combina-
tion of these (31, 32). Swallowing treatment has focused 
on behavioral changes and dietary modifications (21). 
The Lee Silverman Voice Treatment (LSVT) emphasizes 
increasing amplitude of motor output across the speech 
mechanism through increased vocal loudness with self-
monitoring; it has generated the first short- and long-
term efficacy data (33, 34) for successfully treating dis-
ordered voice, speech, and swallowing as well as facial 
expression and tongue mobility in this population (20, 
35–38). Improvement in brain function following LSVT
has been documented (39–41). In a degenerative disease 
such as PD, these improvements may be indicative of 
neural plasticity.

Electronic and computer technology has been 
adapted to deliver LSVT via a real or a virtual clini-
cian, thus aiding in the accessibility, administration, 
practice, cost-effectiveness, and overall effectiveness of 
LSVT in PD. 

M
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SPEECH AND VOICE CHARACTERISTICS IN 
PARKINSON’S DISEASE

Speech and voice disorders in individuals with PD have 
been attributed to the physical features of the disease, 
especially muscle rigidity (e.g., refs. 42 and 43). How-
ever, the specific pathophysiologic mechanisms underly-
ing these disorders remain unclear (44–46), and studies 
point to other etiologies, such as reduced muscle activa-
tion and deficits in sensorimotor gating, internal cueing, 
amplitude scaling, and self-regulation of vocal output 
and effort (47, 48). Perceptual, acoustic, aerodynamic, 
kinematic, videostroboscopic, electroglottographic, and 
electromyographic data have documented disorders of 
laryngeal, respiratory, articulatory, and velopharyngeal 
function in PD (49–52).

Laryngeal and Respiratory Disorders

Darley and coworkers were among the first to use a 
cluster analysis and systematic description of perceptual 
characteristics of speech and voice in PD (53–55). They 
identified reduced loudness; reduced prosodic pitch inflec-
tion (monopitch) and loudness inflection (monoloudness); 
reduced linguistic stress; breathy, hoarse, or harsh voice 
quality; imprecise consonant and vowel articulation; and 
short rushes of speech as the distinctive cluster of features 
of Parkinsonian speech. Logemann, Boshes, and Fisher 
(56–57) reported voice quality problems such as hoarse-
ness, roughness, breathiness, and tremor in 89% of 200 
unmedicated patients with PD. Ludlow and Bassich (58) 
reported a harsh voice in 83% and a breathy voice in 
17% of individuals with PD. They suggested that harsh 
voice quality may be associated with drug-related dys-
kinesias. Aronson (14) and Stewart and coworkers (59) 
noted that voice disorders may occur very early in the 
disease process. These clinical observations have been 
confirmed (1, 57, 60).

Physiologic Studies of Laryngeal Dysfunction 
in Parkinson’s Disease

Disordered laryngeal function has been documented 
through a number of videoendoscopic studies. Hansen 
and coworkers (51) reported vocal fold bowing (lack of 
medial vocal fold closure) together with greater ampli-
tude of vibration and laryngeal asymmetry in 30 of 32 
individuals with PD. Blumin and colleagues (61) used 
videostroboscopy and fiberoptic endoscopic techniques as 
well as a voice handicap index (VHI) questionnaire to 
assess laryngeal and swallowing function in 15 individu-
als with severe PD who were candidates for deep brain 
stimulation. Thirteen (87%) patients had significant vocal 
fold bowing, 15 (100%) had some degree of pharyngeal 
residue of solids noted on evaluation of swallowing, and 

14 (93%) had a significant self-reported voice handicap. 
Smith and coworkers (36) made videostroboscopic obser-
vations of individuals with PD and reported that 12 of 
21 patients had a form of glottal incompetence (bowing, 
anterior or posterior chink) on nasal fiberoptic views. 
Perez and coworkers (62) observed laryngeal tremor 
in 55% of 29 individuals with PD. The primary site of 
tremor was vertical laryngeal motion. However, the most 
striking stroboscopic findings were abnormal phase clo-
sure and phase asymmetry. Additional data to support 
laryngeal closure problems come from analysis of the 
electroglottographic (EGG) signals. Uziel (13) reported 
EGG waveforms with reduced amplitude in PD relative 
to nondisordered speakers. Gerratt and coworkers (63) 
reported an abnormally large speed quotient and poorly 
defined closing period in this population. These observa-
tions were consistent with slow vocal fold opening rela-
tive to the rate of closure and incomplete closure of the 
vocal folds.

The nature of the laryngeal abnormalities described 
has been investigated with electromyographic (EMG) 
techniques. EMG studies of Parkinsonian speech indi-
cate either a reduction of neural drive to the laryngeal 
muscles (44) or abnormally elevated laryngeal muscle 
activity (45, 64–66) and poor reciprocal suppression 
of laryngeal and respiratory muscles (67). Hirose and 
Joshita (68) studied EMG data derived from the thyro-
arytenoid (TA) muscles in an individual with PD who had 
limited vocal fold movement. They observed no reduction 
in the number of motor unit discharges and no pathologic 
discharge patterns (such as polyphasic or high-amplitude 
voltages). They reported loss of reciprocal suppression 
of the TA during inspiration and interpreted this as evi-
dence of deterioration in the reciprocal adjustment of the 
antagonist muscles associated with PD rigidity. Gallena 
and colleagues (64) used TA EMG and nasoendoscopy to 
compare laryngeal physiology during speech of individu-
als with PD on versus off leveodopa, and of individuals 
without PD. Significant differences were found between 
patients and nonpatients and in the on and off condi-
tions: some patients were observed to have higher levels 
of laryngeal muscle activation, more vocal fold bowing, 
and greater impairment in voice onset and offset control 
when they were off levodopa than when they were on
levodopa and in comparison to the healthy controls. Luschei 
and coworkers (69) studied single motor unit activity in 
the TA muscle in individuals with PD and found that the 
firing rate of the TA motor units was decreased in male 
subjects. The authors interpreted these findings and past 
reports to suggest that PD affects rate and variability in 
motor unit firing in the laryngeal musculature. Baker and 
coworkers (44) found in their EMG study that absolute 
TA amplitudes during a known-loudness-level task in 
individuals with PD were the lowest when compared with 
normal aging controls. Relative TA amplitudes were also 
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decreased in both the aging and PD groups when com-
pared with the young normals. These authors concluded 
that reduced levels of TA muscle activity may contribute 
to the reduced vocal fold adduction and the reduced vocal 
loudness and increased breathiness typically observed in 
PD and aging populations. The decrease in neural drive 
to the laryngeal system is incongruent with the suggestion 
that vocal bowing, glottic incompetence, and hypophonia 
in PD are all related to rigidity. Moreover, the fact that 
hypophonic patients with PD can markedly increase vocal 
loudness when instructed to do so speaks against the 
notion of rigidity as the cause of hypophonia in PD (48, 
70, 71). It may be tentatively concluded that hypophonia 
and laryngeal dysfunction in PD are related to hypokine-
sia secondary to sensorimotor gating abnormalities.

Physiologic Studies of Respiratory Dysfunction 
in Parkinson’s Disease

Respiratory studies of Parkinsonian speech have docu-
mented reduction or abnormalities in chest wall move-
ments, respiratory muscle activation patterns (50, 72, 
73), vital capacity (74–76), intraoral air pressure during 
consonant or vowel production, and airflow patterns (67, 
73, 77–79). Some of these aerodynamic abnormalities 
may be related to variations in airflow resistance due to 
abnormal movements of the vocal folds and supraglot-
tic area (67) or to abnormal chest wall movements and 
respiratory muscle activation patterns (50, 72, 73).

Acoustic Studies of Phonatory Dysfunction 
in Parkinson’s Disease

Acoustic data have been used to describe the speech and 
voice characteristics of individuals with PD and seem to 
parallel perceptual descriptions. These acoustic measures 
include vocal sound pressure level (VocSPL), voice fun-
damental frequency (Fo) and its variability (expressed in 
terms of standard deviation of Fo, or SDFo, and standard 
deviation of semitones, or STSD), phonatory stability 
(expressed in terms of jitter, shimmer, and/or harmonic-
to-noise ratio), and vowel formants.

Early studies (3, 4, 58, 59, 80, 81) failed to find a 
reduction in VocSPL in spite of perceptual impression of 
reduced loudness in these individuals. However, reports 
by Fox and Ramig (82) and Sapir and colleagues (60) 
documented reduced VocSPL by 2 to 4 decibels (at 30 cm) 
across a number of speech tasks in comparing individuals 
with PD with an age- and gender-matched control group. 
A 2- to 4-decibel change is equal to a 40% change in 
loudness perception (82).

Voice frequency variability (expressed as SDFo or 
STSD), necessary for prosodic aspects of speech, has been 
reported to be consistently lower in individuals with PD 
when compared with a nondisordered control group (3, 

4, 58, 80). These findings support the perceptual charac-
teristics of the reduced prosodic pitch variation (hypopro-
sodia, monopitch or monotonous speech) that is typically 
observed (53–55). A reduction in maximum Fo range 
has also been reported in the speech of individuals PD 
when compared to the speech of nondisordered speakers 
(3, 58, 83).

Measures of short-term phonatory instability (e.g., 
jitter, shimmer, harmonics-to-noise ratio) have also been 
documented in PD, along with various perceptual charac-
teristics of disordered voice quality (e.g., hoarse, breathy, 
harsh) (84, 85). Long-term phonatory instability, espe-
cially vocal tremor in the range of 3 to 7 Hz, has been 
documented during sustained vowel phonation in PD (38, 
84, 86–88).

Temporal aspects of Parkinsonian speech move-
ments have been investigated using acoustic measures. 
Such acoustic studies have documented problems with 
timing of vocal onsets and offsets (voicing during nor-
mally voiceless closure intervals of voiceless stops) (13, 
49, 89) and spirantization (presence of fricative-like, 
aperiodic noise during stop closures). These problems 
most likely reflect laryngeal movement abnormalities 
(90), but since they are associated with consonant pro-
duction, these temporal problems may also be related to 
articulatory control.

Articulatory and Velopharyngeal Disorders

Phonetic and Physiologic Studies. Imprecise consonants 
have been observed in PD (56–57, 74). Logemann and 
coworkers (56, 57) used perceptual evaluation and pho-
netic transcription of articulation problems in 45% of 
200 individuals studied. They suggested that articulatory 
undershoot and inadequate narrowing of the vocal tract 
may underlie problems with stops (e.g., /p/), affricates 
(e.g., /ch/), and fricatives (e.g., /s/) in speech in PD. 
Using similar phonetic analyses techniques, Ho and her 
colleagues (1) studied 200 individuals with PD and found 
that, whereas nearly all individuals had a voice problem, 
approximately half had articulatory and fluency prob-
lems. Ho and colleagues found that voice problems typi-
cally preceded other speech problems, but as the disease 
progressed, the articulation and fluency problems became 
more severe, matching the severity of the voice problems 
or becoming more severe than the voice problems. Similar 
observation were made by Sapir and coworkers (60), 
who studied voice and speech problems in 40 individuals 
with idiopathic PD (IPD) using perceptual and phonetic 
analysis techniques. These patients had sought speech 
therapy and were medicated with levodopa or dopamine 
agonists.

Kinematic and electromyographic (EMG) stud-
ies of orofacial movements during Parkinsonian speech 
indicate a reduction in the size (to near half of normal) 
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and peak velocity of jaw movements, increased levels 
of tonic resting and background neuromuscular activity, 
and loss of reciprocity between agonist and antagonistic 
muscle groups in the perioral muscles (49, 91–92). For-
rest and colleagues (90) employed acoustic, perceptual, 
and kinematic analyses of connected speech in geriatric 
individuals with PD and age-matched healthy controls. 
As a group, the Parkinsonian speakers had very limited 
jaw movement, with markedly reduced jaw opening 
displacements and velocities compared with the normal 
geriatrics. Lower lip movement amplitude and velocity 
were also reduced for the Parkinsonian speakers rela-
tive to the normal geriatrics, but to a lesser degree than 
the movement of the jaw. These studies collectively 
indicate hypokinetic speech movements associated with 
abnormal neural drive to the speech periphery and abnor-
mal sensorimotor gating.

Importantly, the presence and severity of articula-
tory impairment in the speech of individuals with PD 
is related, in many cases, to the speech task being per-
formed. Caligiuri (93) used kinematic analyses of lip dis-
placement amplitude, peak instantaneous velocity, and 
movement time to assess the effects of rate of speech on 
articulatory function in PD. He found that lip movements 
were normal when the individuals spoke at a rate of 3 to 
5 syllables per second but became hypokinetic when the 
rate increased to 5 to 7 syllables per second, which is the 
typical rate of conversational speech. Kempler and Van 
Lancker (94) found that the speech of a dysarthric indi-
vidual with PD was much less intelligible during spon-
taneous speech than during the production of the same 
utterances in other modes, such as repetition, reading, 
or singing. Rosen and colleagues (95) studied decline in 
vocal intensity in PD and matched controls across differ-
ent tasks: vowel prolongation, syllable repetition [diado-
chokinesis (DDK)], isolated sentences, and conversation. 
They found that the PD speakers had no significant dif-
ferences in intensity decline from healthy speakers in 
vowel prolongation. However, vocal intensity of speakers 
with PD declined more rapidly than that of controls in 
DDK tasks. Also, although intensity slopes in conversa-
tion were more variable in both groups, some individu-
als with PD exhibited abrupt changes in vocal intensity. 
Ackermann and Ziegler (49) used acoustic analysis of 
sentence utterances of the speech of individuals with IPD 
to provide information on speech tempo and accuracy 
of articulation. They found that the speech tempo was 
not significantly different from normal. Also, switching 
between opening and closing movements of the speech 
articulators in sentence production seemed undisturbed. 
However, patients had a reduced capacity to complete 
articulatory occlusion, which was most likely due to a 
reduction in the range of articulatory movements. This 
articulatory “undershoot” was not uniform, in that it 
was influenced by linguistic demands. Specifically, articu-

latory closures associated with a stressed syllable were 
performed at the expense of unstressed ones. Ho and 
colleagues (1) found that speech articulation in individu-
als with PD became more impaired (hypokinetic) when 
these individuals had to utter a series of phonemes that 
were heterogeneous in terms of place of articulation than 
when they were homogenous in place of articulation. 
These findings suggest that to best assess articulatory 
and other aspects of speech in individuals with PD it is 
necessary to include a variety of speech tasks that tax 
dysarthric speakers and thus reveal the specific deficits. 
Since many studies of speech articulation in PD report 
conflicting findings, it might be that some of these dif-
ferences are related to the specific speech tasks used to 
assess articulatory function (48). It is also possible that 
differences between individuals and speech tasks reflect 
different compensatory mechanisms.

Disordered Rate and Effects of Rate on Articulation in 
Parkinson’s Disease. Individuals with PD may have a 
tendency to speak in a rapid rate, which is accompanied 
by hypokinetic and decayed articulatory movements. 
This tendency is symptomatic of the disease, and it may 
be related to a combination of temporal processing, scal-
ing, cuing, and sensorimotor gating deficits (37). To 
prevent this tendency, these individuals may choose, 
as a compensatory or preventative measure, to slow 
their rate of speech markedly. Some evidence for this 
compensatory mechanism comes from kinematic find-
ings by Caligiuri (93), who showed that lip movements 
were normal when individuals with IPD spoke at a rate 
of 3 to 5 syllables per second, but became hypokinetic 
when these individuals were asked speak at a faster rate 
similar to that of normal speech (to 5 to 7 syllables 
per second). Ackerman and colleagues (91) described 
a patient with akinetic-rigid PD who was instructed to 
synchronize labial diadochokinesis (DDK) to sequences 
of periodic acoustic stimuli (2.5 to 6 Hz). This individual 
was able to synchronize his DDK to the stimulus rate 
up to about 4 Hz, but when the stimulus rate exceeded 
4 Hz, his DDK was uncontrollably produced at 8 to 
9 Hz, indicating speech hastening. Still another evidence 
is that when individuals with PD are instructed to speak 
clearly they are likely to slow their speech (96).

Although rapid rate has been reported in 6% to 
13% of individuals (3, 4, 97–99), Canter (80) reported 
slower than normal rates. To what extent these differ-
ent findings relate to the pathophysiology of speech 
disorder or to compensatory mechanisms is difficult 
to verify.

Aside from rate of speech, there are other prosodic 
abnormalities in Parkinsonian speech, namely fluency dis-
orders. These include palilalia, stuttering, and other forms 
of dysfluency, although these disorders are observed in a 
small percentage of patients with PD (53, 60).
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Resonance Disorders in Parkinsonian Speech.
Resonance problems are not common in PD, and when 
they are present, the voice typically sounds like a “fog-
horn” (14). This phenomenon is hard to describe. Per-
ceptually, the voice sounds slightly hypernasal and with a 
“muffled, ” “back” resonance quality. The acoustic and 
physiologic nature of this phenomenon is not clear. 
Aerodynamic and kinematic studies suggest that velo-
pharyngeal movements may be reduced in some of these 
individuals (52, 100, 101). Abnormal tongue posture 
may contribute to the percept of “foghorn” resonance 
in Parkinsonian speech.

Acoustic Studies of Speech Articulation in Parkinson’s 
Disease. Articulatory movements in Parkinsonian 
speech have been studied indirectly, by means of acous-
tic analysis, mostly of formant dynamics. Formants are 
peaks of acoustic energy along the frequency domain 
in the speech spectrum. The center frequencies of these 
formants are lawfully related to the position of the speech 
articulators and the overall configuration of the vocal 
tract created by the articulators. Because of this rela-
tionship, researchers use analysis of formant frequency 
dynamics to represent articulatory movements.

Sapir and colleagues (48) compared various mea-
sures of the first (F1) and second (F2) vowel formants 
in age-matched individuals with and without IPD. They 
found that F2 of the vowel /u/ (F2u) was significantly 
higher, and the ratio of the F2 of the vowel /i/ and the 
F2 of the vowel /u/ (F2i/F2u) was significantly smaller 
in the patients compared to the healthy controls. They 
argued that since F2 reflects articulatory mobility and 
extent of articulatory movements, these acoustic differ-
ences likely indicate a reduction of vowel articulatory 
motility during speech. McRae and colleagues (102) stud-
ied acoustic and perceptual consequences of articulatory 
rate changes in the speech of individuals with PD and the 
speech of age-matched healthy controls. They reported 
that, irrespective of rate condition, the relationship between 
perceived severity of speech and measures of acoustic 
working space (constructed by the first and second for-
mants of vowels /i/, /ae/, /u/, and /a/) was such that the 
PD group exhibited smaller measures of acoustic work-
ing space and more severe perceptual estimates of speech 
articulation than the control speakers. The reduction in 
working vowel space is indicative of reduced motility 
of the articulators, consistent with hypokinetic articu-
lation characteristic of Parkinsonian speech. Yunusova 
and colleagues (103) studied breath-group intelligibility 
in the dysarthric speech of individuals with PD or ALS 
in comparison to age-matched healthy individuals. They 
found in both dysarthric groups fewer average words and 
reduced interquartile ranges for F2, the latter serving as 
a global measure of articulatory mobility. Flint and col-
leagues (104) compared the speech of patients with PD 

to that of individuals with major depression and neuro-
logically and psychiatrically healthy controls. Both major 
depression and PD groups had significantly shortened 
voice onset time and decreased F2 transition compared to 
controls, suggesting reduced range of articulatory move-
ments. Forrest and colleagues (90) found that in addition 
to the kinematic findings reviewed earlier Parkinsonian 
speakers had reduced formant transitions compared to 
the normal geriatrics. These acoustic abnormalities were 
greater for the more severe, compared to the milder, dys-
arthric speakers and were most apparent in the more 
complex vocalic gestures.

IMPAIRED SENSORY AND HIGH-LEVEL 
FUNCTIONS AS CAUSES OF 
HYPOKINETIC DYSARTHRIA

Whereas the speech and voice symptoms associated with 
PD are generally considered in relation to motor output 
problems, sensory abnormalities in these individuals have 
been recognized for years (23, 105, 106) and these abnor-
malities may bear directly on the motor deficits in Parkin-
sonian speech. Albin and coworkers (107) and Penny and 
Young (108) have suggested that basal ganglia excitatory 
circuits inadequately activate cortical motor centers, and 
as a result, motor neuron pools are not provided with 
adequate activation; thus movements are small and weak. 
Berardelli (109) has suggested that the defect in motor 
cortex activation is due to a perceptual failure to select the 
muscle commands to match the external force and speed 
requirements. Maschke and coworkers (110) and Demirci 
and coworkers (111) have suggested that this is a problem 
with kinesthesia secondary to basal ganglia sensory gating 
dysfunction. Demirci and coworkers (111) also argued 
that because of this dysfunction, when individuals with 
PD match their effort to their kinesthetic feedback, they 
will constantly underscale their movement.

Sensory problems have been studied in relation to 
speech output in PD (112–114) and may play an impor-
tant role in motor speech disorders (115). Problems in 
sensory perception of effort have been identified as an 
important focus of successful voice treatment for indi-
viduals with PD (116). Consistent with suggestions by 
Hallet and colleagues (110), it has been observed that 
when individuals with PD are asked to produce “loud” 
speech (i.e., attempt large movements), they increase their 
otherwise underscaled soft speech to a level within nor-
mal limits. However, when they produce this loud speech 
these patients will complain that they are talking “too 
loud.” Furthermore, individuals with PD often report 
people around them “must need hearing aids” rather than 
recognizing that their own speech has become too soft. It 
appears that sensory processing deficits may be a factor 
in speech and voice characteristics observed in PD.
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Several research studies provide insights about the 
nature of hypophonia in PD. Ho and colleagues (70) 
examined the regulation of speech volume in hypophonic 
subjects with PD and age- and gender-matched controls. 
They first investigated the ability of individuals with PD to 
automatically regulate speech volume in response to two 
types of implicit cues: background noise and instanta-
neous auditory feedback. The control subjects demon-
strated appropriate speech volume response to these cues; 
that is, they automatically spoke louder in the presence 
of competing noise (the Lombard effect), and automati-
cally decreased speech volume when hearing their own 
voice amplified and fed back to them via headphones 
instantaneously. The individuals with PD had an overall 
decrease in speech volume and they were less able than 
controls to appropriately increase or decrease speech 
volume in the presence of background noise and when 
their own voice was instantaneously amplified and fed 
back to them via headphones. In another experiment, the 
subjects were given explicit cues regarding adjustment 
of speech volume, and under these conditions, the abil-
ity of subjects with PD to regulate speech volume was 
normalized in spite of overall low voice intensity. These 
findings were interpreted by Ho and colleagues to suggest 
that the individuals with PD fail to respond to the implicit 
cues integral to scaling speech volume, even though they 
clearly have the capacity to speak with a normal voice 
volume, as least at the earlier stages of the disease. The 
difference in voice loudness regulation with explicit ver-
sus implicit cues is extremely important, as it suggests that 
the hypophonia in individuals with PD is at least partially 
related to a deficit in internal (implicit) cueing, and that 
this deficit can be compensated for by external cueing. It 
also indicates that hypophonia is not necessarily related 
to peripheral deficits such as muscle rigidity.

In another study, Ho and colleagues (1) examined 
the automatic regulation of speech volume over distance 
in hypophonic patients with PD and age- and sex-matched 
controls. They used two modes of speech: conversation 
and recitation of sequential material (e.g., counting). Dur-
ing speech production, the controls significantly increased 
overall speech volume for conversation relative to that for 
sequential material. The patients were unable to achieve 
this overall increase for conversation and consistently 
spoke with a lower voice volume than controls at all 
distances. However, they were still able to increase speech 
volume for greater distances in a manner similar to con-
trols for conversation and sequential material, thus dem-
onstrating a normal pattern of speech volume regulation. 
Ho and colleagues interpreted these findings to suggest 
that speech volume regulation is intact in PD, although 
the gain is reduced. They also suggested that these find-
ings are reminiscent of skeletal motor control studies in 
PD, in which the amplitude of movement is reduced but 
the pattern of movement is intact. This suggestion is in 

line with the notion that the main function of the basal 
ganglia is to serve as an amplifier by controlling the gain, 
through gating and scaling, of cortically generated move-
ment patterns (48, 117).

In still another study Ho and colleagues (71) con-
trasted the volume level of speech production with per-
ceived volume in hypophonic individuals with PD and 
in age-matched healthy individuals with normal voice 
and speech. To assess the ability to regulate and perceive 
vocal loudness, the subjects were asked to read aloud 
(without additional instructions) either in a loud voice or 
in a quiet voice using the same material and to rate the 
loudness of their voices immediately after speaking; at 
a later time, they were asked to do the same by hearing 
their voices recorded on tape. These perceptual ratings 
were compared with actual speech volume produced in 
reading and conversation tasks. Ho and colleagues found 
that there was less of a difference between patients’ pro-
duction and perception of speech volume compared with 
that of the controls. Also, even though they spoke more 
softly than the controls, they perceived their own speech 
(when rated immediately after speaking and later upon 
hearing recorded speech) to be louder than did the con-
trol subjects. The patients overestimated the volume of 
their speech during both reading and conversation. Ho 
and associates interpreted these findings to suggest that 
either hypophonia is the result of an abnormal perceptual 
mechanism or the perceptual system is abnormal owing 
to the generation of quiet speech.

Problems with self-perception of vocal loudness 
may also be related to motor-to-sensory cortical gating 
mechanisms. Studies have demonstrated self-initiated, 
speech-induced inhibitory influences on neuronal activ-
ity in the auditory cortex via feed-forward efferent 
mechanisms (118). Dysfunction of such feed forward 
mechanisms has been documented in individuals with 
schizophrenia and has been linked to inner speech and 
auditory hallucinations (119). Studies by Liotti and col-
leagues (40) using positron emission tomography (PET) 
and evoked response potentials (ERPs) have demon-
strated the presence of abnormal (excessive) auditory 
cortex activity during speech in PD, suggesting abnormal 
collateral gating of auditory neurons. This abnormality 
has been shown to be partially reversed (reflected in 
a reduction in excessive auditory activity) in response 
to intensive voice treatment (LSVT, see below) and in 
parallel with improvement in voice and speech function 
and dopaminergic activity in the striatofrontal network. 
Importantly, the motor-to-sensory gating mechanisms 
are not specific to the vocal and auditory systems and 
can involve other sensory systems relevant to speech, 
such as the somatosensory system and its striatocortical 
connections (120).

The hypophonia in PD might be related to deficits in 
internal (implicit) cueing, abnormal scaling or regulation
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of the gain of movement amplitude, abnormal gating of 
the somatosensory cortex, abnormal gating of the audi-
tory cortex via feed-forward mechanisms, abnormal per-
ception of one’s own voice, or a combination of these. 
Further research on the role of sensory problems in the 
speech and voice characteristics of Parkinsonian speech 
is necessary (115).

SWALLOWING DISORDERS

Swallowing disorders (see Chapter 10) may develop in 
as many as 90% of individuals with PD (121) and may 
be among the first signs of the disease (21). Identification 
of swallowing disorders is extremely important in this 
population, given the ramifications on nutrition and the 
ability to take oral medication appropriately. Silent aspi-
ration may be observed, and pneumonia is sometimes 
the cause of death in individuals in the later stages of the 
disease (121).

Normal Physiology of Swallowing

In order to understand the nature of swallowing problems 
in PD, it is important to review the neurophysiology of 
swallowing. An excellent review has been provided by 
Jean (122). Swallowing, especially the oropharyngeal 
stage, is a complex, largely stereotypical, sensorimotor 
motor activity that is mediated mainly by medullary 
neural network to serve both alimentary purposes and 
upper airway protection. It involves hypoglossal, tri-
geminal, and ambigual motor neurons that are com-
monly activated in various functions, including degluti-
tion, mastication, respiration, vocalization, and speech. 
Although the basic swallowing pattern can be elicited 
without supramedullary influences, physiologically, the 
swallowing network is subject to influences from higher 
centers, both cortical and subcortical. Evidence for such 
higher central mechanisms involvement in swallowing 
comes from clinical observations that swallowing can be 
initiated voluntarily and without the need to digest food 
or protect the airway, and from the presence of swallow-
ing dysfunction secondary to higher levels, cortical and 
subcortical lesions or diseases. The specific contributions 
of higher neural centers to swallowing are not well delin-
eated, although they are likely to include control of the 
timing and initiation of the swallow, modification of the 
swallow via corticobulbar gating of reflexogenic activity, 
and co-ordination between swallowing and other oropha-
ryngeal and respiratory-laryngeal functions such as speech. 
Among the subcortical sites that can trigger or modify 
swallow are the substantia nigra and subthalamic nuclei, 
both of which play a major role in the neuropathology 
of Parkinson’s disease. Recent functional magnetic reso-
nance imaging (fMRI) studies of swallowing in healthy 

humans demonstrate regional activation of the nucleus 
ambiguus, sensorimotor cortex (M1, S1, and supple-
mentary motor area), S2, premotor cortex, inferior frontal 
cortex (BA 44 and 45), posterior parietal cortex, the insular 
cortex, superior temporal gyrus (BA 38), cerebellum, puta-
men, globus pallidus, thalamus, anterior cingulate gyrus, 
superior temporal gyrus, and substantia nigra (123–125), 
with evidence that swallowing control is mediated through 
parallel loops rather than through a hierarchical organi-
zation. Many of these neural regions are also activated 
during normal speech production (126).

The extensive activation of brain regions during 
swallowing is not surprising if one considers swallow-
ing as complex behavior rather than merely a brainstem 
sensorimotor phenomenon. As suggested by Leopold and 
Kagel (18), swallowing may involve a 5-stage process 
of ingestion: preoral (anticipatory), preparatory, lingual, 
pharyngeal, and esophageal. The first stage involves an 
interaction of preoral motor, cognitive, psychosocial, and 
somatoesthetic elements engendered by the meal. This 
model of swallowing behavior, coupled by the multire-
gional activation of the brain, is important for under-
standing the swallowing problems in PD.

Physiologic Mechanisms Underlying Swallowing 
Disorders in Parkinson’s Disease

If one also considers the possibility that some of the patho-
genic causes of voice and speech disorders in PD—such as 
deficits in internal cueing, sensorimotor gating, scaling of 
movement amplitude, and self-regulation of effort—may 
also affect swallowing, the diagnosis and treatment of 
swallowing may have to be considered within the frame-
work of the 5-stage model and higher-level deficits. Given 
that mealtime is often a social event, where swallowing
and conversation take place alternately or simultane-
ously, such a situation might be especially problematic 
for individuals with PD, both because they have to care-
fully monitor speech and swallowing while eating and 
because these two tasks might be defective and difficult 
to monitor and control in PD.

Swallowing abnormalities have been reported in all 
stages of the disease (121), and many individuals with PD 
have more than one type of swallowing dysfunction (18). 
Disorders in both oral and pharyngeal stages of swal-
lowing have been observed (18, 121, 127). El Sharkawi 
and coworkers (20) reported dysfunctions of the oral 
phase of swallowing, with most predominant problems 
being reduced tongue control and strength and reduced 
oral transit times. Others have reported a “rocking-like” 
motion of the tongue during the oral phase (21). This 
motion seemed to occur when the patients were unable 
to lower the posterior portion of the tongue to propel 
the bolus into the pharynx. Inability or delayed ability to 
trigger the swallowing reflex has also been observed in 



II • CLINICAL PRESENTATION84

this population (21). These disorders may limit the ability 
of the individual with PD to control the food or liquid 
bolus while in the oral cavity. This may interfere with 
mastication and the oral phase of swallowing and lead to 
choking or aspiration of food or liquid. Reduced nutri-
tional intake, lack of enjoyment in eating, and difficulty 
in taking medications result from oral-phase swallowing 
dysfunction.

Pharyngeal-stage dysfunction includes residue in 
the valleculae due to reduced tongue base retraction. 
El Sharkawi and coworkers (20) reported that this was 
the most common problem in the pharyngeal stage of 
swallowing. Aspiration may occur in these patients as a 
result of the residue left in the pharynx after the swallow 
is complete (21). Leopold and Kagel (18) found several 
disorders of laryngeal movement during swallowing. 
These included slow glottic closure, incomplete glottic 
closure, absent glottic closure, and slowed or delayed 
excursion of the vocal folds (18). Increased pharyngeal 
transit time has been reported. Silent aspiration has been 
observed in the later stages of the disease and can be a 
contributory cause of death (128). Dysfunction in the 
pharyngeal stage of swallowing may also lead to a feel-
ing that food is stuck in the throat, choking, penetration, 
aspiration, reduced nutritional intake, or reduced ability 
to self-medicate.

Swallowing dysfunction occurs in this population 
even when the individual is considered optimally medi-
cated for motor symptoms (121). Evidence in animals 
indicates significant effects of dopamine agonists and 
antagonists on the swallow reflex (129, 130). However, 
the therapeutic effects of dopamine agonists on swallow-
ing dysfunction in PD are either minimal or moderate 
and appear to take place only in early disease. These 
findings suggest that swallowing dysfunction in PD might 
be related, at least partially, to nondopaminergic mecha-
nisms (131, 132).

Referral for swallowing evaluation is extremely 
important at the first sign of problems. The need for this 
referral may occur during early disease.

TREATMENT

Medical Treatments

In contrast to the marked therapeutic effects of levodopa, 
dopamine agonists, and various neurosurgical techniques 
on major limb motor symptoms of PD such akinesia, 
tremor, and rigidity (133–139), the magnitude, consis-
tency, and long-term outcome of such treatments on 
voice, speech, and swallowing disorders is far from 
satisfactory (140, 141). Some new medical and surgi-
cal interventions—such as nondopaminergic medicine, 
cranial and subdural repetitive magnetic stimulation, and 

injections for laryngeal collagen augmentation—seem to 
offer more positive effects on voice and speech.

Medical Treatment for Voice and Speech 
Disorders in Parkinson’s Disease

Effects of Levodopa on Speech. Gallena and colleagues 
(64) studied the effects of levodopa on laryngeal func-
tion in 6 unmedicated (de novo) patients with early IPD. 
They found that the administration of levodopa reduced 
excessive laryngeal muscle activity and vocal fold bowing 
and improved control of voice onset and offset during 
speech in some patients. De Letter and colleagues (142) 
assessed the effects of levodopa on speech intelligibility in 
10 dysarthric individuals with PD, using a standardized 
intelligibility test. They reported significant improvement 
in speech intelligibility with levodopa on compared to 
off medication. Goberman and colleagues (143) exam-
ined the acoustic-phonatory characteristics of speech in 
9 individuals with PD and fluctuating motor symptoms 
before and after taking levodopa. When these patients 
were compared to healthy controls, it was found that the 
voice Fo variability in vowels and mean Fo were higher 
and intensity range was lower in the patients compared 
to controls. It was also found that differences in speech 
between on and off medication were small, although in 
some instances phonation clearly improved. Jiang and 
colleagues (43) assessed the effects of levodopa on vocal 
function in 15 individuals with IPD and tremor using air-
flow and electroglottographic measures. The subjects were 
recorded as they sustained vowel phonation before and 
after taking medication. Speed quotient, acoustic shim-
mer (cycle-to-cycle amplitude perturbation), and extent 
of tremor derived from acoustic intensity contours were 
found to significantly decrease and vocSPL to increase 
after medication. Acoustic jitter (cycle-to-cycle frequency 
perturbation) and extent of tremor derived from airflow 
signals did not significantly differentiate between pre- 
and postmedication voices. Sanabria and colleagues (144) 
used acoustic measures to study the effects of levodopa 
treatment on vocal function in 20 patients with PD before 
and after levodopa. When compared to premedication, 
postmedication voice Fo significantly increased, and jitter, 
soft phonation index (noise parameter), and frequency 
tremor intensity index significantly decreased, indicat-
ing improvement in phonatory function with medication. 
Cahill et al (145) studied the effects of levodopa on lip 
function in 16 patients with PD, using a computerized 
semiconductor lip pressure transducer. Lip pressures 
recorded during both speech and nonspeech tasks tended 
to improve after levodopa administration.

However, numerous studies (141, 146) have failed 
to find significant improvement in voice and speech func-
tions with levodopa or dopamine agonists. These negative 
findings question the role of dopamine in hypokinetic 
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dysarthria and raise the possibility that other nondopa-
minergic or special dopaminergic mechanisms may play 
an important etiologic part. Indeed, clonazepam (dosage 
0.25 to 0.5 mg/d), a nondopaminergic agent, has been 
reported to significantly improve speech in 10 of 11 indi-
viduals with PD and hypokinetic dysarthria (147).

Effects of Levodopa on Swallowing Disorders in Parkinson’s
Disease. Hunter and coworkers (131) studied the 
effect of levodopa therapy on symptomatic dysphagia in 
15 individuals with PD. All had motor fluctuations. On 
2 separate days, after overnight withdrawal of all anti-
Parkinsonian medication, a modified barium swallow 
using cinefluoroscopy and different food consistencies 
was performed before and after administration of oral 
levodopa and subcutaneous apomorphine. The investiga-
tors reported that although all patients had an unequivocal 
motor response to both agents, there were few significant 
responses in any of the quantitative or qualitative criteria 
of swallowing dysfunction. They did note that the oral 
preparatory phase showed a therapeutic response, but not 
with all consistencies. Also, in a subgroup of patients, the 
pharyngeal phase time improved. It was concluded that 
Parkinsonian swallowing dysfunction is not solely related 
to nigrostriatal dopamine deficiency and it may be due 
to an additional nondopamine-related disturbance of the 
central pattern generator for swallowing. Fuh and associ-
ates (148) examined the oropharyngeal swallowing ability 
in 19 PD patients using modified barium swallow before 
and after administering oral levodopa. They reported that 
twelve (63.2%) patients demonstrated objective evidence 
of swallowing abnormalities; although only 6 patients 
(31.6%) had subjective complaints. In the 12 patients 
with abnormal swallowing, 6 (50%) showed objective 
improvement after levodopa treatment, while the remain-
ing six showed no change. Bushmann and coworkers (149) 
evaluated the presence of dysphagia and the response to 
levodopa in 20 patients with PD and 13 controls with 
clinical rating scales and modified barium swallows before 
and after oral levodopa. They reported that 15 patients 
and 1 control had abnormal swallows, which included 
disturbances of oral and pharyngeal phases of swallow-
ing. Patients without dysphagia frequently had abnor-
mal swallows, including silent aspiration. Seven patients 
(47%) improved swallowing after levodopa, whereas one 
worsened. Tison and colleagues (132) assessed the effects 
of apomorphine (in combination with domperidone) on 
buccolinguofacial motoricity and on various swallow-
ing stages by using videofluoroscopy in 8 patients with 
dysphagia. Frequent swallowing abnormalities included 
vallecular stasis, fragmentation of the bolus, and buccal 
stagnation of the bolus. These investigators reported that 
apomorphine improved buccal stagnation in all cases and 
vallecular stasis and fragmentation in about half the cases. 
Of three individuals with direct laryngeal penetration, 

two cases improved with apomorphine. Total swallow-
ing duration improved by apomorphine in 5 patients. This 
improvement correlated with an improvement of the buc-
colinguofacial motoricity and pharyngeal transit time.

Brain Stimulation

Effects of Deep Brain Stimulation on Speech. Numerous 
studies have assessed the effects of deep brain stimula-
tion (DBS) of the subthalamic nucleus (STN), ventral 
intermediate nucleus of the thalamus (Vim), and globus 
pallidus internus (GPi) on speech and nonspeech func-
tions. These structures are parts of two major loops, 
the cortex-striatum-GPi-thalamus-cortex loop and the 
cortex-STN-GPi-thalamus-cortex loop, both of which 
interact and play a major role in motor, sensory, and 
executive functions and in the pathophysiology of PD 
(150). DBS of these neural structures has provided clinical 
benefits for individuals with PD. Specifically, stimulation 
of the Vim can relieve tremor, and stimulation of the 
STN and GPi can each reduce bradykinesia, rigidity, and 
tremor in individuals with PD (151). The improvement is 
typically seen some 6 to 12 months after treatment. How-
ever, the effects of DBS on voice and speech have been 
shown to be adverse or inconclusive in most studies.

In a 5-year study of unilateral or bilateral DBS-
THAL in 38 individuals with essential tremor (ET) or PD, 
Pahwa and colleagues (152) reported that Parkinsonian 
patients with unilateral implants had an 85% improve-
ment in the targeted hand tremor and those with bilateral 
implants had a 100% improvement in the left hand and 
90% improvement in the right hand. However, 75% of 
individuals with PD treated with bilateral DBS-THAL 
developed dysarthria as a side effect of the surgery. In a 
multicenter, 1-year and 3- to 4-year follow-up study of a 
large cohort of patients with severe PD treated with either 
bilateral DBS-STN (n � 49) or bilateral DBS-GPi (n � 20), 
Rodriguez-Oroz and colleagues (153) reported that stim-
ulation of either site induced a significant improvement 
(50% for the STN group and 39% for the GPi group) of 
the off medication UPDRS-III score at 3 to 4 years with 
respect to baseline. Stimulation improved cardinal fea-
tures and activities of daily living (ADL) and prolonged 
the on time spent with good mobility without dyskine-
sias. Daily dosage of levodopa was significantly reduced 
only in the STN-treated group (35% reduction). Com-
parison of stimulation-induced improvement at 1 year 
with 3 to 4 years showed a significant worsening in the 
on medication motor states of the Unified Parkinson’s 
Disease Rating Scale III (UPDRS-III), ADL, and gait in 
both groups, and speech and postural stability in the 
STN-treated group. Adverse events included cognitive 
decline, speech difficulty, instability, gait disorders, and 
depression. These were more common in the STN group. 
Nevertheless, all patients chose to continue with the DBS 
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treatment in spite of these side effects. In another study 
by Krack and colleagues (154), in a 1-, 3-, and 5-year 
follow-up prospective study of bilateral DBS-STN of 49 
consecutive individuals with advance PD (of whom 7 did 
not complete the study due to death or loss to follow-
up), patients’ scores at 5 years for motor function while 
off medication improved by 54% and those for ADL 
improved by 49% compared to baseline. Speech was the 
only motor function for which off-medication scores did 
not improve. The scores for motor function on medica-
tion did not improve 1 year after surgery. On medication, 
there was worsening of akinesia, speech, postural stabil-
ity, and freezing of gait between years 1 and 5. At 5 years, 
the dose of dopaminergic treatment and the duration 
and severity of levodopa-induced dyskinesia were reduced 
compared to baseline. The average scores for cognitive 
performance remained unchanged, but dementia devel-
oped in 3 patients after 3 years. Mean depression scores 
remained unchanged. These two studies clearly indicate 
long-term improvement with DBS of STN or GPi in motor 
function while off medication and in dyskinesia while on 
medication in patients with advanced PD. The worsening 
of akinesia, speech, postural stability, freezing of gait, and 
cognitive function with on medication between the first 
and last follow-up years may reflect natural progression 
of PD, although this conclusion cannot be ascertained 
without comparison to control groups.

Several studies examined specific aspects of voice, 
speech, swallowing, and related orofacial and respiratory-
laryngeal functions associated with DBS treatment of PD. 
Santens and colleagues (155) studied lateralized effects 
of DBS-STN on different aspects of speech in individuals 
with PD. They found significant differences between left 
versus right stimulation. Unlike right-sided stimulation, 
left-sided stimulation had a profound negative effect on 
prosody, articulation, and intelligibility. With bilateral 
stimulation, no differences in speech characteristics were 
observed between on and off stimulation. They suggest 
that a balanced tuning of bilateral basal ganglial networks 
is necessary for speech, with the left circuit probably 
playing a dominant role. Wang and colleagues (156) also 
studied the effects of unilateral DBS-STN on respiratory/
phonatory subsystems of speech production in PD. Speech 
recordings were made in the medication-off state at base-
line, 3 months post-DBS with stimulation on, and with 
stimulation of, in 6 right-handed patients. Stimulation on
improved UPDRS-III scores in all patients. Three patients 
who received left DBS-STN showed a significant decline 
in vocal intensity and vowel duration from their base-
line. Wang and colleagues attributed the latter findings to 
microlesions of the dominant hemisphere for speech.

Gentil and colleagues (157) assessed the effects of 
bilateral DBS-STN on hypokinetic dysarthria in PD. 
Using force measurements of the articulatory organs and 
acoustic analysis in 16 patients, they noted that DBS-STN 

reduced reaction and movement time of the articulatory 
organs, increased maximal strength and precision of 
these organs, and improved respiratory and phonatory 
functions. Gentil and colleagues (158) also compared the 
effects of bilateral DBS-STN versus DBS-Vim on oral 
control in 14 individuals. They used force transducers to 
sample ramp-and-hold force contractions generated by 
the upper lip, lower lip, and tongue at 1- and 2-N target 
force levels as well as maximal force. After an overnight 
fast, patients were evaluated under two conditions: dur-
ing bilateral DBS and 1 hour after DBS was off. With STN 
stimulation, dynamic and static control of the articulatory 
organs improved greatly, whereas it worsened with Vim 
stimulation. In another study of 26 patients treated with 
bilateral DBS-STN, Gentil and colleagues (159), using 
acoustic analysis of voice, found that, compared with 
off stimulation, on stimulation resulted in a longer dura-
tion of sustained vowels; shorter duration of sentences, 
words, and pausesl increased variability in voice F0 in 
sentences; and increased stability of voice F0 during sus-
tained vowels. There was no difference in vocal intensity 
between on- and off-stimulation conditions. In another 
study, Pinto and colleagues (160) assessed the impact of 
bilateral DBS-STN on forces and control of the upper lip, 
lower lip, and tongue in 26 dysarthric patients before and 
after DBS surgery. The investigators reported that with 
stimulation on, there was improvement in motor exami-
nation scores of the UPDRS as well as in the maximal 
voluntary force, reaction time, movement time, precision 
of the peak force and the hold phase during an articula-
tory force task. They also reported that these beneficial 
effects of DBS on articulatory forces persisted though the 
different periods of postsurgical follow-up (3-months, 1 
to 2 years, 3 to 5 years). However, dysarthria evaluated by 
the UPDRS was worse in two subgroups of patients with 
a 1- to 2-year and 3- to 5-year postsurgical follow-up in 
comparison with a subgroup of patients with a 3-month 
follow-up. The incongruence between improved articu-
latory forces and deterioration in dysarthria is puzzling, 
although it may be related to the idea that dysarthria in 
PD is related to high-level sensorimotor functions rather 
than to peripheral deficits and that improvement on 
the force task may have been related to external cueing 
induced by the task itself.

Dromey and colleagues (161) studied the effects 
of bilateral DBS-STN on acoustic measures of voice in 
7 individuals with PD. Acoustic recordings of the voice 
were made before surgery in the medication-off and 
medication-on conditions and after surgery with and with-
out stimulation in the medication-off and medication-on
conditions. There were significant improvements in limb 
motor function in response to medication before surgery 
and with the DBS-STN on after surgery. Six months after 
surgery, there were statistically significant though small 
increases in vocSPL and Fo variability with medication 
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and DBS on. Rousseaux and colleagues (162) studied 
the effects of bilateral DBS-STN on speech parameters 
and intelligibility in 7 patients. Speech was evaluated in 
6 conditions: before and 3 months after surgery, with 
stimulation off or on, and with and without a supra-
threshold levodopa dose. Overall, performance level on 
the UPDRS-III improved with DBS postimplantation, 
whereas the effects on speech were minimal or adverse. 
Modest beneficial effects were reported on several motor 
speech parameters, especially lip movements. Modulation 
of voice pitch and loudness improved mildly. Articulation 
was not affected and speech intelligibility was slightly 
reduced in the on-stimulation condition, especially when 
patients received levodopa. Marked negative effects 
on intelligibility were observed in 2 patients owing to 
increased facial and trunk dyskinesias and not related to 
electrode position or stimulation parameters.

Saint-Cyr and colleagues (163) studied neuropsy-
chological consequences of chronic bilateral DBS-STN in 
11 individuals with advanced PD (age � 67 � 8 years, 
verbal IQ � 114 � 12). They were evaluated in their 
best “on state” with tests assessing frontostriatal function 
before surgery and at 3 to 6 months and 9 to 12 months 
(n � 10) after surgery. Saint-Cyr and colleagues noted that 
despite clinical motor benefits at 3 to 6 months postsur-
gery, there were significant declines in working memory, 
speed of mental processing, bimanual motor speed and 
co-ordination, set switching, phonemic fluency, long-term 
consolidation of verbal material, and the encoding of 
visuospatial material. These declines were more consis-
tently observed in individuals who were 69 years of age 
and older (n � 6). At 9 to 12 months postoperatively, 
only learning based on multiple trials had recovered and 
tasks reliant on the integrity of frontostriatal circuitry 
either did not recover or gradually worsened. Based on 
these findings it was concluded that bilateral DBS-STN 
can have a negative impact on various aspects of frontal 
executive functioning, especially in patients 69 of age 
and older. Saint-Cyr and colleagues suggest additional 
studies with a larger number of subjects and with future 
assessment of the possible reversibility of these adverse 
effects by turning the DBS off.

The picture that emerges from these studies indicates 
marked improvement in primary motor deficits (rigidity, 
akinesia, tremor) with DBS, especially off medication. 
DBS has only moderate effects on the speech motor sys-
tem during nonspeech task and minimal therapeutic or 
adverse effects on voice and speech functions. In some 
individuals, deterioration in executive functions occurs. 
Although follow-up studies suggest deterioration in 
speech and cognition following DBS, it is not clear to 
what extent this deterioration is due to DBS surgery and 
to what extent it is related to the progressive nature of 
the disease. Regarding the effects of surgery, it is con-
ceivable that both stereotaxic lesions and voltage spread 

from the stimulating electrodes adversely affect the neu-
ral network subserving speech (156, 160, 164).. Evidence
for voltage spread on speech intelligibility has been pro-
vided by Tornqvist and colleagues (165). These investiga-
tors assessed the effects of different electrical parameter set-
tings on the intelligibility of speech in 10 patients treated 
with bilateral DBS-STN. These patients were treated for 
15 � 5 months with symptom reduction in the UPDRS-
III. Eleven DBS parameters were manipulated in random 
order to test their effects. Amplitude was increased and 
decreased by 25%, frequency was varied in the range 
70 to 185 pps, and each of the contacts was tested sepa-
rately as a cathode. The patients read a standard run-
ning text and 5 nonsense sentences per setting. A listener 
panel transcribed the nonsense sentences as perceived and 
evaluated the quality of speech on a visual analog scale. 
With the patients’ normally used settings, there was no 
significant group difference between DBS off and on. In
4 patients, however, intelligibility deteriorated with DBS 
ON. The higher frequencies or increased amplitude caused 
impairments in intelligibility, whereas changing the polar-
ity between the separate contacts did not.

Effects of Transcranial/Subdural Stimulation on Speech 
and Swallowing. Dias and colleagues (166) studied the 
effects of repetitive transcranial magnetic stimulation 
(rTMS) on vocal function in 30 patients. They exam-
ined 2 different sets of rTMS parameters: active or sham 
15-Hz rTMS of the left dorsolateral prefrontal cortex 
(LDLPFC) and active 5-Hz rTMS of the primary motor 
cortex (M1)–mouth area. Acoustic and perceptual analy-
sis of voice and voice-related quality of life (V-RQOL) 
were employed using a blind rater. Stimulation of the of 
M1-mouth induced an improvement in the voice Fo and 
intensity. Stimulation of the LDLPFC resulted in mood 
amelioration and subjective improvement of the V-RQOL 
but not in objective measures of voice Fo and intensity.

Pagni and colleagues (167) studied the effects of 
extradural motor cortex stimulation in 3 patients. They 
found that unilateral stimulation relieved, partially or 
dramatically, tremor, akinesia, standing, anteropulsion, 
gait, speech, and swallowing as well as levodopa-induced 
symptoms such as dyskinesia and psychiatric complica-
tions. They also found that the results of stimulation 
did not fade away and that drug dosage was reduced by 
50%. These 2 studies suggest that transcortical/transdural 
stimulation of the motor cortex may have therapeutic 
effects on voice, speech, and swallowing.

Ablative Brain Surgeries: Effects on Speech

Effects of Pallidotomy on Speech. The effects of pallidot-
omy on speech, language, and cognition have been assessed 
in several studies, most demonstrating inconsistent or 
mild-moderate adverse results. Schulz and colleagues 
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(168) used acoustic analyses to assess the impact of 
pallidotomy on voice and speech in 6 persons with PD. 
Acoustic measures were analyzed before surgery and 
3 months after surgery. All 6 individuals demonstrated 
positive changes in at least one acoustic measure. Two 
individuals consistently demonstrated positive changes 
in phonatory and articulatory measures, whereas 3 did 
not improve after surgery. In another study Schulz and 
colleagues (169) assessed changes in vocSPL following 
unilateral posteroventral pallidotomy (PVP) in 25 hypo-
kinetic dysarthric patients with PD. These individuals 
were recorded using a variety of speech tasks, once before 
and once after PVP. The pre-PVP vocSPL was subtracted 
from the post-PVP vocSPL to derive a relative change in 
vocal SPL. It was found that mildly dysarthric individuals 
had significantly greater relative increases in vocal SPL 
following PVP, whereas moderately or severely dysarthric 
individuals had relative decreases in vocSPL following 
PVP. Uitti and colleagues (170) assessed speech, motor, 
and neuropsychological effects of unilateral medial palli-
dotomy in 57 consecutive individuals with PD. Pallidotomy 
significantly improved motor function. Speech intelligi-
bility was preserved, with a tendency to decline mildly 
in one-third of patients postoperatively. Performance on 
measures of letter fluency and semantic fluency declined 
in patients with left pallidotomies, but otherwise cogni-
tive abilities remained stable following surgery.

Scott and colleagues (171) compared the effects of 
unilateral versus bilateral posteroventral pallidotomy 
(UPVP and BPVP, respectively) in individuals with PD. 
Total UPDRS scores improved by 27% in the UPVP group 
and by 53% in the BPVP group. Patients also perceived 
reduced postoperative functional disability and improve-
ments in quality of life, as indicated in physical and 
psychosocial questionnaire subscales. The only adverse 
cognitive/language effects noted 3 months after surgery 
were impaired categorical verbal fluency in both groups 
and impaired phonemic verbal fluency in the BPVP. These 
were mild findings that were elucidated through test-
ing and not reported subjectively by the patients. Scott 
and colleagues observed no other postsurgical sequelae 
related to pallidotomy. They reported a fall in speech 
diadochokinetic rates and patients’ subjective perception 
of a worsening of preexisting dysarthria, hypophonia, 
and hypersalivation/drooling following BPVP, although 
these changes did not appear to have functional conse-
quences. Troster and colleagues (172) reported verbal 
fluency declines after unilateral pallidotomy, left or right. 
The left and right pallidotomy groups were matched on 
key demographic, cognitive, and disease variables. The 
nature of this decline and its laterality 4 months post-
surgery was studied; the investigators concluded that 
the decline was in lexical rather than semantic verbal 
fluency. They also found that this decline was most evi-
dent in the group that had undergone left-sided surgery. 

They attributed this latter finding to the role that the left 
frontal-basal ganglionic circuits play in word retrieval 
processes and/or lexical search and access. Overall these 
findings indicate mild deficits in speech and language 
following pallidotomy, restricted primarily to deficits in 
lexical verbal fluency and to a lesser extent to speech 
motor functions.

Effects of Thalamotomy on Speech. Nagulic and 
colleagues (173) used acoustic analyses to assess the 
effects of stereotactic thalamotomy in 7 male patients 
with PD. The patients’ voices were recorded a week 
before and a week after right-sided thalamotomy. The 
mean vocSPL during the initial segment of the speech 
signal increased after thalamotomy relative to before 
from 59.24 dB to 75.04 dB, and the voice Fo increased 
accordingly from a mean of 104 to mean of 122 Hz. The 
voice formants F1 and F2 shifted to the higher energy 
and frequency regions. Overall fluency of pronuncia-
tion also improved. Parkin and colleagues (174) stud-
ied the effects of bilateral stereotaxic lesioning of the 
STN on individuals with PD. They found significant 
improvement in off rigidity and on tremor following 
unilateral lesions. Bilateral lesions resulted in 3 major 
complications: speech disturbance, worsening of gait, 
and L-dopa–resistant limb dystonia.

The differential effects of right versus left ventro-
lateral thalamotomy on dichotic listening and language 
function in PD were studied by Hugdahl and colleagues 
(175). Patients were tested for asymmetry of language 
functioning with dichotic presentations of consonant-vowel 
(CV) syllables. Dichotic listening was performed before 
and after surgery as well as during electrical stimula-
tion of the VL nucleus just before lesioning. The results 
indicated a reduction in right ear advantage (REA) in the 
patient group compared to normative findings in healthy 
individuals; an increase in REA during left-sided stimu-
lations; and a marked reduction in REA after left-sided 
lesions. These findings suggest that speech and language 
function may be more disturbed with left than right thala-
motomy in most patients, depending on their language 
hemispheric dominance.

Farrell and colleagues (176) studied the effects of 
various neurosurgical procedures (pallidotomy, thalamot-
omy, DBS) on perceptual speech characteristics, speech 
intelligibility, and oromotor function in 22 patients with 
PD. This surgical group was compared with a group of 
16 participants with PD who did not undergo neurosurgi-
cal management and with a group of 25 neurologically 
healthy individuals matched for age and gender. Results 
indicated that that none of the neurosurgical interven-
tions significantly changed perceptual speech dimensions 
or oromotor function in spite of significant postoperative 
improvements in ratings of general motor function and 
disease severity.
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Effects of Peripheral Surgery on 
Speech and Swallowing

Collagen Augmentation of the Vocal Folds for Improved 
Phonation. Two studies documented improvement in 
phonation with collagen augmentation of the vocal folds 
via percutaneous injection and with fiberoptic guidance 
in some hypophonic patients with PD. Using a telephone 
interview of 18 patients treated with this procedure, Kim 
and colleagues (30) reported that 11 (61%) receiving 
collagen augmentation considered their voices improved 
for at least 2 months. Of the 7 unimproved patients, 
5 were aphonic before and after the collagen injection. 
Kim and colleagues concluded that although the major-
ity of patients are likely to benefit from the procedure, 
patients with advanced neurologic disease with aphonia, 
difficulty with speech initiation, dysphagia, or ambula-
tory difficulty are less likely to respond. In a study of 
35 hypophonic PD patients treated with collagen aug-
mentation. Berke and colleagues (29), using a telephone 
survey, found that 75% of patients expressed satisfac-
tion with the improvement in their voice, compared with 
16% who expressed dissatisfaction with the results of 
collagen augmentation. Although these preliminary 
results are encouraging, more objective methods of voice 
evaluation are needed, as well as long-term follow-up 
of treatment outcome.

Cricopharyngeal Myotomy for Improved Swallowing. 
Born and coworkers (177) assessed the effects of crico-
pharyngeal myotomy in 4 patients with PD and dysphagia 
associated with cricopharyngeal dysfunction, diagnosed 
with radiologic and manometric methods. They reported 
excellent results with the myotomy, with excellent and 
sustained improvement in swallowing.

Behavioral Speech, Voice, and 
Swallowing Treatment

General Approach to Treatment. Although the incidence 
of voice and speech disorders in PD is extremely high 
(80% to 90%), only a small percentage of these individu-
als (3% to 4%) are likely to receive speech therapy (5, 
8). One explanation for this discrepancy may be that in 
the past, carryover and long-term treatment outcomes 
were disappointing. The “conventional wisdom’’ has been 
that “changes that occur in the treatment room disappear on 
the way to the parking lot” (178–181). This challenge of 
carryover and long-term treatment outcomes has been 
observed consistently over a wide range of speech treat-
ments applied to this population (97). These approaches 
included training in rate control, prosody, loudness, 
articulation, respiration, or a combination of these (32). 
In addition, some forms of treatment included devices 
such as delayed auditory feedback (DAF), amplification 

devices, and pacing boards, although these methods did 
not yield long-term therapeutic effects (31, 58, 97, 182).

In discussing treatment effects and efficacy in PD, it 
is important to make a distinction between stimulation
and training. Stimulation refers to situations where the 
patient is asked or instructed to perform a task, such as 
speaking in a loud or clear voice. Stimulation induces a 
transient behavior in response to an external cue. Training
refers to a systematic and intensive program designed to 
change a behavior such that it will not depend on external 
cueing and will be sustained over a protracted time. Train-
ing involves learning, memory, and reliance on internal 
sources (cueing, self-regulation) to maintain the acquired 
behavior. When individuals with PD are in the treatment 
room and receiving direct stimulation or feedback from the 
speech clinician or an instrument (external cue) (97, 183, 
184), they are able to improve speech and voice produc-
tion. However, it has been challenging to maintain these 
improvements (training the ability to internally cue). This 
consistent observation provides potential insight into the 
underlying problems in carryover. One explanation relates 
to the sensory processing and internal cueing problems 
frequently experienced by these individuals (23, 109, 112). 
Recognition of these problems, and addressing them in the 
training regimen, may improve treatment of motor speech 
output. Support for these ideas come from the work of 
Ramig and coworkers (33, 34), who documented that the 
training sensory perception of effort appears to be a key 
element in successful speech treatment in PD. In addition, 
neuropsychological problems, such as deficits in proce-
dural learning (185, 186) and executive functions, even at 
the early phase of PD (187), may underlie the challenges 
that individuals with PD have in learning new habits and 
maintaining them for a protracted time. These therapeutic 
challenges are further intensified by the fact that PD is a 
degenerative condition, and PD is often associated with 
adverse effects of medication, depression, and dementia, 
especially in the later stages of the disease.

Another important issue is the optimal time in the 
course of the disease at which behavioral treatment should 
be initiated. It has been suggested that behavioral treat-
ment (e.g., speech therapy, occupational therapy, phys-
iotherapy) should be provided during the later phases of 
the disease (188). However, given the increased challenges 
associated with the advanced stages of the disease, the more 
optimal time to succeed with behavioral therapy should be 
at the onset of disease. Neural plasticity and neural protec-
tion induced by intensive training is most likely to occur 
during earlier stages of PD, when the dopaminergic system 
is not fully degenerated and there is some potential for 
recovery or development of a compensatory mechanism 
(189–191). For the training to be most effective, behavioral 
treatment of voice, speech, and swallowing disorders in PD 
should be administered as soon as the disease is diagnosed, 
when these disorders mild or moderate in severity.
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Finally, it has been shown that to obtain maximum 
therapeutic results, the training regimen should include 
principles of motor plasticity, namely, intensive training 
of motor tasks, increased practice of motor tasks, active 
engagement in tasks, and the sensory experience of the 
motor task (192, 193). Training should address the most 
prominent etiologic factors underlying the behavior to be 
changed, with the target behavior having a significant 
ameliorating impact on these etiologic factors. In voice 
and speech disorders in PD, training should address defi-
cits in internal cueing, sensorimotor gating, scaling ampli-
tude of speech movement patterns, and self-perception 
and regulation of vocal effort and output. Lee Silverman 
Voice Treatment appears to meet these requirements.

Intensive Voice Treatment. In 1988, Ramig and col-
leagues (194) introduced Lee Silverman Voice Treatment 
(LSVT ), a Parkinson-specific approach that trains ampli-
tude (increased vocal loudness) as a single motor control 
parameter, thereby targeting the proposed pathophysi-
ologic mechanisms underlying bradykinesia/hypokinesia: 
mainly inadequate scaling of agonist muscle activation. 
This approach also trains individuals with PD to “reca-
librate” their motor and perceptual systems so that they 
are less inclined to downscale (reduce amplitude) speech 
movement parameters. It is geared toward overcoming 
or compensating for deficits in internal cueing and self-
regulation of vocal effort during speech production.

LSVT is delivered in a manner consistent with theo-
ries of motor learning (195) and skill acquisition as well 
as neural plasticity (e.g., intensity, complexity, saliency) 
(196). Specifically, LSVT uses high-effort but not strenu-
ous loud phonation to encourage maximum phonatory 
efficiency and coactivation and co-ordination of speech 
subsystems. Patients are taken through exercises on a daily 
basis, repeatedly practicing and emphasizing maximum-
duration loud phonations, maximum high- and low-pitch 
phonations, and speech exercises with improved loudness. 
This improved phonation is carried over into speech and 
conversation following a standardized hierarchy, with 
focus on monitoring the amount of effort required to sus-
tain sufficient vocal loudness (“calibration”). No direct 
attention is given to speech rate, prosodic pitch inflection, 
or articulation. Therapy is administered 4 times a week 
over 4 weeks, each session lasting 50 to 60 minutes.

Unlike approaches that focus on speech rate, pitch 
prosody, or articulation, LSVT focuses on the speech 
problem observed most often in individuals with PD: 
soft voice. Ramig and coworkers hypothesize that there 
are at least 3 features underlying hypophonic voice in 
PD, including (a) an overall amplitude scale down (23, 
107, 108) to the speech mechanism (reduced amplitude 
of neural drive to the muscles of the speech mechanism); 
(b) problems in sensory gating and the perception of vocal 
effort (23, 109) and loudness (71), which prevents the 

individual with PD from accurately monitoring his or her 
vocal output; and (c) difficulty—due to deficits in internal 
cueing, self-monitoring, amplitude scaling, and regula-
tion—in independently generating and scaling the right 
amount of effort and movement amplitude to produce 
adequate loudness (37, 110, 111). These 3 features—
which may be augmented by deficits in memory, learning, 

FIGURE 9-1

This figure graphically summarizes the hypothesized neural 
basis for the LSVT approach to treating individuals with PD. 
Before treatment (top circle), the “soft” voice of the patient 
may be a result of reduced amplitude of output to the speech 
mechanism. The soft voice is maintained because patients 
have reduced self-perception or self-monitoring and fail to 
realize that the voice is too soft. Therefore when they program 
output for another utterance, they downscale the output and 
continue to produce a soft voice.

The LSVT focus (bottom circle) addresses the soft voice 
at 3 levels. High-effort, intensive treatment is designed to 
train increased amplitude of output to the respiratory phona-
tory system to generate increased loudness. Patients are then 
trained to improve self-perception or self-monitoring of effort 
so that they understand the relationship between increased 
effort and successful communication. In this way, when they 
generate an utterance on their own, they are able to “carry 
over” adequate effort and loudness for successful communica-
tion outside the treatment room.
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and executive functions even early in the disease—may be 
significant factors that make PD particularly resistant to 
treatment. LSVT has been designed to address both the 
primary deficits underlying the voice and speech disorders 
in PD as well as the sensory, perceptual, and cognitive 
deficits that interfere with treatment learning and long-
term maintenance of treatment gains.

LSVT comprises 5 essential concepts: (a) a single 
focus on increasing vocal loudness; (b) the improvement 
of sensory perception, self-monitoring, and self-regulation

of vocal effort and loudness—that is, “calibration’’ of 
vocal output; (c) treatment administered in a high-effort 
style; (d) intensive treatment; and (e) the quantification of 
all speech and voice. Treatment techniques are designed 
to scale up amplitude to the respiratory and phonatory 
system and train sensory perception of effort and internal 
cueing and scaling of adequate output (Figure 9-1). Treat-
ment 4 times a week for ae month is consistent with prin-
ciples of motor learning and skill acquisition (197, 198) 
and muscle training (37, 110, 111, 199) (Figure 9-2).

Goal: Improved functional oral communication that “lasts”

LSVT ® 5 CONCEPTS AND TECHNIQUES
(voice focus, high effort, intensive, sensory calibration, quantification)

Neural Motor Learning

Neuropsychology Muscle Training

Physiologic Compliance

� Sensory Processing

� muscle activation

� slow thinking
� slow learning
� problems sustaining

attention
� problems shifting

cognitive set
� problems internally

cueing
� problems in procedural

memory

� Respiratory drive
� Laryngeal valving

(ROM, stability)
� System-wide effects

      “LOUD”
(effort, coordination)

� Overload
� Progressive resistance
� Specificity

� Sensory Processing
� Practice
� Specific context
� Simple focus (root)
  

FIGURE 9-2

This figure graphically summarizes the rationale underlying the 5 essential concepts and techniques of the LSVT from a neural, 
speech mechanism physiology, motor learning, muscle training, and neuropsychological compliance perspective. The neural 
bases are the reduction in muscle activation and self-monitoring and consequent problem in programming an output target 
with adequate amplitude. The physiologic basis is the focus on respiratory drive and laryngeal valving to generate a maximally 
efficient vocal source. “Loud” is used as the system trigger for improving effort and coordination across the speech mechanism.
The LSVT is administered in a manner consistent with principles of motor learning in order to maximize treatment effectiveness.
Sensory processing, increased practice, practice within specific context, and a simple “root” focus (e.g., “loud”) are key elements
of treatment. The LSVT is also administered in a way consistent with principles of muscle training. Treatment technique overloads
the muscles, using progressive resistance in specific activities. The neuropsychological aspects of Parkinson’s disease that may
make learning challenging include slow thinking, slow learning, problems in sustaining attention, problems in shifting cognitive
set, problems of internal cueing, and problems in procedural memory. These aspects are also considered in the LSVT through 
the simplicity and redundancy of treatment. The LSVT is designed to maximize patient compliance. From day 1 of treatment, 
activities are designed to maximize impact on daily functional communication. Based on those findings, a number of phase 2 
experimental studies (e.g., randomized, blinded) were carried out.
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To date, physiologic, acoustic, perceptual, and clini-
cal trial studies involving over 200 individuals with PD 
(including those treated by LSVT , those treated by an 
alternative speech therapy, and those awaiting therapy) 
and 40 healthy controls (receiving no treatment) have 
documented the widespread long-term therapeutic effects 
of LSVT on respiratory, laryngeal, and orofacial func-
tions. These studies have provided evidence for improved 
vocal loudness, voice quality, prosodic pitch inflection, 
speech articulation, and overall speech quality and intel-
ligibility (141). Brain imaging studies using O15 positron
emission tomography (PET) have documented changes 
in brain function consistent with speech improvement 
following LSVT (39–41). LSVT has been described by 
the members of the U.S. Academy of Neurologic Com-
munications Disorders and Sciences (ANCDS) (200) 
as the most promising form of behavioral therapy to 
address the types of speech impairment experienced 
in PD. Treatment data suggest that those with mild to 
moderate PD have the most positive outcomes follow-
ing LSVT . Patients with co-occurring mild to moderate 
depression and dementia have succeeded in treatment 
(34). However, the effectiveness of LSVT may be com-
promised by several factors, including severe depression, 
dementia, atypical Parkinsonism, or side effects of medi-
cation and neurosurgery. Because treatment focuses on 
voice, all patients must have a laryngeal examination 
before treatment to rule out any contraindications (vocal 
nodules, gastric reflux, laryngeal cancer). It is important 
to clarify that the goal of LSVT is to maximize phonatory 
efficiency. It is never the goal to teach “tight or pressed” 
voice but rather to improve vocal fold adduction for 
optimum loudness and quality.

Effectiveness Data for Lee Silverman Voice 
Treatment. Lee Silverman Voice Treatmentwas initially 
developed during the 1980s. Short- (34) and long-term 
(33, 35, 201, 202) outcome data have been reported. In 
one study, 45 patients were randomly assigned to one 
of two forms of behavioral treatment: respiratory effort 
treatment or respiratory and voice effort treatment (LSVT
). Significant pretreatment to posttreatment improve-
ments were observed for more variables and were of 
greater magnitude for subjects who received the voice and 
respiratory effort treatment (LSVT) than the other behav-
ioral treatment. Only subjects who received LSVT rated 
a significant posttreatment decrease of the impact of PD 
on their communication. Corresponding perceptual rat-
ings by blinded raters of voice hoarseness and breathiness 
revealed significant improvement only in those treated 
with LSVT(203), and only those in LSVTgroup improved 
or maintained vocSPL and vocal loudness above pretreat-
ment levels. Perceptual reports by patients and family 
members supported the positive impact of treatment on 
functional daily communication. These therapeutic gains 

have been shown to be maintained, as evident in 1-year 
and 2-year follow-up studies (201, 202).

In another study (204), 29 individuals with PD were 
evaluated over 6 months. Half the group received LSVT
and half served as untreated controls. In addition, an 
age-matched, nondisordered, nontreated control group 
was also studied. Only subjects who received LSVT
demonstrated significant increases in vocSPL (related to 
loudness), and this increase was on average 8 dB imme-
diately after treatment and 6 dB at 6-month follow-up. 
The average is across the different speech tasks performed 
by the subjects (sustaining vowel phonation, reading a 
passages, and during a monologue). An important aspect 
of this work was to evaluate the underlying mechanisms 
of treatment outcomes. A study by Smith and coworkers 
(36) documented increases in vocal fold closure follow-
ing treatment in individuals who received LSVT but not 
in those who received respiratory treatment only. These 
data were collected outside of the treatment clinic by 
clinicians not directly involved in the study and therefore 
support generalization of treatment effects. Consistent 
with these findings, Ramig and Dromey (205) reported 
increased subglottal air pressure and maximum flow dec-
lination rate accompanying increased vocSPL following 
LSVT. These findings were interpreted to be consistent 
with increased respiratory drive and vocal fold adduction 
accompanying successful treatment.

Increased phonatory effort improves not only vocal 
characteristics (loudness, pitch variability, vocal qual-
ity) but also appears to trigger effort and co-ordination 
across the speech mechanism. The observation of larger 
movements in the upper articulatory system following 
LSVT is consistent with reports of Schulman (206) that, 
as a speaker talks “louder, ’’ there are accompanying 
vocal tract and articulatory changes, including increased 
movements of the articulators. Several other studies (48) 
demonstrate significant changes in orofacial articula-
tory functions associated with stimulated vocal loud-
ness increase in neurologically healthy individuals with 
normal speech. These studies suggest that stimulation of 
loud speech results in strong coupling of the orofacial 
with the laryngeal speech systems, such that articulatory 
movements can potentially increase vocal fold adduction 
and subglottal pressure, thus enhancing the production of 
loud phonation. The increased movements of the speech 
articulation during loud phonation may further increase 
vocal loudness by enlarging the vocal tract and changing 
its configuration to increase the acoustic energy generated 
at the level of the larynx (see ref. 48).

Ramig and coworkers reported improvement in 
orofacial articulation function with loud phonation in 
individuals with PD treated with LSVT (133). Sapir 
and associates (48) compared individuals with PD 
treated with LSVT (n � 14) with individuals with PD 
(n � 15) and healthy age-matched controls (n � 14) 
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not receiving LSVT and not receiving any other form of 
therapy. They used acoustic and perceptual analyses to 
assess the impact of LSVT on vowel articulation. These 
analyses were based on vowels extracted from words 
embedded in phrases. There was a significant improve-
ment in both vowel acoustics and perceptual ratings of 
vowel goodness as well as in VocSPL in the group receiv-
ing LSVT but not in the 2 other groups. These findings 
are consistent with our previous perceptual study (201), 
where we documented increased speech loudness and 
speech quality ratings in individuals with PD following 
LSVT but not in those who received an alternative (respi-
ratory effort) speech treatment.

Effects of Lee Silverman Voice Treatment on Facial 
Expression in Parkinson’s Disease. Lee Silverman Voice 
Treatment has also been shown to be effective for the 
treatment of reduced facial expression (207), an effect 
that could potentially improve communication, appear-
ance, and quality of life in PD. Video data were taken 
from recordings of 44 individuals with PD who had 
received either a month of phonation-based treatment 
(LSVT ) or respiratory effort treatment (RET) as part of 
a large treatment efficacy study designed to examine the 
effects of different types of therapy on speech and voice 
in PD. Twenty-second video samples of all subjects taken 
before and after treatment were paired and played at 
random without sound to trained raters, who judged each 
pair of video clips for facial mobility and engagement. 
The recordings were made while subjects were engaged in 
conversational speech. Overall, members of LSVT group
received more ratings of increased facial mobility and 
engagement following treatment relative to members of 
the RET group. Moreover, the extent of change for facial 
mobility after treatment was perceived as greater for the 
LSVT group than for the RET group.

Effects of Lee Silverman Voice Treatment on Brain 
Function. Brain imaging studies using O15 PET have 
also documented marked changes in brain function 
consistent with speech improvement following LSVT
(39–41). Specifically, while stimulated loud phonation 
prior to the administration of LSVT activated cortical 
premotor areas, particularly the supplementary motor 
area (SMA), post-LSVTSMA activity was normalized and 
activity in the basal ganglia (right putamen) increased, 
suggesting a shift from abnormal cortical motor activa-
tion toward normal subcortical organization of speech-
motor output. The post-LSVT changes indicated an 
increase in activity in right anterior insula and right dor-
solateral prefrontal cortex, suggesting that LSVT recruits
a phylogenetically old, preverbal communication system 
involved in vocalization and emotional communication 
(consistent with multisystem effects of LSVT ). Another 
study (40) involving evoked response potentials (ERPs) 

found excessive activity in the auditory cortex prior to 
LSVT treatment, which was markedly reduced to a near 
normal level following LSVT.

Effects of Lee Silverman Voice Treatment on Other Neuro-
logic Disorders. To evaluate application of LSVT to other 
neurologic disorders, a number of case studies were carried 
out. In one study, LSVTwas used in an individual with PD 
who had had a bilateral thalamotomy (208). In another 
study, LSVT was used in 3 individuals who had Parkin-
son-plus syndromes, including multisystem atrophy and 
progressive supranuclear palsy (209). Although improve-
ments were documented in speech and voice characteristics 
in these individuals following treatment, the magnitude 
was not as great as in those with PD.

LSVT has been administered to 2 individuals with 
multiple sclerosis (MS) (210) and to 1 with cerebellar dys-
function secondary to thiamine deficiency (211). Those 
with MS showed marked improvement in vocSPL, vocal 
loudness, vocal fatigue, and sustained duration of vowel 
phonation. The individual with cerebellar dysfunction also 
showed therapeutic gains, as well as improvement in pro-
sodic Fo inflection, acoustic correlates of articulatory func-
tion, speech intelligibility, and overall communication and 
employer satisfaction. Most of these improvements were 
maintained at 6- or 9-month follow-up. These findings sug-
gest that the positive impact of LSVT is not specific to PD.

Lee Silverman Voice Treatment Delivered Through 
Electronic Devices and the Internet. Studies have 
begun to assess the effectiveness of electronic devices 
to promote home practice, augment the effects of LSVT, 
reduce clinician time, and cut costs of treatment. These 
devices [e.g., a personal digital assistant (PDA)] have 
been adapted with special software to deliver LSVT
or other types of speech therapy programs (212). One 
such PDA, named LSVT Companion, or LSVTC, is pro-
grammed to collect acoustic data and provide feedback 
as it guides the patient through LSVT exercises. Instead 
of the usual 16 treatment sessions of clinician-delivered 
LSVT, only 9 sessions are with a clinician; the other 
7 are completed independently at home by the patient 
utilizing LSVTC. Pilots studies with patients have dem-
onstrated marked and long-term (6-month follow-up) 
improvement in voice and speech with LSVTC, these 
results being comparable to those obtained with the regu-
lar, fully clinician-administered LSVT (212). These 
findings support the feasibility of using state-of-the-art 
technology to administer speech treatment and keep 
records of patients’ progress.

Still other technologies to self-administer LSVT
include Telehealth systems or other web-enabled speech 
therapy systems. Prototypes of these technologies are now 
being tested to assess their efficacy. Overall, these new 
developments are likely to enhance accessibility, allowing 
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the cost-effective, intensive sensorimotor training impor-
tant for successful speech outcomes.

Behavioral Swallowing Treatment for Individuals with 
Parkinson’s Disease. Treatment of swallowing disor-
ders in PD has not been extensively studied. Conven-
tional treatment techniques have included oral motor 
exercises to improve muscle strength, range of motion 
and co- ordination, and behavioral modifications such as 
the Mendelsohn maneuver, effortful breath-hold, swal-
low-cough, chin positioning, double swallow, effortful 
swallow, and diet and liquid modifications (21, 213). 
The effectiveness of these techniques varies and seems to 
depend on motivation and co-operation by the patient, 
family support, and the timeliness of referral for a swal-
lowing evaluation. Research studies regarding the efficacy 
of these treatment methods suffer from methodologic 
shortcomings, and there is a need for clinical trials that 
can verify treatment efficacy (214).

Although LSVT was originally not intended to 
improve swallowing, 3 studies have documented marked 
improvement in orofacial function relevant to swallowing 
following LSVTor a similar treatment regimen. Sharkawi 
and coworkers (20) found that LSVTreduced swallowing 
motility disorders in the group they studied by 51%. De 
Angelis and colleagues (215) documented improvement in 
vocal function as well as elimination of swallowing com-
plaints in PD treated with an intensive vocal rehabilitation 
program that emphasized loud phonation and increased 
sphincteric closure of the glottis. This treatment was 
administered in 13 group sessions within a month. Ward 

and colleagues (216) reported increased tongue force and 
motility in individuals with PD treated with LSVT, which 
may explain the improvement in swallowing.

CONCLUSION

Speech, voice, and swallowing problems occur in PD and 
may have a negative effect on communication, health, and 
overall quality of life. Although all aspects of speech pro-
duction may be affected, disordered voice is one of the most 
common problems. Previous forms of treatment for the 
disorder of speech and voice in PD have had modest effec-
tiveness. LSVT, which addresses increased vocal effort and 
improved sensory perception of effort and is administered 
in 16 high-effort sessions in a month, has been documented 
to be a successful approach in the short and long term.

A wide variety of swallowing disorders in both the oral 
and pharyngeal stages of swallowing may occur in these 
patients. There are limited efficacy data on the treatment 
of these disorders, but behavioral and dietary modification 
and LSVT may help minimize these difficulties. Although 
the degenerative course of PD cannot be altered, improve-
ments in oral communication and swallowing function 
are important components of developing the highest lev-
els of functioning and independence.
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Gastrointestinal Features

lthough it has been recognized for 
some time that gastrointestinal prob-
lems are common and frequently dis-
tressing to patients with Parkinson’s 

disease (PD), their pathophysiology, evaluation, and 
management have received relatively little attention. This 
chapter reviews the current status of our understanding of 
gastrointestinal function in PD, outlines an approach to 
the evaluation and management of these symptoms, and 
speculates on future prospects in this area.

OVERVIEW OF GASTROINTESTINAL 
MOTOR FUNCTION

Although several gastrointestinal functions could be dis-
turbed in PD in relation either to the disease process itself 
or to its therapy, this chapter focuses on the gastrointes-
tinal function that has received the greatest attention: 
gastrointestinal motility. First, however, a brief overview 
of gastrointestinal motor function is appropriate.

Given its essential role in digestion, absorption, 
secretion, and excretion, the gastrointestinal tract and 
its associated organs play an essential role in homeostasis. 
The various physiologic processes of the gastrointestinal 
tract serve these functions; thus motility propels food, 
chyme, and stool and promotes mixing to facilitate both 

Eamonn M. M. Quigley

contact time and digestion. Gut muscle and nerve are inte-
grated into a “minibrain” and adapted to subserve these 
homeostatic functions. Throughout most of the gastro-
intestinal tract, gut smooth muscle is arranged in two 
layers: an outer longitudinal layer and an inner circular 
layer. At the beginning and end of the gut, striated muscle 
is found in the oropharynx, upper esophageal sphincter, 
and proximal part of the esophagus and in the external 
anal sphincter and pelvic floor muscles. In these locations, 
somatic innervation plays a crucial role in the regulation 
of swallowing and defecation; these functions are particu-
larly prone to disruption in neurologic disease. Through-
out the remainder of the gut, several levels of control are 
evident. Myogenic regulation of motility refers to intrin-
sic properties of gut muscle cells and their interactions 
with one another. Next comes the enteric nervous system, 
which is now recognized as a distinct and independent 
division of the autonomic nervous system (1). The enteric 
nervous system may represent the most important level of 
neuronal control of motility and is capable of generating 
and modulating many functions within the gastrointesti-
nal tract without input from the more traditional divisions 
of the autonomic and central nervous systems. Through 
variations in neuronal morphology and in the electro-
physiologic properties of individual neurons as well as 
through the presence of a wide variety of neurotransmit-
ters and neuromodulatory peptides, the enteric nervous 

A

10



II • CLINICAL PRESENTATION100

system demonstrates striking plasticity. Of relevance to 
any discussion of the gut in central nervous system disor-
ders, it is now recognized that the enteric and central ner-
vous systems share many similarities, both morphologic 
and functional. For example, almost all neurotransmit-
ters identified within the central nervous system are also 
found in enteric neurons; the concept of enteric nervous 
system involvement in neurologic disease is thus not sur-
prising. Although the enteric nervous system is primarily 
responsible for the generation and modulation of most 
motor activities within the gut, input from autonomic 
nerves and the central nervous system also modulates 
motor activity. Autonomic input is now recognized to 
be exerted primarily though the modulation of enteric 
nervous system activity rather than through a direct input 
to effector cells in the gut, be they smooth muscle or epi-
thelial secretory cells. It is now evident that the gut has 
important sensory functions. Although these are usually 
subconscious, gut sensation may be relayed to and per-
ceived within the central nervous system. Sensory input 
is also fundamental to several reflex events in the gut, such 
as the viscerovisceral reflexes that coordinate function 
along the gut (2). Indeed, sensory dysfunction is now 
believed to play an important role in the pathogenesis of 
a variety of functional gastrointestinal disorders, such as 
irritable bowel syndrome (2).

The following is a brief overview of the motor 
functions of the principal organs of the gastrointestinal 
tract. Swallowing is a complex and highly organized act, 
traditionally divided into two phases: oropharyngeal 
and esophageal. The oropharyngeal phase includes the 
transfer of the food bolus to the pharynx, pharyngeal 
peristalsis, and propulsion through the upper esophageal 
sphincter into the esophageal body. This is accomplished 
through the precisely coordinated action of several muscle 
groups, including those of the tongue, pharynx, and upper 
esophageal sphincter. Cranial nerves V, VII, IX, X, and XII 
convey the afferent and efferent signals involved in this 
phase of swallowing, which is coordinated in a swallowing 
center in the reticular formation in the brainstem (3). The 
esophageal phase of swallowing is primarily a function 
of the smooth muscle esophagus and is regulated cen-
trally via vagal afferents and peripherally by the intrinsic 
properties of esophageal smooth muscle (4). Transport of 
the bolus from the esophagus to the stomach involves the 
simultaneous generation of a peristaltic sequence in the 
esophageal body and complete relaxation of the lower 
eosphageal sphincter; the latter is mediated by a promi-
nent inhibitory innervation at the sphincter.

The main functions of gastric motility are to accom-
modate and store the ingested meal, grind down (triturate) 
solid particles, and then empty the homogenized meal in a 
regulated fashion into the duodenum (5, 6). Fluctuations 
in tone in the proximal stomach are critical to the accom-
modation of the meal, while high-amplitude peristaltic 

contractions in the antrum generate the forces necessary 
to disrupt large solid particles. Small intestinal motility 
should serve to mix the meal with intestinal secretions 
and, periodically, propel chyme and undigested material 
in an aboral direction (6). Between meals, a periodic 
wave of contractions, the migrating motor complex, 
slowly traverses the small intestine, ensuring clearance 
of any remaining food debris. By virtue of the special-
ized intrinsic properties of their musculature as well as 
a distinctive and predominantly inhibitory innervation, 
the lower esophageal, pyloric, and ileocecal sphincters 
regulate transit between adjacent organs and prevent 
oral reflux.

Colonic motility is less well characterized in humans. 
Mixing and retropulsion appear to dominate in the right 
colon, whereas storage and intermittent aborad propul-
sion are the dominant functions on the left side (7). Finally, 
the anal canal and distal rectum—another site where 
somatic and autonomic neural networks intersect—play
a crucial role in the regulation of defecation and the main-
tenance of continence.

GASTROINTESTINAL DYSFUNCTION 
IN PARKINSON’S DISEASE: HISTORIC 

BACKGROUND AND PRINCIPAL FEATURES

The cardinal gastrointestinal manifestations of PD were 
clearly and vividly described in Parkinson’s original 
monograph in 1817 (8). Referring to swallowing diffi-
culties, he stated that “food is with difficulty retained in 
the mouth until swallowed; and then is difficultly swal-
lowed—the saliva fails of being directed to the back part 
of the fauces, and hence is continually draining from the 
mouth.” He also recognized problems with constipation 
and defecation: “The bowels, which all along had been 
torpid, now in most cases, demand stimulating medicines 
of very considerable power: the expulsion of the faeces 
from the rectum sometimes requiring mechanical aid.” 
Thereafter, gastrointestinal manifestations of PD received 
relatively little attention until the latter half of the twen-
tieth century; they are now recognized as important 
and at times, from the patient’s perspective, dominant 
features of this disorder (9–11). A number of surveys 
then described a high frequency of drooling, dysphagia, 
gastroesophageal reflux, delayed gastric emptying, and 
constipation (12–17). Various factors were invoked to 
explain the pathophysiology of these symptoms, includ-
ing alterations in diet, reduced activity, side effects of 
antiparkinsonian medications, and associated autonomic 
dysfunction (18). The true prevalence of gastrointestinal 
symptoms in PD and their relationship to the disease 
process itself were not defined until quite recently. In a 
series of studies that included age- and gender-matched 
controls and employed validated study instruments as 



10 • GASTROINTESTINAL FEATURES 101

well as follow-up, Edwards and colleagues confirmed a 
high prevalence of esophageal and colorectal symptoms 
among patients with PD regardless of therapy (19–21). 
Among 98 patients, disordered salivation (70%), dys-
phagia (52%), nausea (24%), constipation (29%), and 
defecatory dysfunction (66%) emerged as the gastroin-
testinal symptoms that were truly more common in PD 
(19). Only PD severity and the duration of disease corre-
lated with gastrointestinal symptoms; patient age, gender, 
level of activity, dietary fiber intake, and antiparkinsonian 
therapy did not (19). These findings appeared to sup-
port Parkinson’s original hypothesis, that gastrointestinal 
symptoms are a component of the disease process itself. 
However, attempts to correlate the Parkinson’s disease pro-
cess with objective tests of gastrointestinal motor function 
have proven more difficult. Constipation and defecatory 
dysfunction, especially common in PD (22), may predate 
the onset of the neurologic features. Ueki and Otsuka, in 
a study documenting a prevalence of constipation of 79% 
among 94 Japanese PD patients, noted that constipation 
had predated the onset of PD by an average of 18 years 
in 45% of the patients (23). They went on to link a ten-
dency to a lower intake of liquids from early life with the 
ultimate development of constipation and PD. Similarly, 
Abbott and colleagues found that a history of less than one 
bowel movement per day was associated with a threefold 
increased risk of the later development of PD (24).

DYSPHAGIA IN PARKINSON’S DISEASE

Swallowing difficulty is among the most common, dis-
tressing, and challenging gastrointestinal problems in 
PD. Because of the risk of aspiration and its impact on 
nutrition, as well as intake of orally administered medi-
cations, disordered swallowing function is potentially 
life-threatening. The primary symptoms are drooling, or 
sialorrhea, and dysphagia, the latter usually described 
as a sensation of food sticking at the level of the thyroid 
cartilage. It is crucial to understand that, in PD, drooling 
and difficulty with saliva are manifestations of disordered 
swallowing and not of abnormal salivation. Patients with 
PD do not secrete excess saliva; indeed, salivary output 
in PD is either normal or decreased (12, 18). Drooling 
reflects a difficulty in transporting saliva to the posterior 
pharynx. Up to 30% of patients with PD describe respi-
ratory symptoms such as coughing, choking, or noc-
turnal dyspnea in association with dysphagia (19). The 
carefully performed study of Ali and colleagues has 
considerably clarified the pathogenesis of dysphagia in 
PD. Among the many components of swallowing stud-
ied, lingual tremor, impaired pharyngeal peristalsis, and 
restricted opening of the upper esophageal sphincter best 
predicted dysphagia (25). Given the important role of 
tongue pulsion in generating the force that propels the 

bolus through the upper esophageal sphincter, the central 
role of lingual tremor in the pathogenesis of dysphagia in 
PD can be readily understood. Impaired opening of the 
upper esophageal sphincter may lead to the appearance of 
cricopharyngeal “bars” on radiologic studies and to the 
development of Zenker’s diverticula (26). Other studies 
attest to the high prevalence of abnormalities in the oro-
pharyngeal phase of swallowing as detected on videofluoro-
scopic studies (27–32) and emphasize impaired lingual and 
palatal function as a consequence of hypokinesia (31, 32); 
however, they have failed to describe good correlations 
between the prevalence or severity of these abnormalities, 
the degree of disability related to PD, or the severity of 
its more classic features.

The clinician must be aware of one potential trap in 
the clinical assessment of the parkinsonian patient with 
dysphagia: namely, the false localization of dysphagia 
to the region of the upper esophageal sphincter by PD 
patients whose disease process lies in the distal esophagus 
(33). Although the true prevalence of gastroesophageal 
reflux in PD remains to be determined, it is certainly clear 
that PD patients are not immune from reflux disease or 
from complications such as peptic esophageal strictures. 
For reasons that remain poorly understood, affected 
patients frequently present with dysphagia, which is indis-
tinguishable in nature of presentation from that associ-
ated with the PD process itself. A failure to recognize this 
and to fully investigate all PD patients with dysphagia 
will lead to inappropriate therapy. If gastroesophageal 
reflux is recognized, appropriate therapy may lead to a 
significant improvement in dysphagia. Studies of motor 
function of the esophageal body and lower esophageal 
sphincter function have revealed significant problems 
in these areas as well (34–36). In one study, esophageal 
motor abnormalities, including aperistalsis and diffuse 
esophageal spasm, were documented in 73% of 22 PD 
patients and were especially prevalent among those who 
had daily dysphagia (35). Bassotti and colleagues, in a 
study documenting a high frequency of similar motor 
abnormalities, found little correlation between symptoms 
and manometric findings (34).

NAUSEA, VOMITING, DYSPEPSIA, 
AND GASTRIC FUNCTION IN 

PARKINSON’S DISEASE

Nausea and vomiting are common symptoms among 
patients with PD and are the symptoms that may clearly 
be directly related to the central effects of dopaminergic 
medications. However, the survey performed by Edwards 
and colleagues indicated that nausea may be a feature of 
PD (19) per se, and some studies suggest a high prevalence 
of gastroparesis in PD (37–43). Formal studies of gastric 
emptying of solids, using a variety of techniques, have 
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documented delay in from 36% to 88% of patients (39, 
40, 43); here again, correlations between gastric emptying 
rate and either gastrointestinal symptoms or PD sever-
ity have been poor. Gastric emptying may play a crucial 
role in the management of patients with PD, especially 
in those with prominent “on”-“off” fluctuations. These 
individuals are dependent on an accurately timed delivery 
of dopaminergic medications from the stomach to their 
site of absorption in the small intestine (44). In such indi-
viduals, relatively minor fluctuations in gastric emptying 
rate can significantly disrupt PD control. There is some 
evidence that prokinetic medications may help to smooth 
control in these patients (37, 45).

It is surprising that the true status of gastric neuro-
muscular function in PD remains unclear and that there 
have been few if any appropriately performed studies of 
any parameter of gastric motor function in this patient 
population. Those that have been performed have either 
not employed appropriate controls or have failed to correct 
for the possible influence of dopaminergic medications. A 
study using the noninvasive technique of electrogastrogra-
phy also indicated that gastric motility may be disturbed 
in PD, irrespective of dopaminergic therapy (46). Subse-
quent studies failed, however, to find this noninvasive 
approach a useful predictor of symptoms (47, 48). Fur-
ther studies are clearly needed.

Although delayed small bowel transit (49) as well 
as severe disruption of small intestinal motility, resulting 
in pseudo-obstruction and ileus, have been reported in 
PD, we know very little regarding small bowel motility 
in this disease.

CONSTIPATION, DIFFICULT DEFECATION, 
AND COLONIC AND ANORECTAL FUNCTION

Constipation and difficult defecation are the most com-
mon gastrointestinal symptoms among patients with 
established PD (19). Symptom assessments and formal 
tests of colonic and anorectal function suggest that both 
delayed colonic transit (i.e., abnormal motility of the 
colon) and defecatory dysfunction (i.e., dysco-ordinate 
activity in the pelvic floor and sphincter muscles) contrib-
ute to symptom development (19, 50, 51). Furthermore, 
many patients exhibit features of both abnormalities. 
Slow-transit constipation may progress to megacolon 
and even fatal perforation.

Formal studies of the defecatory mechanism in these 
patients suggest that an inability to relax the puborec-
talis muscle on straining, and thereby “straighten out” 
the anal canal to facilitate defecation, is a common and 
important contributing feature (21, 50, 52). A failure to 
generate sufficient abdominal pressure on straining (50) will 
contribute to ineffective defecation and lead to increased 
postdefecatory residuals. Direct electromyographic 

recordings from the sphincter muscles in affected patients 
have demonstrated that, although the function of the 
internal anal sphincter is preserved, the external sphincter, 
puborectalis, and levator ani muscles are stimulated and 
may “paradoxically” contract as the patient attempts to 
defecate (53–55). These abnormalities appear similar to 
those described in the urinary tract in PD.

THE PATHOPHYSIOLOGY OF 
GASTROINTESTINAL DYSFUNCTION 

IN PARKINSON’S DISEASE: AVAILABLE 
EVIDENCE AND FUTURE PROSPECTS

In the past, gastrointestinal symptoms in PD were largely 
ascribed to side effects of antiparkinsonian medications, 
inactivity, and dietary changes. It now appears unlikely 
that, apart from inducing nausea and vomiting, dopami-
nergic medications have a central role in the pathogenesis 
of gastrointestinal dysfunction in PD. The balance of evi-
dence now suggests that most gastrointestinal symptoms 
reflect the direct involvement of parts of the gastroin-
testinal tract or their central control mechanisms by the 
primary disease process. Dysphagia resulting from lin-
gual tremor or impaired opening of the upper esophageal 
sphincter and obstructive defecation consequent upon an 
impaired puborectalis response to straining appear to be 
based on disturbances in skeletal muscle function analo-
gous to other, better recognized manifestations of this dis-
ease process. Some (19, 40) but by no means all (31, 35, 
43, 51) studies were able to correlate the prevalence and 
severity of these symptoms to the severity and duration of 
disease and to parallel disease activity in those with promi-
nent “on”-“off” fluctuations (19, 43, 47). Furthermore, 
the response of these symptoms to dopaminergic therapy 
has been either disappointing or entirely absent (25, 56). 
The basis for this paradox remains unexplained.

Skeletal muscle involvement cannot explain gastro-
intestinal symptoms originating from most of the gas-
trointestinal tract, lined as it is by smooth muscle and 
controlled by the enteric and autonomic nervous systems. 
Autonomic dysfunction could certainly play a role, given 
its prevalence in PD and its prominence in some PD-related 
syndromes such as the Shy-Drager syndrome. Relation-
ships between autonomic dysfunction and gastrointestinal 
dysfunction in PD have not been examined directly.

Evidence has accumulated to suggest a more direct 
involvement of the gastrointestinal tract in PD. Lewy bod-
ies have been identified in autonomic neurons supplying 
the gastrointestinal tract (57) as well as in the enteric ner-
vous system (ENS) of the esophagus and colon (58, 59). 
Furthermore, Singaram and colleagues have documented
severe depletion of dopaminergic neurons in the colon in a 
small number of patients with PD and severe constipation 
(60). Further studies are needed to delineate the extent of 
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dopamine depletion in the ENS and to define its relation-
ship to symptoms and motor dysfunction in affected PD 
patients. It is tempting to speculate that further studies 
of the ENS may provide valuable insights into the basic 
mechanisms of disease initiation and progression in PD. 
The ENS could serve as a window to the central nervous 
system (61).

The gastrointestinal tract has also been implicated in 
a theory pointing to infection in the etiology of PD (62), 
noting the detection of Lewy bodies in the dorsal motor 
nucleus of the vagus (DMV) prior to their appearance in the 
substantia nigra, Braak postulated the retrograde transport 
of an infectious agent from the intestine to the central ner-
vous system. In support of this hypothesis, the same group 
went on to document the parallel occurrence of �-synuclein 
intranuclear inclusions, analogous to those that define 
Lewy bodies in the central nervous system, in neurons of 
both Meissner’s and Auerbach’s plexus from the stomach; 
all patients studied had inclusions in the DMV and ENS; 
only those with more advanced disease had inclusions in
the substantia nigra, mesocortex or neocortex (63). 
Others have proposed an association with Helicobacter
infection, either active or past (64–67); although eradi-
cation of this organism has been reported to result in 
symptomatic improvement, this may relate to improved 
dopaminergic absorption (68) rather than to a direct effect 
on the disease process per se.

MANAGEMENT OF GASTOINTESTINAL 
COMPLICATIONS IN PARKINSON’S DISEASE

Few studies have directly addressed the therapy of gastro-
intestinal symptoms in PD. Those that have examined the 
symptomatic response to dopaminergic therapy among 
PD patients with dysphagia have produced disappoint-
ing results. For patients with dysphagia, emphasis must 
be placed, in the first instance, on maneuvers designed 
to promote efficient deglutition and minimize the risk 
of aspiration. If aspiration has occurred and is likely to 
recur, alternate routes of nutrition may need to be con-
sidered. Although a percutaneous, endoscopically placed 
gastrostomy (PEG) may provide an acceptable and safe 
alternative route for the provision of nutrients and will 
avoid the need for intravenous access and total parenteral 
nutrition, it is equally important to recognize that this 
approach will not prevent aspiration and could promote 
aspiration in the patient with gastroparesis or gastro-
esophageal reflux disease. If aspiration is to be avoided in 
this situation, more distal access routes, such as a jejunos-
tomy, must be employed. A variety of nonpharmacologic 
approaches and maneuvers have been recommended for 
the management of oropharyngeal dysphagia in PD; none 
has been subjected to a randomized controlled clinical 
trial (69). With respect to sialorrhea, however, a recent 

randomized controlled study reported good results fol-
lowing the direct injection of botulinum toxin into the 
parotid and submandibular glands (70).

Nausea and vomiting may present a formidable 
therapeutic challenge in PD. Metoclopramide and phe-
nothiazines should not be used because of their pro-
pensity to cause or exacerbate parkinsonian symptoms. 
Cisapride, a prokinetic devoid of a central antiemetic 
action, may accelerate gastric emptying but has not been 
shown to alleviate nausea and vomiting in this patient 
population; in any case, it has been withdrawn from most 
countries because of concerns regarding possible cardiac 
toxicity. The peripheral dopamine antagonist domperi-
done, which is not available in the United States, would 
appear to be the ideal alternative given that it does not 
cross the blood-brain barrier, yet it is both an antiemetic 
and a prokinetic. Limited studies support its efficacy, 
not only as an antiemetic but also as a useful adjunct to 
dopaminergic therapy in those who may be experiencing 
impaired delivery of dopaminergic medications to the 
intestine (37, 38). In patients experiencing nausea and 
vomiting from levodopa, the use of additional carbidopa 
(Lodosyn) can be helpful. Tablets contain 25 mg of car-
bidopa, and one tablet with each levodopa dose may be 
sufficient to alleviate these adverse symptoms.

The management of constipation and difficult def-
ecation begins with the exclusion of other causes of these 
symptoms, particularly depression. Given the increased 
prevalence of depression among patients with PD and the 
frequency with which elderly patients with depression 
present with lower gastrointestinal symptoms, this disor-
der needs to be considered and sought for. The manage-
ment of constipation can often prove difficult. Although 
simple measures, such as increasing fluid intake and the 
ingestion of dietary fiber (71), may prove helpful in some 
patients, many continue to be symptomatic; some, espe-
cially those with difficult defecation, are poorly tolerant 
of conventional laxative approaches. Few therapeutic 
strategies have been subjected to formal clinical trials in 
the PD patient with constipation. There are limited data 
to suggest efficacy for psyllium (72) and cisapride (73, 
74) in those with slow-transit constipation. Newer proki-
netics, such as tegaserod or mosapride, offer promise but 
have not been widely investigated in PD (75). Short-term 
studies in a small number of patients provide some evi-
dence that the potent dopaminergic agent apomorphine 
may improve anorectal and pelvic floor co-ordination 
and promote evacuation (76). A similar approach has 
been adopted among PD patients with problems with 
micturition. One approach that we have found help-
ful is the use of polyethylene glycol–based solutions as 
laxatives. These agents, commonly used in large volume 
for bowel cleansing prior to barium enema studies and 
colonoscopy, are administered on a daily basis in much 
smaller volumes and increased until a regular soft stool 
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is obtained (77). This approach is generally well toler-
ated and is usually not complicated by the distention 
and bloating associated with many osmotic agents. It is 
important to emphasize that, in the patient with severe 
constipation, considerable emphasis must be placed on 
achieving regular evacuation by whatever means. In this 
way silent progression to impaction, megacolon, and 
perforation may be avoided (78–81).

In non-PD patients with disturbed defecation and 
similar abnormalities in anal sphincter/pelvic floor coor-
dination, biofeedback has proved effective. This strat-
egy has not been assessed in PD and may be difficult to 
achieve, given the prevalence of cognitive dysfunction 
and significant physical impairment associated with this 
disease. In one small study, the injection of botulinum 
toxin into the puborectalis muscle resulted in improved 
defecatory function in 10 of 18 PD patients with outlet-
type constipation (82).

CONCLUSION

Gastrointestinal symptoms are common in patients with 
established PD, may precede the appearance of overt neu-
rologic symptoms, and may represent a major challenge to 

the patient, family, and health care providers. The nature 
of the gastrointestinal symptoms truly associated with PD 
has been considerably clarified and the prominence of 
disturbed swallowing and difficult defecation has become 
ever more evident (84). Although many descriptive stud-
ies attest to the frequency and implications of gastrointes-
tinal dysfunction in PD, the precise pathogenesis of these 
symptoms remains to be clearly elucidated; the balance 
of evidence currently supports the direct involvement of 
the gastrointestinal tract by the PD process. However, 
correlations between tests of gastrointestinal function 
and PD severity and even gastrointestinal symptom-
atology are often tenuous, and these symptoms rarely 
respond to dopaminergic agents. Nevertheless, studies 
suggesting the direct involvement of the ENS by the PD 
process are particularly intriguing. There are few trials 
of any therapeutic modality in the management of the 
PD patient with gastrointestinal symptoms, and therapy 
remains largely empiric. Further studies are urgently 
required. In the meantime, the clinician should remain 
alert to the importance of gastrointestinal dysfunction in 
this common degenerative neurologic disease and should 
be aware of relatively simple management strategies that 
may serve to avoid complications and significantly allevi-
ate distress.
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Autonomic Dysfunction

s understanding of Lewy body 
pathology evolves, it is becoming 
clear that Parkinson’s disease (PD) 
should no longer be conceptual-

ized as a disorder involving primarily motor pathways 
and secondarily other aspects of neural function. The 
major manifestations of this disorder in any individual 
are simply a function of the neuraxis localization of the 
Lewy body, which may involve the substantia nigra, the 
central and possibly peripheral autonomic centers, and 
the cortex. The observation that a sleep disorder pre-
cedes the onset of motor manifestations in some patients 
(1) and that autonomic dysfunction may come earlier 
underlines this view. It may be more useful to consider 
this disorder as a triad of dysautonomia/dyssomnia, 
motor dysfunction, and dementia and to assume that 
every patient will harbor some element of each, under-
standing that in individual patients one or more of these 
elements may well be imperceptible. It is my experience 
that (nonsleep) dysautonomia commonly precedes motor 
manifestations, although no epidemiologic studies have 
quantified this occurrence. The purpose of this chapter 
is to review the epidemiology, pathophysiology, diag-
nosis, and management of autonomic disturbances in 
Parkinson’s disease.

Thomas C. Chelimsky

IS DYSAUTONOMIA COMMON IN 
PARKINSON’S DISEASE?

Autonomic dysfunction is more prevalent in PD than 
commonly assumed. The exact prevalence of these disor-
ders is difficult to determine owing to uncertainties in the 
measurement of the abnormality and in the attribution 
to the disease process. As an example of measurement 
uncertainty, one might assume that orthostatic hypoten-
sion (OH) would be fairly easy to detect through a simple 
set of vital signs performed in 2 positions. However, our 
findings (2) demonstrate that accurate detection required 
a tilt-table test rather than a simple stand, and major 
blood pressure drops may not occur until after 10 to 15 
minutes in the upright position (3). Placing every patient 
with PD on a tilt table involves more cost and effort than 
a simple measurement of lying and standing vital signs 
and may mean that OH goes undetected. This becomes 
problematic given that patients with severe OH may 
report no symptoms at all until they experience a fall 
or an episode of syncope. Uncertain disease attribution 
occurs, for example, with bladder dysfunction, which is 
very common in both men and women in this age group 
without PD related, respectively, to prostatic hypertrophy 
and prior child delivery issues.

A
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Nonetheless, a fair estimate of the prevalence of auto-
nomic symptoms found a clinically significant impact on 
daily life (“a lot” or “very much”) in 50% of 141 patients 
with PD. The major symptoms affecting PD patients “a 
lot” or “very much” were constipaton (PD vs. control 
41% vs. 8%), orthostatic symptoms (53% vs. 0%), and 
bladder dysfunction (54% vs. 17%) (4). Another study 
using a 9-item questionnaire on 532 patients with PD 
detected a prevalence of constipation in 58%, orthostatic 
symptoms in 22%, and urinary dysfunction in 23% (5). 
This study excluded patients with Lewy body dementia 
and may have evaluated a population with more nar-
row motor-only PD. Surprisingly, this study found no 
correlation between duration of illness and severity of 
symptoms. Age and the presence of hypertension were 
the major predictors. This is not the only study to report 
this curious finding, which emphasizes the need to ade-
quately evaluate patients for problems related to auto-
nomic nervous system failure at every stage of the disease. 
OH may even precede the onset of motor symptoms by 
several years (1) and occurs in about 15% of patients at 
the onset of PD (6).

The combination of the higher than expected preva-
lence of OH in patients with PD, the difficulty in iden-
tifying OH by a simple standing pressure, and patients’ 
nonreporting of symptoms typical of orthostasis—such as 
light-headedness or fainting—suggests that OH may result 
in a large burden of occult morbidity in this population. 
No study has directly examined how frequently major OH 
(e.g., drop to a systolic pressure of 70 mm Hg) occurs in 
the absence of patient awareness, but this is not an uncom-
mon occurrence. Patients may simply report a fall. In one 
study of a catchment area of 180,000 patients, falls were 
the most common reason for admission (44 admissions) 
for 367 patients with PD over a 4-year period (7). Even 
patients without PD who fall have OH about one-quarter 
of the time (8) and half of cognitively normal individuals 
may not recall a faint that occurred 3 months earlier (9).

WHAT IS THE ETIOLOGY OF 
DYSAUTONOMIA IN PARKINSON’S DISEASE?

While one might have assumed that the origin of auto-
nomic failure in PD is due to central nervous system fail-
ure in parallel with other parkinsonian disorders such as 
multiple system atrophy (MSA), this does not appear to 
be the case. Early studies found predominant involvement 
of sympathetic ganglia with Lewy bodies (10). A very 
extensive postmortem examination of the entire nervous 
system in patients with PD found Lewy body involvement 
in both central (hypothalamus, intermediolateral cell 
horn throughout the cord, vagal nuclei) and confirmed 
peripheral involvement in the sympathetic ganglia, enteric 
nervous system, and peripheral plexuses (11).

Growing evidence suggests that the predominant 
site of failure is the peripheral adrenergic system, with 
central nervous system involvement being much less clini-
cally meaningful. There is, for example, no reduction in 
patients with PD compared to controls in the number 
of tyrosine hydroxylase–positive neurons in the rostral 
ventrolateral medulla, the primary brainstem nucleus 
for control of sympathetic pressor outflow (12). This 
contrasts sharply with the situation for MSA , where 
the authors found devastation of this nucleus. Cardiac 
radionuclide imaging provides another line of evidence 
suggesting peripheral nervous system involvement in PD. 
The heart is denervated early, even before autonomic test-
ing becomes abnormal (13, 14). In addition, as baroreflex 
function deteriorates, cardiac denervation is much more 
prominent in PD than in MSA, where it remains almost 
normal (15). Radioactive fluorodopamine studies show 
similar results (16). These findings occur whether PD is 
sporadic or inherited (at least in the case of excess alpha-
synuclein production) (17), suggesting that peripheral 
autonomic denervation is a common property inherent 
to the pathophysiology of PD regardless of the underly-
ing etiology.

WHAT TESTS ARE USEFUL TO 
ASSESS AUTONOMIC FUNCTION IN 

PARKINSON’S DISEASE?

Patients with PD may present with a large number of 
complaints, some nonspecific, that suggest the presence of 
autonomic dysfunction. Common presentations include 
fatigue, falls, constipation, urinary urgency or dribbling, 
excessive sweating, or intolerance to hot environments. 
For unclear reasons, patients will seldom use the words 
“dizzy” or “light-headed” even in the presence of a severe 
drop in blood pressure. The first step in the evaluation 
process is to define the presence and degree of severity 
of autonomic dysfunction and whether there is occult 
OH . If formal autonomic testing is not available, then 
a tilt table test can provide the most critical information 
required for management.

Autonomic testing in most neurology labs involves 
3 tests of cardiovascular autonomic function, and 1 or 
2 tests of sudomotor sympathetic function. The tests of car-
diovascular autonomic function establish which branches 
of the autonomic nervous system are affected (afferent, 
efferent sympathetic, efferent parasympathetic), while the 
tests of sweating localize any lesions in the neuraxis. The 
three most commonly performed cardiovascular studies 
are the cardiac response to deep breathing, the cardiac 
and vascular responses to the Valsava maneuver, and the 
cardiac and vascular responses to a 70-degree tilt table.

The cardiac response to deep breathing requires the 
subject to take 6 deep breaths in 1 minute (a 5-second deep 
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breath in followed by a 5-second breath out) while heart 
rate is recorded. In normal individuals, the heart acceler-
ates during inspiration and decelerates during expiration, 
presumably to fill the capacitance of the pulmonary bed 
that increases from 100 to about 400 mL as a result of 
full pulmonary expansion. The difference between the 
peak heart rate during inspiration and the trough heart 
rate during the ensuing expiration is averaged for the 
5 best breaths and compared to age-based norms, which 
vary from a difference of about 25 beats per minute at 
age 12 to 5 beats per minute at age 80. As detailed in 
Table 11-1, this reflex requires both afferent and efferent 
signals that travel through the vagus nerve and is con-
sidered to be a test of cardiac parasympathetic function 
almost exclusively. It is one of the first cardiovascular 
autonomic abnormalities encountered in diabetic auto-
nomic neuropathy (18), perhaps because of the length 
of the vagus and the length-dependent involvement of 
autonomic nerves in peripheral disorders. The timing of 
its appearance and prognostic implication has not been 
so clearly delineated in PD.

The cardiovascular response to the Valsalva maneu-
ver provides a small window view of nearly the entire range 
of autonomic cardiovascular control. For 15 seconds, the 
patient holds 40 mm Hg with the mouth against a mercury 
column connected to a mouthpiece with a small air leak, 
preventing closure of the glottis. The pressure is trans-
lated into the intrathoracic cavity, essentially producing 
a sudden 40–mm Hg positive gradient or “dam” against 
which venous blood must still return. In humans venous 
return is facilitated by a very low intrathoracic pressure, 
usually between 5 and 10 mm Hg, and an increase to 
40 mm Hg constitutes a hefty increase to be overcome. 
The cardiovascular system normally responds to this 
challenge through dramatic vasoconstriction accompa-
nied by cardioacceleration (termed “phase II”). When 
the subject releases pressure after 15 seconds, a large 
volume of blood surges from the suddenly “undammed” 
venous pool, resulting in a bradycardia and vasodilation 
(termed “phase IV”). The maneuver is read as the ratio 
of the highest heart rate attained in phase II to the lowest 
attained in phase IV. Reduction in this ratio may result 
from either cardiac sympathetic or cardiac parasympa-
thetic denervation, and the individual heart rates of each 
phase require perusal.

Although it is the simplest test of autonomic func-
tion from a mechanical perspective, the tilt-table test is 
probably the most complex to interpret. After blood pres-
sure and heart rate have been recorded for 3 minutes 
in the supine position, the table is raised to a standing 
angle, usually around 70 degrees, while vital sign record-
ing continues. A prolonged recording of around 30 to 
40 minutes will clearly increase the yield of detection 
of significant OH (3) and is especially important in this 
population. In our lab, we perform a 30-minute tilt if 

the patient complains of dizziness or other potentially 
orthostatic problems without having lost consciousness 
or fallen and 40 minutes if they have ever lost conscious-
ness or fallen.

Several rapid compensatory changes work during 
standing to maintain blood flow to the brain against grav-
ity. It is easiest to conceptualize these events according to 
the physiology of a pump, considering (a) a preload or 
capacitance group, including the status of the venous sys-
tem and available volume for venous return; (b) changes in 
the heart, the pump itself; and (c) an afterload or resistance 
group, relating mainly to arterial tone. The 3 cardiovascu-
lar vital signs bear a rough relation to each of these, with 
systolic pressure reflecting cardiac output and therefore the 
(a) preload factors, assuming a normal pump; while the 
heart rate reflects (b) activity and autonomic influence on 
the pump itself; and diastolic pressure is a manifestation
of (c) arterioconstriction. 

Standing triggers afferent information to flow from 
2 main sources: the motor cortex communicates the intent 
to stand while the atrial low-pressure baroreceptor senses 
and conveys the resultant reduction in venous return to the 
right atrium. Upon receipt of this message, the integrating 
centers, the lateral catecholaminergic brainstem groups 
and the nucleus tractus solitarius, activate sympathetic 
fibers to produce vasoconstriction and cardioacceleration 
and also reduce cardiac parasympathetic flow from the 
dorsal motor nucleus of the vagus. The normal result is 
a slight drop (� 10 mm Hg) in systolic pressure, a slight 
increase in diastolic pressure (� 5 mm Hg), and a mild 
acceleration in heart rate (� 20 beats per minute). Due 
to the passive nature of the stimulus, a tilt study differs 
from standing in 2 main respects: premotor cortex has no 
opportunity to send the signal of intent to stand, and the 
active calf muscle pump cannot aid venous return. The 
tilt is therefore more likely to demonstrate an orthostatic 
deficit than is a simple stand.

Interpretation of the tilt study is based on distinc-
tion of three common patterns. In OH (the first graph in 
Figure 11-1), there is a gradual decline in both systolic 
and diastolic pressures with or without a compensatory 
increase in heart rate. This is the pattern most commonly 
encountered in PD. Blood pressure may not drop imme-
diately; an extended study may be required to uncover 
more subtle abnormalities (3). The second pattern is that 
of a postural tachycardia syndrome (POTS) (the second 
graph in Figure 11-1), defined as an increase of 30 beats 
per minute or greater in heart rate in the first 10 minutes
of the tilt study in the absence of sustained OH. In con-
trast to OH, which primarily reflects an inadequate sig-
nal for arterial constriction, POTS is generally thought 
to represent a loss of venous return to due venomo-
tor impairment. It is rarely seen in PD and occurs most 
often younger women with secondary dysautonomias 
such as migraine headache, irritable bowel syndrome, 



II • CLINICAL PRESENTATION110
TA

B
LE

 1
1

-1
Te

st
s 

of
 A

ut
on

om
ic

 F
un

ct
io

n 

A
U

T
O

N
O

M
IC

 T
E

S
T
 

S
T

IM
U

LU
S
 

A
F
F
E

R
E

N
T
 S

IG
N

A
L 

IN
T

E
G

R
A

T
IN

G
 C

E
N

T
E

R
 

E
F
F
E

R
E

N
T
 S

IG
N

A
L 

R
E

S
P

O
N

S
E

C
ar

di
ac

 r
es

po
ns

e 
to

 d
ee

p 
br

ea
th

in
g

V
al

sa
lv

a 
m

an
eu

ve
r

Ti
lt-

ta
bl

e 
te

st

Su
do

-m
ot

or
 a

xo
n 

re
fle

x 
te

st

Th
er

m
o-

re
gu

la
to

ry
 

sw
ea

t t
es

t

Si
x 

de
ep

 b
re

at
hs

 p
er

 
m

in
ut

e

H
ol

d 
40

 m
m

 H
g 

pr
es

su
re

 th
ro

ug
h 

m
ou

th
 w

ith
 o

pe
n 

gl
ot

tis
 fo

r 
15

 s

P
at

ie
nt

 s
up

in
e 

fo
r 

3 
m

in
, t

he
n 

pa
s-

si
ve

ly
 ti

lte
d 

up
 to

 
70

 d
eg

re
es

2 
m

A
 fo

r 
5 

m
in

 
ac

ro
ss

 a
 1

0%
 A

C
h 

so
lu

tio
n 

in
 o

ut
er

 
of

 2
-c

ha
m

be
r 

ca
ps

ul
e

P
er

so
n 

pl
ac

ed
 in

 
50

°C
, 5

0%
 h

um
id

-
ity

 fo
r 

30
 m

in
 w

ith
 

al
iz

ar
in

 R
ed

 S
 

in
di

ca
to

r 
po

w
de

r 
ap

pl
ie

d 
to

 th
e 

sk
in

P
ul

m
on

ar
y 

st
re

tc
h 

J-
re

ce
pt

or
s 

th
ro

ug
h 

va
gu

s 
ne

rv
e

Lo
w

-p
re

ss
ur

e 
at

ri
al

 
ba

ro
re

ce
pt

or
s

th
ro

ug
h 

va
gu

s

Lo
w

-p
re

ss
ur

e 
at

ri
al

 
ba

ro
re

ce
pt

or
s

th
ro

ug
h 

va
gu

s

Su
do

m
ot

or
 a

xo
n

Te
m

pe
ra

tu
re

 s
en

-
so

rs
 in

 th
e 

an
te

ri
or

 
hy

po
th

al
am

us
 a

nd
 

pe
ri

ph
er

al
 v

ei
ns

N
uc

le
us

 tr
ac

tu
s 

so
lit

ar
iu

s

N
uc

le
us

 tr
ac

tu
s 

so
lit

ar
iu

s

N
uc

le
us

 tr
ac

tu
s 

so
lit

ar
iu

s

N
on

e

A
nt

er
io

r
hy

po
th

al
am

us

D
or

sa
l m

ot
or

 n
uc

le
us

 o
f 

th
e 

va
gu

s 
(D

M
N

X
) 

to
 

va
gu

s 
ne

rv
e

P
ha

se
 I

I:
1.

In
hi

bi
tio

n 
of

 D
M

N
X

 
to

 H
R

2.
E

xc
it

at
io

n
 o

f 
ca

te
ch

ol
-

am
in

er
gi

c 
ce

ll 
gr

ou
ps

 in
 

th
e 

ve
n

tr
ol

at
er

al
 m

ed
u

lla
 

to
 d

es
ce

n
di

n
g 

sy
m

pa
-

th
et

ic
s 

ex
it

in
g 

at
 T

1 
to

 
va

so
co

n
st

ri
ct

H
R

 
P

ha
se

 I
V:

R
ev

er
se

 o
f 1

 a
nd

 2

1)
In

hi
bi

tio
n 

of
 D

M
N

X
 to

 
 H

R
2)

E
xc

ita
tio

n 
of

 c
at

ec
ho

l-
am

in
er

gi
c 

ce
ll 

gr
ou

ps
 in

 
th

e 
ve

nt
ro

la
te

ra
l m

ed
ul

la
 

to
 d

es
ce

nd
in

g 
sy

m
pa

th
et

-
ic

s 
ex

iti
ng

 a
t T

1 
to

 
va

so
co

ns
tr

ic
t

Su
do

m
ot

or
 a

xo
n 

(t
hi

s 
is

 a
n 

ax
on

 r
ef

le
x)

D
es

ce
nd

in
g 

pr
oj

ec
tio

ns
 fr

om
 

an
te

ri
or

 a
nd

 la
te

ra
l h

yp
o-

th
al

am
us

 to
 in

te
rm

ed
io

la
t-

er
al

 c
el

l h
or

n 
(n

eu
ro

n 
1)

, 
fo

llo
w

ed
 b

y 
pr

eg
an

gl
io

ni
c 

sp
in

al
 n

eu
ro

ns
 w

hi
ch

 
sy

na
ps

e 
1-

1 
on

 p
os

tg
an

gl
i-

on
ic

 s
ud

om
ot

or
 a

xo
ns

C
ar

di
oa

cc
el

er
at

io
n 

du
ri

ng
 

in
sp

ir
at

io
n

P
ha

se
 I

I:
C

ar
di

oa
cc

el
er

at
io

n 
an

d 
na

rr
ow

ed
 p

ul
se

 p
re

ss
ur

e 

P
ha

se
 I

V:
C

ar
di

od
ec

el
er

at
io

n 
an

d 
w

id
en

ed
 p

ul
se

 p
re

ss
ur

e

M
ild

 in
cr

ea
se

 in
 h

ea
rt

 r
at

e 
of

 5
–1

0 
be

at
s 

pe
r 

m
in

ut
e,

 
w

ith
 m

ild
 r

ed
uc

tio
n 

in
 

sy
st

ol
ic

 p
re

ss
ur

e 
5–

10
 

m
m

 H
g,

 a
nd

 m
ild

 in
cr

ea
se

 
in

 d
ia

st
ol

ic
 p

re
ss

ur
e 

of
 

5–
10

 m
m

 H
g

Sw
ea

t r
at

e 
m

ea
su

re
d 

fr
om

 in
ne

r 
ch

am
be

r 
of

 2
-c

ha
m

be
r 

ca
ps

ul
e 

ap
pl

ie
d 

to
 s

ki
n

G
eo

gr
ap

hi
c 

ar
ea

 o
f s

w
ea

t-
in

g 
on

 s
ki

n 
an

d 
sw

ea
t r

at
e 

qu
an

tit
at

io
n 

of
 s

w
ea

t r
at

es



11 • AUTONOMIC DYSFUNCTION 111

or fibromyalgia. Occasionally, it occurs as a harbinger of 
orthostatic insufficiency in PD and may reflect venomotor 
(rather than arteriomotor) denervation.

The last pattern (the third graph in Figure 11-1) 
depicts reflex syncope where pressure drops rapidly to 
undetectable levels, often associated with a drop in heart 
rate. A propensity to syncope may be present in half the 
population (19). Such a pattern may occur in isolation, 
but is so common that it is frequently superimposed on 
OH or POTS or may have been an occult propensity 
throughout the patient’s life and only became manifest 
with the appearance of PD. This is relevant to the man-
agement of syncope in patients with OH and PD, who 

may require agents that prevent syncope in addition to 
those that increase pressure.

The tests of sweating provide helpful informa-
tion regarding the neuraxis localization of a pathologic 
process. The quantitative sudomotor axon reflex test 
(20) specifically tests the integrity of the postganglionic 
sudomotor axon and is the primary test of peripheral 
autonomic nervous system function. It is performed by 
iontopheresis of 10% acetylcholine (Ach) across the skin 
for 10 minutes in the outer chamber of a dual concentric 
chamber capsule, while the consequent sweat output is 
recorded from the inner chamber (see Figure 11-1). 

In contrast, the thermoregulatory sweat test pro-
vides information regarding the entire sudomotor system, 
including afferent thermal sensing, brainstem integration, 
and efferent pathways comprising a first-order neuron 
from the anterior hypothalamus to the intermediolateral 
(IML) cell horn, a second-order neuron from the IML to 
a sympathetic ganglion, and the final third-order neuron, 
the postganglionic axon, the one tested by the Quantita-
tive Sudomotor Axon Reflex Test QSART. These two tests 
localize the neuraxis lesion, as shown in Table 11-2.

The thermoregulatory sweat test will generally dem-
onstrate loss of sweating in a distal distribution (hands 
and feet) in a process involving the peripheral autonomic 
nerves, whereas it may show a “central pattern” with pres-
ervation in the hands and feet and loss elsewhere when 
the central nervous system is involved. However, this is 
only relative, as previously reported (Figure 11-2); other 
patients have a peripheral pattern. Further, autonomic test-
ing is incapable of distinguishing MSA from PD (21).

In attempting to distinguish these two disorders, the 
test with the best evidence-based track record is radionuclide 
imaging of the noradrenergic terminals in the heart using 
[123I]-metaiodobenzylguanidine (123I-MIBG) or 6-[18-F]-
fluorodopamine (22, 23). PD patients demonstrate near total 
loss of noradrenergic terminals, likely related to the presence 
of Lewy bodies in sympathetic ganglia and the production 
of a postganglionic lesion, while MSA patients consistently 
demonstrate preservation of postganglionic innervation.

Pupillometry will often show abnormalities of either 
sympathetic or parasympathetic function, providing infor-
mation potentially useful specific to an individual patient. 

0

20

40

60

80

100

120

140

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (minutes)

M
ea

n
 B

P
/ H

R

OH BP

OH HR
Tilt Up Recline

0

20

40

60

80

100

120

140

Time (minutes)

M
ea

n
  B

P
/H

R

POTS BP

POTS HRTilt Up Recline

1 3 5 7 9 11 13 15

0

20

40

60

80

100

120

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (minutes)

M
ea

n
 B

P
/H

R

VDS BP

VDS HR

Tilt Up Recline

FIGURE 11-1

(A) 90 Degree tilt table in OH, (B) 90 degree tilt table in POTS, 
and (C) 90 degree tilt table in VDS,

TABLE 11-2
Localization of Neuraxis Pathophysiology via 

Sweat Tests

TEST PNS (POSTGANGLIONIC LESION) CNS

QSART Reduced response Normal
TST Reduced in hands and feet Inverted

QSART � quantative sudomotor avon reflex test.
TST � thermoregulatory sweat test.
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Although abnormalities are more prevalent in peripheral 
disorders, no pattern has been shown to consistently distin-
guish different entities (24). A report suggests that the dif-
ference between the response to instillation of cocaine and 
that to instillation of phenylephrine may have some value in 
distinguishing PD from MSA. In this report, patients were 
distinguished on the basis of MIBG scan results. PD patients 
with a primarily postganglionic pathology, demonstrated 
a greater response to phenylephrine (supersensitivity) and 
less response to a block of norepinephrine reuptake. Just 
the opposite held true for patients with MSA. A difference 
of � 1 mm between the two responses was consistent with 
a diagnosis of PD (25).

WHY OBTAIN AUTONOMIC TESTING?

Autonomic testing in PD has great utility. Probably its 
greatest usefulness is in the patient who falls. It is criti-
cal to understand that patients with PD who fall often 

have no cognitive awareness that they have an ortho-
static drop in pressure and may not even realize that 
they are fainting until an observer provides this infor-
mation. Thirty percent of cognitively normal patients 
above 70 years of age do not recall a fall witnessed 
3 months earlier (26). Further, we found in our labora-
tory that almost half of those patients with profound 
OH (� 100 mm Hg drop in systolic pressure during 
tilt) have no recognizable orthostatic symptoms, and 
the remainder developed symptoms only very late in 
the study when pressure had dropped below 80/50 and 
they were nearly syncopal. In this patient population, 
orthostatic symptoms may not occur at all (let alone be 
recalled accurately). For these reasons, clinicians should 
employ a very low threshold for ordering autonomic 
testing (especially the tilt portion) in patients with PD 
or MSA.

A second reason to obtain autonomic testing is to 
exclude an occult superimposed (potentially treatable) 
peripheral autonomic disorder. Although axon reflex 

FIGURE 11-2

Thermoregulatory sweat tests in PD and MSA (21).
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testing may be reduced in disorders involving the central
nervous system (21, 27) and despite the fact that sympa-
thetic ganglia contain Lewy bodies, it is unusual to see a 
total absence of sudomotor axon reflex responses in PD; 
such a finding usually signals another concomitant disorder, 
such as an immune etiology or B12 deficiency. During the 
last 4 years, we examined 4 patients with a parkinsonian 
syndrome and severe OH whose pressure nearly normalized 
after treatment with intravenous immunoglobulin. This 
response is presumably due to the presence of an under-
lying autonomic neuropathy indicated by the dispropor-
tionately low axon reflex responses. Finally, the presence 
of autonomic dysfunction signals a poorer prognosis and 
may indicate the need for earlier intervention.

TREATMENT OF AUTONOMIC DYSFUNCTION

Orthostasis

Orthostatic hypotension is defined as a sustained drop of 
more than 20 mm Hg in systolic blood pressure or more 
than 10 mm Hg in diastolic (28). However, in patients with 
PD, there can be much deeper drops in pressure on standing 
(sometimes more than 100 mm Hg), so that the standing 
systolic pressure may barely reach 70 to 80 mm Hg while
the supine readings are either high (150/80) or very high 
(200/100). One can usually employ a stepwise approach 
beginning with nonpharmacologic methods and proceed-
ing to medications, depending on the magnitude of the 
problem and the response to treatment.

Establishing Clear Numeric and Symptomatic Goals

Prior to embarking on any treatment, the physician and 
patient must agree on specific goals. These will depend 
on the level of supine hypertension as well as the drop 
in blood pressure with standing. One attempts to keep 
the standing systolic high enough for reasonable continu-
ous function in the upright position for 15 to 30 minutes 
without allowing excessive supine pressures. A specific
functional goal should accompany this plan; for exam-
ple, shopping for so many minutes, doing the dishes, or 
gardening. For instance, in a patient who initially drops 
from 150/90 to 75/50 mm Hg over 5 minutes, one might 
aim for a standing systolic of 100 mm Hg for 15 to 
20 minutes. Lying pressures should generally not often 
exceed 175/100 mm Hg. One can prohibit lying flat during 
the time of maximum effect of some medications to aid in 
this goal. It is critical to have the patient actively partici-
pate with these goals. The patient may use an automated 
blood pressure cuff to take readings once a day lying (or
sitting only if supine pressures are too high) and standing 
about 1 hour after the morning medications. In addition, 
patients should measure the “standing time” along with 
the of vitals, defined as the amount of time they can stand 

without becoming severely light-headed or presyncopal. 
In patients who do not experience orthostatic symptoms, 
repeated pressure measurements must replace the sense 
of impending syncope.

Nonpharmacologic Methods

The cornerstone of nonpharmacologic treatment is 
dietary salt replacement. This can be done through high-
salt foods (e.g., pickles, anchovies, etc.) or through salt 
tablets available at many sport stores or pharmacies or on 
the Internet. Total daily supplemental requirements vary 
from 2 g to as much as 8 g per day or more. A 24-hour 
urine sodium greater than 170 meq indicates adequate 
supplementation.

High-pressure stockings combined with an abdomi-
nal binder provide a second excellent means of increasing 
pressure. For optimal benefit to occur, hose should be (1) 
custom-fitted, (2) a high-pressure type (40 to 50 mmHg), 
and (3) at least thigh high if used with an abdominal 
binder, otherwise of abdominal height with a zipper. 
Patients with PD who find dressing a challenge may like 
the shorter hose combined with a binder better than the 
abdominal height.

Conditioning exercises that involve the general 
musculature as well as the vascular smooth muscles sus-
tain and sometimes improve orthostatic endurance. A 
number of exercises and positions improve orthostatic 
tolerance at the time of their employment (29). Although 
the longer-term benefit of repeated performance of these 
exercises has not been demonstrated, we recommend that 
patients practice them twice per day. They include the 
following:

1. Crossed leg squeeze: While holding onto a chair for 
support, stand with the right leg crossed in front of 
left leg and squeeze the legs together for 45 seconds, 
then relax for 30 seconds. Repeat this set 3 times. This 
maneuver forces venous blood back into the thoracic 
cavity.

2. Toe raise: While raised up on the balls of your feet, 
contract your calf muscles for 10 seconds, then relax 
5 seconds. Repeat this cycle 10 times.

3. Squat: Transfer from standing to squat. Remain 
squatting for 1 minute. Then slowly rise to a stand-
ing position again. Repeat 3 times.

4. Sustained handgrip: With arms above heart level, 
flex the biceps muscles and make fists. Hold for 
15 seconds. Relax for 15 seconds. Repeat this cycle 
5 times.

5. Self-tilt (30): Repeat tilt-table tests are unreliable 
and tend to show improved orthostatic tolerance 
with each repetition of the test. Ector and his 
colleagues found that repeat tilting does in fact 
produce significant improvement in orthostatic 
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tolerance (30). We ask patients to perform this by 
themselves at home by leaning against a wall at 
about 70 degrees in a carpeted area with no sharp 
edges (in case of faint). They should begin at their 
usual standing time (see “establishing clear numeric 
goals” above, usually 3 to 10 minutes), perform 
the exercise twice daily, and attempt to increase by 
1 minute per week. They may combine this exercise 
with the measurement of orthostatic vital signs and 
of standing time.

The drinking of water profoundly affects blood pressure, 
raising it anywhere from 25 to 60 mm Hg almost imme-
diately and lasting about an hour (31). This response 
likely reflects a neural reflex, since intravenous admin-
istration of similar volumes of fluid is ineffective. The 
pathways for this reflex remain unknown. Perhaps affer-
ent vagal sensors signal stomach content to the nucleus 
tractus solitarius. Solutes such as salt or sugar reduce 
the impact of the reflex; the optimal stimulus is plain 
room temperature water. Volumes less than 16 ounces 
are less effective. From a practical perspective, this reflex 
provides an excellent window of pressure maintenance 
until medications or salt intake can take effect. Patients 
are advised to keep a large 16-oz glass of water at the 
bedside and to drink it immediately upon awakening in 
the morning or after a nap.

Both PD and OH lead to deconditioning due to loss 
of patient mobility and fear of fainting. Water jogging con-
stitutes an excellent environment for exercise in patients 
with OH because the pressure of the water on the lower 
extremities and abdomen increases venous return and 
enhances arterial pressure in a manner similar to high-
pressure hose. The water also provides an ideal resistive 
environment for strengthening and toning. Patients with 
PD and OH can exercise longer and more efficiently in 
this way. The water is also helpful for the treatment of 
low back pain, which is common. Ideally, patients go into 
water 5 ft deep and walk or jog for 20 minutes initially. 
This exercise time is gradually increased until they can 
do 45 minutes 3 times a week. Water jogging classes 
are often also available at fitness centers for people with 
arthritis.

Pharmacologic Methods

Pharmacologic approaches become necessary as ortho-
stasis worsens, and several approaches may be required 
simultaneously. Agents are listed here by their primary 
operative mechanism, though this is not always known.

Direct alpha adrenoceptor activation. Direct 
alpha-adrenergic stimulation constitutes an obvious tar-
get for increasing blood pressure and substituting for the 
gradual reduction in available norepinephrine secreted 
by the postganglionic sympathetic neurons. Midodrine 

is the cleanest of these agents (32). With a 4-hour dura-
tion of action, little penetration into the CNS, and rela-
tively pure alpha-1 adrenoreceptor agonist selectivity, it 
provides an ideal profile for increasing blood pressure. 
By prescribing it only when the patient is planning to be 
active, one may avert supine hypertension. In younger 
patients, one can dose it 3 times per day, upon arising, 
4 hours later, and 8 hours later to cover a 12-hour period. 
In older patients who take naps, dosing twice a day may 
provide more reasonable coverage, at 8 a.m. and 3 p.m., 
for example. Single-dose requirements vary from 1.25 to 
20 mg, depending on response. Blood pressure logs are of 
great help in adjusting doses for optimal effect. One can 
expect a 25- to 50-mm Hg pressure rise from best dose.

Pseudoephedrine is another alpha agonist, although 
it is much less selective, having some affinity for beta 
receptors (resulting in tachycardia) as well as possessing 
some ability to cross the blood-brain barrier and procuc-
ing CNS stimulation. It is useful primarily when mido-
drine cannot be utilized (e.g., drug allergy, cost).

Indirect activation of alpha-adrenergic receptors.
Several agents increase alpha-adrenergic activation through 
varying mechanisms. The theoretical advantage of these 
drugs over direct alpha-adrenergic agonists stems from 
the physiology of norepinephrine secretion. In the normal 
individual in the supine position, norepinephrine produc-
tion is absent, while this agent is secreted in large amounts
in the upright position, resulting in a doubling in venous 
effluent norepinephrine levels. Any drug that utilizes 
physiologic norepinephrine as a mediator of alpha-adre-
noceptor stimulation will lower supine hypertension due 
to its absence in the supine position. This benefit has been 
demonstrated with pyridostigmine, but it is only theoreti-
cal with the other agents. For example:

1. Blockade of norepinephrine reuptake through 
amphetamine-related agents, such as methylpheni-
date, which can effectively increase blood pressure, 
at doses similar to those used for attention deficit 
disorder. The newer nonselective reuptake inhibitor 
antidepressant medications, such as duloxetine and 
venlafaxine, may also provide some benefit by a 
similar mechanism.

2. Blockade of the presynaptic autoregulatory alpha-2 
receptor. Yohimbine (5 mg bid) will increase norepi-
nephrine release and produce a pressor response.

3. Pyridostigmine is an activator of the sympathetic 
nervous system at the ganglionic level through inhi-
bition of acetylcholinesterase and increased bind-
ing of acetylcholine to the postganglionic nicotinic 
receptor (33).

4. Fludrocortisone in low dose (0.1 mg per day) upreg-
ulates alpha-adrenergic receptors in the vasculature 
(34), thus sensitizing the vasoconstrictive response 
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to norepinephrine or to exogenous alpha-adrenergic
agonists and increasing the effectiveness of the lat-
ter. Fludrocortisone can be an excellent comple-
mentary drug to any medication that ultimately has 
an effect on alpha-receptor–mediated vasoconstric-
tion. In higher dose it produces its better-known 
aldosterone-like effect on the kidney, increasing 
overall blood volume.

Volume expansion. It should be emphasized that 
all of the agents discussed require the presence of salt 
supplementation for effectiveness. The better-known 
effect of fludrocortisone consists in volume expansion 
through an aldosterone-like mechanism. Doses required 
for this effect range from 0.1 to 0.4 mg per day. Potas-
sium levels should be monitored or supplemented. The 
accompanying swelling of the lower extremity can be well 
managed with high-pressure hose.

Indomethacin (35) and other nonsteroidal agents 
can produce powerful volume expansion through a 
prostaglandin-mediated fluid-retention effect on the kid-
ney. Finally, erythropoietin (36) provides pressor benefit 
when anemia is present with OH. Because of its expense, 
it is considered a measure of last resort.

Treatment sequence. The most common drug 
strategy depends on whether supine hypertension plays 
a dominant role in the clinical picture. If not, midodrine 
and fludrocortisone provide a naturally complementary 
pair of agents, since midodrine binds to alpha receptors, 
and fludrocortisone sensitizes them. A next step might 
consist of the addition of pyridostigmine or indomethacin 
to increase sympathetic outflow and provide additional 
volume. In this scenario, treatment would also include 
every nonpharmacologic method discussed above.

When supine hypertension is a major issue, treat-
ment is mitigated so that hypertensives provide help dur-
ing the daytime and periods of upright position while 
antihyperensives may play a role in reducing supine 
hypertension when the patient reclines. A typical combi-
nation might be midodrine (because of its limited time of 
action), modest doses of salt, and an angiotensin convert-
ing enzyme inhibitor at night. Measurements of supine 
and standing pressures daily—before and 1 hour after 
medications—critically guide therapy, much as with insu-
lin and sugar levels.

Management of Bladder Dysfunction

Bladder dysfunction in PD may take both an upper or 
lower motor neuron form and may involve the sphincter, 
detrusor, or both. Classically, the upper motor neuron 
defect will produce urgency and frequency, while a lower 
motor neuron defect will produce retention with overflow 
incontinence if it involves the detrusor or leakage if it 

involves the sphincter. From a practical perspective, one 
determines whether the process poses any risk to the uri-
nary system (through either recurrent urinary tract infec-
tions or hydronephrosis) by assessing a postvoid residual. 
Less than 100 mL residual of urine suggests conservative 
management and more implies more aggressive measures 
such as catheterization.

As in OH, physical training of the bladder and the 
pelvic floor can provide excellent benefit, which may out-
perform medications (37).

Pharmacologic treatment derives from the physi-
ology of bladder innervation. Simplistically, the para-
sympathetic nervous system induces both detrusor and 
sphincter contraction through a muscarinic cholinergic 
mechanism, while the sympathetic nervous system pro-
duces urinary sphincteric contraction through an alpha-
adrenergic mechanisim and detrusor relaxation through 
a beta-adrenergic receptor.

Thus, an overactive bladder will often respond to 
anticholinergically mediated detrusor relaxation. Many 
such agents exist: older oxybutinin (Ditropan) and tolt-
eradine (Detrol) and newer agents such as darifenacin 
(Enablex), solifenacin (Vesicare), and trospium (Sanc-
tura). In contrast, an underactive bladder with mild reten-
tion and a weak stream may benefit from a muscarinic 
cholinergic agonist such are bethanechol (Urecholine), 
available both orally and by injection. Importantly, cho-
linergic activation may also increase sphincter tone, and a 
postvoid residual should be checked after initial dosing.

Sphincteric dysfunction may necessitate an alpha-
adrenergic antagonist, such as terazosin. However, one 
should exercise great caution with the use of this group of 
agents in patients with PD due to the potential exacerba-
tion or unmasking of occult OH. The patient may not 
experience orthostatic symptoms even with very low pres-
sures, in which case a pretreatment tilt study may provide 
valuable information. The converse of this must also be 
kept in mind: namely, that alpha-adrenergic agonists used 
in the treatment of OH may exacerbate sphincteric insuf-
ficiency and result in urinary retention.

Postvoid residuals in excess of 100 mL despite 
medical therapy will usually necessitate the institution 
of self-catheterization. In patients able to void partially, 
scheduling can occur 2 or 3 times in a day, immediately 
prior to sleep, upon arising, and in the middle of the day. 
Total incapacity to void will require a more rigorous 
catheterization regimen involving catheterization every 
6 hours.

Bowel Issues

Bowel issues are common in patients with PD. In fact, con-
stipation itself may constitute a risk factor for the devel-
opment of PD (38) and occurs with far greater frequency 
in patients (approximately 60%) than in age-matched 
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controls (20%) (39). A report suggests a benefit from 
tegasorod (40). Polyethylene glycol 17 g once daily can 
also provide effective treatment.

Diarrhea reflects a complication of primary consti-
pation, either through a secondary bacterial overgrowth 
syndrome or due to impaction and liquid stool coursing 
around the impact area. A flat plate radiograph of the 
abdomen often provides the diagnosis. 

Delayed gastric emptying occurs with great fre-
quency (88% for solids) (41) but is less often clinical-
lyimportant clinically. Although metoclopramide may 
provide benefit, its use must be balanced with the risk of 
worsening PD motor symptoms.

Anal sphincteric dysfunction can occur, with fecal 
soiling and sometimes frank fecal incontinence. Patients’ 
embarrassment and reticence in voicing these complaints 
spontaneously contributes to the underestimate of their 
frequency. It is important for physicians to elicit these 
problems directly. Fecal incontinence may result from 
fecal impaction; a flat plate of the abdomen assesses this 
possibility. The anal sphincter, like the urinary sphincter, 
receives major excitatory input from sympathetic alpha-
adrenergic fibers. For this reason, phenylephrine 1% or 
2% cream from a compounding pharmacy will constrict 
the sphincter for 3 to 4 hours (42, 43).

Thermoregulatory Complaints

The three main issues in this category brought to a physi-
cian by patients with PD are (a) hyperhidrosis, (b) inabil-
ity to tolerate a hot environment, and (c) flushing. A 
thermoregulatory sweat test provides useful information 
regarding the location, severity, and pattern of a sweat 
disorder. Although often related to PD, other contribut-
ing factors, such as a vitamin deficiency or neuropathy, 
should be considered. Focal hyperhidrosis responds well 
to injections of botulinum toxin. Generalized hyperhi-
drosis often improves with clonidine 0.1 mg at bedtime 
or prior to the expected occurrence. Once again, caution 
regarding exacerbation of OH is advisable. Anticholiner-
gics such as probanthine or glycopyrrolate may also be 
tried. Biofeedback may produce impressive results.

Poor tolerance to heat is more difficult to manage 
since it represents the absence of neurologic function 
rather than excess. One can try using procholinergic 
medications such as urecholine 10 mg by mouth. Fludro-
cortisone will sometimes restore some sweat function, 
but we have found this problem difficult to treat. Finally, 
flushing of the face or other parts of the body may benefit 
from measures similar to those taken with hyperhidrosis, 
including biofeedback, anticholinergics, and clonidine.
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Sleep Disorders

leep disturbance is a common yet 
underdiagnosed feature of Parkin-
son’s disease (PD). The frequency of 
nighttime sleep disturbances in PD 

ranges from 60 to greater than 90% (1–3). Comparisons 
with age-matched controls show that PD patients have 
more complaints of fragmented sleep despite increased 
ingestion of nighttime soporific drugs (4). Excessive 
daytime sleepiness is also increased in PD compared to 
age-matched controls and is present in approximately 
50% of mild to moderate PD (5–7). Sleep disturbances 
in PD may be primary to the disease itself or secondary 
to other factors, including medications, depression, and 
age-related disorders (8).

The frequent occurrence of PD-associated sleep dis-
turbances is largely unrecognized by physicians, who tend 
to focus primarily on the motor symptoms. Detailed assess-
ments of sleep and sleep disturbances are often omitted. 
Similarly, patients and caregivers frequently do not realize 
the importance of reporting sleep disturbances to their phy-
sicians unless the disturbance is severe. Without particular 
attention to sleep and sleep quality, many PD patients may 
unnecessarily endure treatable sleep disorders for long peri-
ods of time. An increased awareness and more aggressive 
treatment of nighttime problems of PD patients will promote 
a better quality of life for both patients and caregivers.

Cynthia Louise Comella

NOCTURNAL SLEEP DISTURBANCES IN 
PARKINSON DISEASE

Nocturnal sleep disturbance in PD may arise for 
different reasons. Frequently occurring complaints 
with associated causes are listed in Table 12-1. In 
early PD, subjective sleep quality does not differ from 
that of age-matched controls (9). Polysomnography 
in early PD however, may show an increase in  muscle 
tone, abnormal movements during sleep, includ-
ing increased blinking, blepharospasm, and tremor 
(10, 11), periodic limb movements of sleep, REM sleep 
behavior disorder, and respiratory abnormalities (12). 
These nocturnal disorders may increase as the disease 
progresses.

SLEEP FRAGMENTATION

Sleep fragmentation—characterized by frequent awak-
enings (2)—is very common in PD. A survey study 
in the United Kingdom reported that in 76% of 220 
PD patients, nocturnal sleep was disrupted. Com-
mon causes include frequent urination, inability to 
turn over in bed, painful leg cramps, tremor, and foot 
dystonia (1).

S

12
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Sleep fragmentation may be due to recurrent symp-
toms of PD, with increased difficulty rolling over, recur-
rence of tremor, and feelings of stiffness, restlessness, and 
discomfort. In advanced patients the effect of daytime 
medication wanes in the evening and night, with con-
sequent increase in muscle rigidity, slowness, stiffness, 
and tremor. The diagnosis of nocturnal symptoms of PD 
as the cause of the sleep disturbance can often be made 
through a careful history.

Sleep fragmentation from recurrent PD symptoms 
may improve with nocturnal use of levodopa (13–15). In 
particular, sustained-release levodopa preparations may 
improve subjective reports of nocturnal awakenings (16). 
Bedtime administration of these preparations may also 
improve morning PD disability (15). Other methods to 

prolong levodopa levels that may be effective in reduc-
ing nighttime symptoms include administration of tol-
capone or entacapone or catechol-O-methyl transferase 
(COMT)–inhibiting compounds. These drugs prolong 
the duration of action of levodopa by preventing enzy-
matic degradation of levodopa by COMT. COMT 
inhibitors would be effective only in patients receiv-
ing levodopa, having no effect on patients treated with 
other antiparkinsonian agents (17). Clinical experience 
has shown this to be an effective approach, although 
clinical trials addressing this issue have not been done. 
For patients who awaken in the early morning hours or 
who experience nocturnal PD symptoms only occasion-
ally, using regular preparations of levodopa at the time 
of awakening may be preferable because of the drug’s 
rapid onset of action. Typically, small doses (one-half 
to 1 tablet of immediate-release 25/100 carbidopa/
levodopa) are needed.

Although the direct-acting dopamine receptor ago-
nists have a prolonged half-life, the usefulness of these 
agents for the treatment of nocturnal PD symptoms has 
not been adequately evaluated. Some studies have found 
that nocturnal activity is greater in PD patients 
treated with levodopa or direct-acting dopamine agonists 
(18–20). Others have reported that although nocturnal 
sleep may improve with levodopa, daytime sleepiness may 
increase (12).

Sleep Fragmentation Due to Sleep Apnea

Sleep apnea may be central (airflow ceases due to 
absence of activation of respiratory muscles), obstruc-
tive (airflow is reduced or stopped despite respiratory 
muscle effort), or mixed (involving elements of both). 
Sleep apnea is common in elderly men and is a risk factor 
for stroke and death (21). Sleep apnea has been observed 
in approximately 20% to 40% of PD patients referred 
to a sleep laboratory who were assessed by polysom-
nography (22–25); it is predominantly obstructive sleep 
apnea syndrome (OSAS). In contrast to nonparkinsonian 
patients with OSAS, PD patients with OSAS typically 
have a normal body mass index (22, 26). Patients with 
sleep apnea may present solely with excessive daytime 
sleepiness, although caregivers may report loud snoring 
or gasping and choking during sleep. The presence of 
snoring is a predictor of daytime sleepiness in PD (27) 
and indicates that further assessment for apnea is needed. 
Obstructive sleep apnea is most effectively treated using 
continuous positive airway pressure (CPAP). Patients 
who are excessively sleepy during the day without a clear 
cause or those with a suggestive history should be evalu-
ated for sleep apnea by polysomnography. In particular, 
patients diagnosed with multiple system atrophy (MSA) 
may have nocturnal apnea with glottic closure result-
ing in stridor (28, 29). This variant of obstructive sleep 

TABLE 12-1
Sleep Disturbances in Parkinson’s Disease

Due to nocturnal recurrence of PD symptoms
• Tremor
• Difficulty turning over in bed
• Rigidity
• Painful cramps

Due to conditions that are associated with PD
• Depression
• Anxiety
• Restless legs syndrome
• Periodic limb movement disorder
• Rapid eye movement (REM) behavior disorder
• Dementia
• Sleep apnea
• Nocturnal urination
• Excessive daytime napping

Due to medications used to treat PD
• Dopamine agonist induced insomnia
• Side effects of selegiline, anticholinergics, amantadine
• Vivid dreams, nightmares
• Hallucinations

Due to other conditions
• Medical conditions

• Arthritis
• Cardiac or pulmonary disorders
• Reflux
• Infections
• Prostate hypertrophy
• Pain not due to PD

• Medication used to treat medical conditions
• Withdrawal from sedative/hypnotics
• Emotional conditions

• Stress
• Anxiety
• Reactions to major life events
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apnea responds poorly to CPAP; use of a tracheostomy 
at night may be lifesaving.

Sleep Fragmentation Due to Restless Legs 
Syndrome and Periodic Limb Movements 

During Sleep

Restless legs syndrome (RLS) is diagnosed through 
subjective report of an urge to move the legs, usually 
accompanied or caused by uncomfortable or unpleasant 
sensations in the legs. The urge to move worsens at rest, 
is relieved by movement, and occurs or worsens in the 
evening or night (30). Although RLS is common in PD 
(7, 27, 31), it may not be more frequent than in an age-
matched population without PD (27) and may be related 
to the lower ferritin levels found in PD (31).

Treatment of RLS in PD has not been assessed. If 
serum ferritin levels are low, iron replacement can be con-
sidered and has been effective in reducing RLS symptoms 
in nonparkinsonian RLS patients (32). The treatment of 
choice for moderate to severe RLS symptoms is the use 
of direct dopamine receptor agonists (33). Levodopa, 
although an effective treatment for RLS, often leads to 
a worsening of RLS symptoms, with occurrence earlier 
in the day (augmentation) (34). Whether augmentation 
is an issue in patients who receive dopaminergic therapy 
throughout the day has not been evaluated.

Periodic limb movement during sleep (PLMS) occurs 
primarily during non-rapid-eye-movement (non-REM) 
sleep and is marked by an intermittent rhythmic move-
ment of the legs (triple flexion of hip, knee, and ankle) 
that can result in arousals and awakenings if severe. 
PLMs appears to be more frequent in PD (35). For RLS 
and PLMS, the direct-acting dopamine receptor agonists 
appear to be superior to levodopa, with a reduced occur-
rence of rebound (RLS symptoms occurring at the end 
of the effect of a single dose of levodopa) and augmen-
tation (RLS symptoms occurring at an earlier time in 
the evening, often associated with spread to other body 
areas and more severe symtpoms). Opiates and benzodi-
azepines may also be effective (36).

An additional cause of both fragmented and 
delayed sleep onset is depression. Depression is esti-
mated to affect approximately 40% of PD patients 
(37). In non-PD patients, depression often causes an 
associated sleep disturbance. An early REM period is 
one of the characteristic polysomnographic features. 
Treatment of depression can improve sleep disturbance 
in both non-PD and PD patients. When administered in 
small doses in the evening hours, the tricyclic antide-
pressants (e.g., trazodone, amitriptyline, and nortripty-
line), with their sedating side effects, may be beneficial 
(38–40). Because these agents may exacerbate RLS 
symptoms and increase PLMS it is important to differ-
entiate these problems. In addition, in some patients, 

tricyclic antidepressants may initiate or worsen night-
time hallucinations.

In PD patients with situational anxiety or acute 
insomnia with no other contributing factor, the short-term 
use of zolpidem at bedtime may provide relief, often with-
out causing rebound insomnia after discontinuation (41). 
Melatonin in small doses (less than 3 mg) 1 to 2 hours 
before bedtime may be of benefit, although loss of this 
hormone has not been demonstrated in PD (42, 43).

SLEEP DISTURBANCE: HALLUCINATIONS 
SYNDROME IN PARKINSON’S 

DISEASE PATIENTS ON CHRONIC 
DOPAMINERGIC THERAPY

Some 25% to 40% of PD patients develop dopaminergic 
drug–induced visual hallucinations (44). Factors associ-
ated with the occurrence of hallucinations include demen-
tia, sleep disturbance, depression, visual disturbances, 
and axial predominance of motor signs (45–47). It was 
postulated that sleep disruption was an early risk factor 
for hallucinations (48–50), but this has been disputed by 
more recent longitudinal studies (45) finding that frag-
mented sleep is not specifically associated with hallucina-
tions, although vivid dreams may be (47).

Polysomnographic findings in PD patients with 
dysphoric dreams and hallucinations have not been 
consistent. One study demonstrated an absence of K- 
complexes and sleep spindles with abnormalities in sleep 
architecture and variable suppression of REM (50). 
Another study compared 5 hallucinating patients with 
5 nonhallucinating PD patients matched for severity of PD 
and antiparkinsonian medications. Comparisons revealed 
that hallucinations were associated with reduced sleep 
efficiency and a marked reduction in REM sleep (51).

The treatment of dopaminergic drug-induced hal-
lucinations includes discontinuation of drugs with central 
effects that are not essential to the patient’s care. This 
could include elimination of anticholinergic agents, anxio-
lytics, centrally active pain medications including codeine 
compounds, and antidepressants. The provision of a night 
light may be useful. A reduction in dopamine drug dose 
and avoidance of evening doses may be beneficial but can 
also lead to a worsening of motor symptoms. Shifting 
from direct dopamine agonists to shorter-acting levodopa 
preparations may also be helpful. If reduction in dopami-
nergic drugs results in exacerbation of motor symptoms, 
the atypical antipsychotics can be used. Clozapine has 
been shown to be an effective treatment for drug-induced 
hallucinations in PD without causing deterioration in 
motor symptoms (52). The major adverse effect from 
clozapine is the development of agranulocytosis. In order 
to monitor this potentially life-threatening side effect, 
weekly blood counts are required for the 6 six months of 
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therapy. If the levels are stable after 6 months, blood tests 
at biweekly intervals must still be continued. Other atypi-
cal agents, including quetiapine, are being assessed (53). 
These agents do not require blood monitoring but have 
been associated with other significant adverse effects, 
including diabetes and cardiovascular effects (54).

REM SLEEP BEHAVIOR DISORDER IN 
PARKINSON’S DISEASE

REM sleep behavior disorder (RBD) has particular 
relevance to PD and other parkinsonian syndromes. It 
occurs in association with PD and may predate its onset. 
Normal REM sleep is marked by cortical desynchroniza-
tion similar to that seen in the waking state, rapid eye 
movements, cardiorespiratory irregularities, and skeletal 
muscle atonia interrupted by phasic muscle twitches. 
Although dreams may occur during other sleep stages, the 
dreams during REM sleep are vivid and more internally 
organized. The anatomic areas involved in the generation 
and maintenance of REM sleep lie in the brainstem. In 
animal models, lesions in these REM-related brainstem 
areas in the pons result in motor behaviors during REM 
(55–58). The severity of the pontine lesion determines 
the extent of the behavioral pattern observed. In humans, 
the occurrence of RBD is similarly thought to reflect dam-
age to these same REM-related areas.

RBD was first described in 1986 by Schenck and 
colleagues (59–61), who observed abnormal behaviors 
occurring mostly in elderly men. As subsequent cases 
were reported, the salient clinical features of this syn-
drome emerged. The minimal diagnostic criteria for RBD 
as defined by the revised International Classification of 
Sleep Disorders (ICSD) includes electromyographic evi-
dence of maintained muscle tone in submental muscles or 
excessive activity in limb muscles during REM sleep, with 
one of the following: sleep-related injury or disruptive 
behavior by history or abnormal sleep behaviors during 
REM sleep during polysomnography (62). The caregiver 
may report that dreams appear to be “acted out.” The 
dreams recalled during episodes of RBD are often aggres-
sive or violent and may lead to injury (63–67).

Episodes of RBD may occur sporadically, with a 
flurry of episodes occurring nightly followed by a period 
of quiescence. In a patient with RBD, dreams of being 
chased, threatened, or trapped lead to behaviors such 
as punching, choking, kicking, or leaping out of bed. 
Patients have sustained ecchymosis, lacerations, fractures, 
and dislocations (66, 68, 69). Similarly, the bed part-
ners of RBD patients are at risk for injury and are often 
frightened by the sudden violent outbursts of a person 
who may be quiet and mild while awake. Usually it is 
only on questioning by the physician that these nighttime 
episodes are revealed. The patient seldom remembers the 

episode, and the caregiver may believe that the episodes 
are not part of a neurologic syndrome.

On the basis of clinical criteria, RBD has been 
observed in 15% to 32% of PD patients (66). However, 
clinical criteria for evaluation may not be highly reliable 
(70) and may lack sensitivity (71). When evaluated by 
polysomnography, 33% of PD patients had RBD, but 
up to 58% had evidence of loss of muscle atonia dur-
ing REM sleep (72), suggesting that more than 50% of 
PD patients may have subclinical or clinically manifest 
RBD. It has been reported that 33% of PD patients 
may have RBD symptoms prior to the onset of motor 
manifestations (73), leading some to suggest that RBD 
may be a harbinger of PD. This has been supported by 
observations—by single photon emission computed 
tomography (SPECT—that primary RBD without PD 
may be associated with abnormalities in olfaction and 
with nigrostriatal degeneration (74).

RBD is more frequent in parkinsonian syndromes 
that have more extensive brainstem or cortical pathol-
ogy, such as MSA and dementia with Lewy bodies (DLB) 
(75–77). In addition in these disorders, a greater number 
of patients may report onset of RBD symptoms prior to 
parkinsonian motor symptoms. RBD may indicate incipi-
ent cognitive dysfunction, with slowing of the electroen-
cephalogram (EEG) and mild abnormalities on cognitive 
testing (78, 79). Pathologic studies in moderate to severe 
PD demonstrate a 40% reduction in cholinergic neurons 
and Lewy body formation in the pedunculopontine teg-
mental nucleus (80). These observations suggest that 
certain REM abnormalities may reflect anatomic sub-
categories of the synucleinopathies with more extensive 
brainstem involvement (81, 82). This may have prognos-
tic implications, perhaps predicting a poorer outcome. 
Longitudinal studies have not been done.

Treatment of RBD is indicated when symptoms 
disrupt sleep of the patient or bedpartner or cause 
injury. Although adequate controlled trials are lack-
ing, anecdotal and case series suggest that RBD is treat-
able. Small doses of clonazepam (starting at 0.25 mg) 
may reduce or eliminate the symptoms (83) but may 
also cause confusion in an elderly patient. Melatonin 
has been found to be effective in some patients (84). 
Donepezil, pramipexole, and quetiapine may also be 
beneficial (85, 86).

EXCESSIVE DAYTIME SLEEPINESS IN 
PARKINSON’S DISEASE

Excessive daytime sleepiness (EDS) is frequent in PD (90). 
Factors associated with EDS include anxiety (87), more 
advanced PD, longer disease duration (88), nocturnal 
snoring (89, 90), depression (91), male gender (7), and 
orthostatic hypotension(92). One of the most consistent 
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factors associated with EDS is the use of dopamine agonists 
(DA). Following a brief report of 8 patients treated with a 
DA who fell asleep suddenly (sleep attack) while driving, 
resulting in motor vehicle accidents (93), concerns over the 
safety of this class of drugs has led to driving restrictions 
in some countries. Observations of similar occurrences are 
numerous (6, 94–97). It has become clear that all dopami-
nergic drugs used to treat PD can lead to daytime sleepiness 
and sleep attacks. The use of DA may carry an increased 
risk (98). Other factors that contributed to EDS are cor-
related with more advanced disease (7). In one community-
based study (90), EDS was seen in 15.5% of PD patients, 
compared with 4% of patients with diabetes mellitus and 
1% of controls. This problem was associated with more 
advanced PD, greater disability, a higher level of cognitive 
decline, more frequent hallucinations, and longer dura-
tion of levodopa therapy. In PD patients who drive, the 
degree of daytime sleepiness, occurrence of sudden-onset 
sleep episodes, and presence of moderate PD were risks 
for motor vehicle accidents (99).

The occurrence of excess daytime napping followed 
by nocturnal wakefulness is a frequent complaint of 
patients and caregivers. In addition to the sleep disorders 
described, other factors may promote this “reversal’’ of 
the normal day-night rhythms. Sedentary PD patients 
who largely remain indoors during the day may doze 
frequently. The occurrence of these intermittent sleep 
periods, especially during the afternoon and evening, 
may impede the ability to fall asleep at night. Further, 
antiparkinsonian medications may cause sleepiness. 
This is particularly true for levodopa and the dopa-
mine receptor agonists (64–66). Other medications for 
medical indications can aggravate daytime sleepiness. 
Consultation with the patient’s family physician may 
provide adjustments in these concomitant drugs and 
eliminate overly sedating ones.

Treatment of day-night reversal relies heavily on the 
restoration of normal sleep patterns. Good sleep hygiene 
includes established bedtime and wakeup times with expo-
sure to adequate light during the day and darkness at 
night. Indoor lighting may not be sufficient to promote 
a normal circadian rhythm. Exposure to sunlight or its 
equivalent during the day is needed. This can be accom-
plished by frequent trips outside, keeping window shades 
open during the day, or exposure to a light source designed 
to provide the needed light strength. Physical exercise 
appropriate to the patient’s level of functioning may also 
promote daytime wakefulness. Strenuous exercise, how-
ever, should be avoided for 3 to 4 hours before sleep. A hot 
bath about an hour before bedtime may be relaxing and 
promote the onset of sleep by increasing body temperature 
and allowing the patient to fall asleep during the cooling 
phase. A light bedtime snack and avoidance of fluid intake 
in the evening may alleviate nighttime hunger and reduce 
nocturnal urination. Relaxation techniques may also be 
useful in reducing nighttime stress and muscle tension.

Sleepiness following antiparkinsonian medications 
is sometimes difficult to control. A dose reduction may 
improve postdrug sleepiness but may also lead to an 
unacceptable increase in parkinsonian symptoms. If the 
patient is taking a dopamine agonist, changing to another 
agonist may provide relief. A few patients have reported 
ae sudden onset of an irresistible urge to sleep associated 
with pramipexole, ropinirole, and pergolide (93, 100, 
101). This may be alleviated by the discontinuing the 
drug or switching to another agonist (8).

Daytime stimulant medications are reserved for 
those patients who are unresponsive to other adjustments. 
The amphetamine metabolites of selegiline may increase 
alertness. Small doses of methylphenidate administered 
during the day may also be helpful but can disrupt night-
time sleep. Modafil may be of some benefit.
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Natural History

s new therapies for Parkinson’s dis-
ease (PD) are developed, the need 
for accurate and comprehensive 
descriptions of the natural history 

of the disease becomes increasingly urgent. Specifically, 
knowledge regarding the length of the preclinical period, 
age of clinical onset, rates of progression of early and 
later stages of the disease, and common causes of death 
is critical for designing clinical trials aimed at neuro-
protection. In addition, studies aimed at improving the 
symptoms of PD will be strengthened by a thorough 
understanding of the usual causes of disability as well as 
the typical manner and time at which they present. Over 
the past two decades, much has been learned regard-
ing the natural history of PD. This chapter reviews this 
information and its implications for the experimental 
therapeutics of PD.

PRECLINICAL PERIOD

Estimates of time between the onset of neurophysiologic 
dysfunction and clinical onset of PD have been 
derived from postmortem pathologic studies, in vivo 
neuroimaging studies, and, more recently, by clinically 
observing select populations based on their genetic 
predisposition.

Michael Pourfar
Andrew Feigin
David Eidelberg

Neuropathologic Studies

Neuropathologic studies of PD initially suggested that 
patients with the earliest signs of disease have already lost 
as much as 50% of the pigmented dopaminergic neurons 
in the substantia nigra and 80% of striatal dopamine (1). 
Subsequent studies modified these findings, suggesting 
that clinical signs of PD begin to emerge when there has 
been an approximately 30% reduction in total nigral 
dopaminergic neurons (2). The most affected ventrolateral 
region of the substantia nigra, however, has lost greater 
than 60% of its neurons at clinical onset. Using cross-
sectional neuropathologic data from patients with PD at 
various stages and assuming a nonlinear progression of 
disease, these authors estimated that the neuropathologic 
process began approximately 5 years before the clinical 
onset of symptoms. An earlier postmortem study, utiliz-
ing a vesicular monoamine transporter-binding ligand to 
quantify striatal dopaminergic innervation, found similar 
reductions in dopaminergic activity but suggested a longer 
preclinical period of 20 to 30 years (3). The difference is 
likely due to the absence of patients with very early disease 
in the latter study; that is, the rate of neuronal loss in PD 
has been consistently found to be more rapid in the early 
stages of disease (2, 4). Therefore, if the rate of neuronal 
loss in middle and advanced disease is extrapolated back 
to the preclinical period, the length of the preclinical period 

A
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will be overestimated. However, in focusing on nigral loss 
as the incipient neuropathologic event, these studies may 
be underestimating the preclinical period, for it has been 
demonstrated that the earliest pathologic changes may be 
occurring not in the nigra but in the dorsal IX/X motor 
and anterior olfactory nuclei (5). Further complicating ret-
rospective predictions of the preclinical period are neu-
ropathologic case reports of individuals with long-standing 
rapid-eye-movement (REM) sleep behavior disorder (RBD) 
without parkinsonism who are found to have Lewy bodies 
in the substantia nigra on postmortem evaluation (6, 7). 
Such findings suggest the possibility of a longer preclinical 
period in at least a subset of patients.

Neuroimaging Studies

Estimates of the preclinical period in PD based on neuro-
imaging studies have varied. Much of this variation may 
be accounted for by differences in methodology, the limited 
number of time points, and the heterogeneity of patient 
populations being studied (e.g., variations in age of onset, 
symptom type and severity, and differences in medication 
status). Preclinical estimates also vary widely depending on 
whether a linear or nonlinear progression model is utilized. 
If the progression of PD is nonlinear, with a more rapid 
rate of decline in early disease and slower progression later, 
then linear extrapolation from data collected from more 
advanced PD patient will incorrectly predict a longer pre-
clinical period. Using [18F]-fluorodopa (FDOPA) positron 
emission tomography (PET), Vingerhoets and cowork-
ers studied 16 patients on two occasions separated by a 
mean of 7 years (8). Linear regression analysis estimated 
the preclinical period at 40 to 50 years, although a non-
linear fit of the data predicted a preclinical period of 10 to 
15 years. Morrish and coworkers reported a less than 
7-year preclinical period utilizing a linear model with serial 
FDOPA PET scans in 32 PD patients (9). These findings 
were corroborated by those of Nurmi and coworkers, 
who performed two FDOPA PET scans in 21 PD patients 
at a 5-year interval and estimated a preclinical period of 
6.5 years (10). Hilker and coworkers, utilizing serial 
FDOPA PET in 31 PD patients, estimated a nonlinear, 
preclinical period of 5 to 6 years (11). Longitudinal stud-
ies utilizing single photon emission computed tomogra-
phy (SPECT) scans have also been utilized to estimate 
the preclinical period. Marek and coworkers performed 
a SPECT study utilizing [123I] 	-CIT, a dopamine trans-
porter ligand, in a cohort of patients with early PD and 
estimated a preclinical period of approximately 4 years 
(12). Using [18F]-fluorodeoxyglucose (FDG) PET, Moeller 
and Eidelberg (13) demonstrated an abnormal dissociation 
between a brain network associated with aging and the 
actual age of PD patients. By extrapolating back to when 
this dissociation equaled zero, they obtained an estimate 
of the preclinical period of approximately 5 years. Thus, 

despite continued controversy as to whether PD progresses 
linearly or nonlinearly, neuroimaging studies in patients 
with relatively early PD seem to be consistent in estimat-
ing the preclinical period at under 10 years and perhaps 
at or under 5.

Clinical Studies

Clinical evidence also supports the neuropathologic and 
neuroimaging estimates of the preclinical period. Gonera 
and coworkers (14) compared medical records of 60 PD 
patients during the decade preceding the diagnosis of 
PD with those of 58 age- and sex-matched controls. 
They found several signs and symptoms that occurred 
more frequently in the PD group than in the control 
group, including mood changes, pain, paresthesias, and 
hypertension—differences that were identified 4 to 6 years 
before PD onset. Others have reported depression, mal-
aise, and nonspecific sensory complaints occurring in 
the years preceding the clinical diagnosis (15). More 
recently, certain nonspecific clinical findings have been 
identified as potential preclinical harbingers of PD. A 
decreased sense of smell in individuals that also have 
a first-degree relative with PD has been identified as 
a potential marker. Two studies paired such individu-
als with imaging modalities and identified a subset of 
hyposmic patients with dopaminergic deficiency who, 
in some cases, went on to develop PD during 2 years of 
follow-up (16, 17). REM sleep behavior disorder has 
also been identified as a potential preclinical marker, 
sometimes with a latency of over 10 years (7). Longer 
prospective studies will be required to more clearly estab-
lish the relationship and variability between individual 
“preclinical” symptoms and the time course to more 
evident motor findings.

CLINICAL PRESENTATION

Age of Onset and Symptoms at Onset

The average age of PD onset is approximately 50 to 
60 years (18–20), but the range is quite broad, extend-
ing from childhood to the old age. Approximately 5% 
of patients present symptoms before the age of 40. The 
factors that determine age of onset are unknown, but 
increasing evidence supports a genetic predisposition 
in many early-onset cases (generally classified as those 
with onset at age 40 or below). Inzelberg and coworkers 
reviewed age of onset in 240 PD patients and found an 
average of 59 years in those with a family history of PD 
compared with 66 years in those without a family his-
tory (21). Even in cases of PD with a known or presumed 
genetic etiology, however, the age of onset can vary con-
siderably. Khan and coworkers, reviewing the phenotypes 
of 24 patients with the parkin mutation, found an average 



13 • NATURAL HISTORY 129

age of onset of 24 but a range of 7 to 54 years (22). In 
a recently identified cohort of early-onset PD patients 
with PINK-1 genetic mutations, age of onset was below 
36 years in homozygous carriers but up to 45 years in 
heterozygous carriers (23).

The presenting symptoms of PD can be highly vari-
able. Many subtle signs and symptoms—such as changes 
in handwriting, mood, sleep, and autonomic function—
are identified only retrospectively as early manifestations 
of PD (24). An asymmetric resting tremor is the most com-
mon initial symptom to lead to the diagnosis, accounting 
for as many as 70% of cases (25–27). Interestingly, some 
investigators have noted a preponderance of right-sided 
symptoms at onset (25). In a retrospective study of over 
1200 sporadic and 300 familial PD patients, tremor was 
found to be the most common presenting symptom in 
both cohorts, occurring in 54% of familial cases and 48% 
of sporadic ones (20). Tremor was most common in the 
upper extremity and was asymmetric in 95% of famil-
ial and 87% of sporadic cases. The next most common 
presenting symptoms in both groups were bradykinesia 
(approximately 29%) and rigidity (approximately 6%). 
Dystonia and a relatively symmetric onset appear to be 
more common presenting features in parkin-related cases 
as compared with cases of sporadic PD (28).

RATE OF PROGRESSION

Pathological Studies

Braak and coworkers described a progressive caudorostral 
spread of neuropathology (5). In their proposed schema, 
PD pathology progresses through 6 stages, spreading 
from the medulla (I) to the pons and upper brainstem 
(II to III), to the anterior temporal mesocortex (IV) and 
then to the neocortex (V to VI). The rate of progression 
between stages, however, has yet to be delineated.

Clinical Studies

Although James Parkinson described aspects of pro-
gression in his original account of the disease (29), the 
first quantitative observations regarding the rate of pro-
gression of PD were provided by Hoehn and Yahr in 
their landmark study of 856 parkinsonian patients (26). 
Utilizing the Hoehn and Yahr (HY) scale, the authors 
evaluated the progression of PD disability in a cohort 
of 183 untreated patients. They found that the median 
time from symptom onset to HY IV was 9 years and to 
end-stage HY V was 14 years. Nonetheless, the progres-
sion of PD was observed to be highly variable, such that 
16% of patients progressed to HY V in less than 5 years 
while 34% were still in HY I or II 10 or more years after 
symptom onset. Subsequent studies have confirmed the 

extensive variability in the rate of progression of PD (30, 
31). Overall, the average amount of time in each HY stage 
has been estimated to be 2 to 3 years (30).

Clinical trials aimed at slowing the progression 
of PD have provided valuable data regarding the natural 
history of the disease. The study of patients in the pla-
cebo arm of large, prospective long-term trials—although 
typically limited to relatively mild cases—yields detailed 
and accurate information regarding the progression of 
untreated PD. The Deprenyl and Tocopherol Antioxidant 
Therapy of Parkinsonism (DATATOP) study enrolled 
800 subjects with early (HY I and II) untreated PD and 
utilized the Unified Parkinson’s Disease Rating Scale 
(UPDRS) (32). Of these 800 subjects, 353 were treated 
with placebo or placebo plus tocopherol (found to be inef-
fective). Overall, the total UPDRS score in these individu-
als worsened by 14% per year (approximately 4 points) 
and the motor portion of the UPDRS score worsened by 
9% per year (approximately 2.5 points). One-third of 
this group, however, progressed at a slower rate (total 
UPDRS decline 6% per year; motor UPDRS score decline 
4%) and did not require symptomatic therapy during 
follow-up (33). In the Earlier versus Later Levodopa 
Therapy in Parkinson’s Disease (ELLDOPA) study, 90 of 
361 patients with early PD were randomized to placebo 
for 40 weeks (34). The mean total UPDRS decline in the 
70 patients who remained in the study at 42 weeks was 
approximately 8 points, with a motor UPDRS decline of 
approximately 5 points. Many subsequent studies using 
more heterogeneous PD populations have documented 
motor UPDRS declines ranging from 1 to 5 points per 
year, with an average decline of approximately 2.5 points 
per year (9, 11, 35–39). Factors affecting UPDRS scores 
and accounting for variability in these studies include 
differences in patient ages, medications, and potential 
confounds related to drug washout periods of varying 
length.

Neuroimaging Studies

Neuroimaging studies with positron emission tomography 
(PET) and single photon emission computed tomography 
(SPECT) have examined the rate of progression of PD. 
Several studies established that these methods, utilizing 
different radioligands, provide objective measures that 
correlate with clinical measures of PD severity. Neverthe-
less, there remains controversy regarding the interpreta-
tion of neuroimaging-based progression studies due to 
variations in technique, cohort heterogeneity (e.g., age, 
disease subtypes, and duration), and medication status 
(e.g., differing dosages, effects of medications on radio-
tracer binding, and varying washout periods) (40–42).

[18F]-fluorodopa (FDOPA) is the most extensively 
utilized PET radiotracer in progression studies. Striatal 
FDOPA uptake, a measure of decarboxylation and 
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storage in dopaminergic terminals, accurately distin-
guishes patients with early PD from normal controls 
(43, 44) and correlates well with UPDRS severity rat-
ings (45–47). Similar cross-sectional results have been 
observed with radioligands that bind to the dopamine 
transporter (DAT) (cf. ref. 48). Several longitudinal PD 
studies, most with only 2 time points, have compared 
changes in either FDOPA uptake or DAT binding with 
changes in clinical progression (8–11, 49). Two early 
studies demonstrated 1.7% and 2.3% per year declines, 
respectively, in striatal-to-background ratios of FDOPA 
uptake (8, 50). Several subsequent studies have reported 
annual striatal declines of 3% to 6.6% compared with 
0% to 2.5% in normal controls (9, 11, 51). A number 
of FDOPA PET studies observed regional differences in 
the rates of dopaminergic loss within the striatum, with 
mean annual declines of 8% to 10% in the putamen 
and 3.5% to 5.9% in the caudate (9, 10). Nurmi and 
coworkers reported a 10.3% annual decline of FDOPA 
uptake in the posterior putamen compared with 8.3% in 
the anterior putamen and 5.9% in the caudate (10). In 
a subsequent study, they used [18F]-2-	-carbomethoxy-
3-	-(4-fluorophenyl) tropane (CFT), a DAT-binding PET 
ligand, to scan 12 de novo patients at baseline and 2 years 
later (52). They found greater absolute rate of decline in 
the anterior putamen, along with a more rapid decline of 
tracer uptake on the side ipsilateral to the more clinically 
affected side. These and other findings suggested that the 
rate of progression is nonlinear, with a faster decline in 
the initially less deafferented subregions of the striatum. 
Indeed, Hilker and coworkers (11) used FDOPA PET to 
scan 31 PD patients over an average of 64.5 months. They 
found that the putamenal rate of decline was inversely 
correlated with disease duration. Patients with tremor-
predominant PD appeared to have slower rates of pro-
gression in the caudate than bradykinesia-predominant 
patients. In other PET studies, patients with the parkin 
mutation have also been shown to have a slower loss of 
FDOPA uptake compared with PD patients (53).

SPECT studies utilizing DAT ligands also exam-
ined the rate of progression of PD and have paralleled 
PET progression findings. The best-studied SPECT ligand 
has been [123I] 	-CIT (54, 55). The annualized rate of loss 
of [123I] 	-CIT striatal uptake has been measured between 
5.6% and 12% in several studies (12, 35, 56–60). A 
nonlinear progression with a more rapid initial decline 
has also been inferred from some serial SPECT studies. 
Jennings and coworkers reported a total annual decrease 
in striatal binding of 7.1% for patients with a 2-year
history of PD, compared with a decrease of 3.7% in 
patients with a 4.5-year history of PD (61). Staffen and 
coworkers found an inverse relationship between the 
annual percentage decline of [123I] 	-CIT uptake and 
HY severity (57). In another [123I]	-CIT study, however, 
Pirker and coworkers performed three SPECT scans over 

a 5-year period and found a relatively linear 6.6% stria-
tal loss of [123I] 	-CIT uptake (58). Long-term imaging 
studies with multiple time points will be needed to con-
clusively characterize the decline in nigrostriatal dopa-
minergic function.

Progressive changes in regional brain function 
have been described in a longitudinal study of early-PD 
patients scanned with [18F]-fluorodeoxyglucose (FDG) 
PET (62). Fifteen PD patients underwent initial PET 
imaging within 2 years of diagnosis with both FDG and 
[18F]-fluoropropyl 	-CIT, a DAT-binding ligand. These 
patients subsequently underwent repeat imaging with 
both tracers at 24 and 48 months. At each time point, 
the FDG PET scans were used to quantify the activity of 2 
reproducible PD-related spatial covariance patterns (i.e., 
metabolic networks). The expression of a motor-related 
network (e.g., ref. 63; see ref. 64 for review) increased 
significantly over time; it correlated with concurrent 
declines in striatal DAT binding and with increases in 
UPDRS motor ratings. By contrast, the expression of an 
independent cognition-related network (65, 66) increased 
at a comparatively slower rate and did not correlate with 
changes in nigrostriatal dopaminergic function or motor 
disability ratings. These findings point to differences in 
the natural history of motor- and cognition-related neural 
systems in PD. The data support a future role for network 
markers in the objective assessment of motor and non-
motor progression in parkinsonism.

Clinical Predictors of Progression

Given the variability of the rate of progression of PD, the 
ability to predict the prognosis for a given patient would be 
very useful both in clinical practice and for clinical trials. 
Unfortunately, reliable predictors of disease severity have 
not yet been identified. Factors that have been associated 
with a slower rate of progression include tremor predomi-
nance and young age at onset (33). Several studies have 
reported a slower rate of onset of disability in patients pre-
senting with tremor (67–69). This has led to some specula-
tion that tremor-predominant PD, with minimal rigidity 
or bradykinesia, may constitute a milder subtype (70). 
Tremor-predominant PD also seems to be associated with 
less cognitive decline compared with PD associated with 
more prominent gait and postural instability (71). Alves 
and coworkers, for example, followed a large tremor-
predominant PD cohort for 8 years and found that only 
those who developed gait and postural impairment devel-
oped accelerated cognitive decline (72). Cognitive status, 
measured with formal neuropsychological testing, appears 
to be a clinical predictor, with more cognitively impaired 
patients experiencing more rapid progression of motor 
function (73). Age of onset of parkinsonian symptoms is 
another factor that has repeatedly been shown to corre-
late with rate of progression. Early age of onset has been 
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associated with a relatively good prognosis (68, 74–77). 
In an 8-year prospective study, patients who were older at 
onset had a more rapid decline in UPDRS scores, with an 
average annual decline of 2.6 points for those 50 years of 
age and 3.8 points for those who were 70 (78).

One factor that may influence both age of onset 
and rate of progression is genetic susceptibility. It has fre-
quently been reported that many early-onset PD patients 
with the parkin mutation have a relatively slow rate of 
progression compared with patients with PD (79–81). 
Heterogeneous rates of progression even within a given 
parkin family, however, suggest that the nature of the 
genetic mutation(s) alone may not serve as a reliable pre-
dictor of progression.

Effects of Therapy

Dopaminergic therapy has affected the natural history of 
PD. First, the course of progression of disability in PD 
has been altered, and, second, complications of long-term 
exposure to levodopa must now be considered part of the 
natural history of the disease.

The rate of progression of PD disability appears to be 
slower since the advent of levodopa therapy. Hoehn (82) 
reported that PD patients treated with levodopa spent 3 to 
5 years more in each HY stage compared with subjects 
followed in the prelevodopa era. Furthermore, among PD 
patients with a disease duration of 10 to 14 years, 38% of 
levodopa-treated patients had reached HY stage IV or V or 
had died, compared with 83% of untreated patients. Despite 
these observations, it remains uncertain whether levodopa 
actually alters the neuropathologic progression of PD. The 
results of the ELLDOPA trial demonstrated that patients 
receiving the highest doses of levodopa maintained the most 
robust clinical improvement even after a 4-week medication 
washout (34), suggesting that levodopa may slow clinical 
progression. By contrast, the 	-CIT SPECT findings in the 
ELLDOPA study suggested a more rapid decline in putame-
nal DAT binding in the high-dose levodopa treated group. 
The long-term effects of levodopa on PD progression remain 
uncertain, as do the effects of dopamine agonists. Two large 
double-blind controlled trials comparing early treatment 
with dopamine agonists to levodopa found slower declines 
in presynaptic dopaminergic function for those on agonists, 
but in the absence of a placebo group and in light of the
ELLDOPA findings, these results are difficult to interpret 
(56, 83).

Although levodopa has provided dramatic and 
sustained symptomatic benefits for patients with PD, 
these benefits appear to occur at the expense of long-
term complications such as dyskinesias and motor 
fluctuations. Several factors appear to affect the like-
lihood of developing complications of dopaminergic 
therapy, including duration of exposure to levodopa, 
levodopa dose, PD severity, and age (84–86). Overall, 

between 50% and 100% of all PD patients taking 
levodopa for more than 6 years will develop peak-dose 
dyskinesias (25). In an effort to reduce the incidence 
of dyskinesias, early treatment of PD often focuses on 
drugs other than levodopa. PD patients initially treated 
with dopamine agonists show a significantly lower rate 
of dyskinesias at 5 years even if levodopa is added, 
although dopamine agonists do not provide the same 
level of symptomatic improvement as levodopa (87, 
88). Finally, in a recent FDOPA PET study on the effects 
of deep brain stimulation (DBS) on PD progression, 30 
patients exhibited a continuous decline in dopaminergic 
function on the order of that found in previous longi-
tudinal studies, suggesting that DBS does not alter the 
course of PD progression (89).

Disease Duration and Mortality

Although the overall duration of PD from onset until 
death may not have changed significantly since the advent 
of levodopa, mortality in early PD has been dramatically 
reduced (90, 91). In the prelevodopa era, Hoehn and Yahr 
found a mean duration of disease of 9.4 years and a mean 
age at death of 67 in a cohort of 672 PD patients (26). They 
found a mortality rate 2.9 times that expected for an age-
matched population. Subsequently, after the introduction 
of levodopa, Hoehn (82) reported a mortality ratio of 1.5, 
and other studies have found similar mortality rates (92, 
93). Mean PD duration has been found to be approximately 
13 years, and the mean age at death has been reported at 
73 (93). Therefore levodopa has reduced the mortality of 
PD and extended life, although patients with PD still have 
higher mortality rates than age-matched populations with-
out PD. In a 13-year follow-up of 800 patients who had 
enrolled in the earlier DATATOP study, PD-specific vari-
ables associated with mortality included increased symme-
try of parkinsonism at presentation, early gait dysfunction, 
and a rapid rate of clinical worsening prior to enrollment 
(94). A poor response to levodopa was also associated with 
mortality independent of disease severity.

The causes of death in PD patients have not changed 
since the advent of dopaminergic therapy. Cardiovascular 
disease is the most common cause of death, followed 
by pneumonia (93). Malignant neoplasms, although the 
second most common cause of death in the general popu-
lation over the age of 65, appears to occur less frequently 
in PD patients (93, 95).

CONCLUSION

Over the past 4 decades, the development and validation 
of clinical scales and neuroimaging methods has permit-
ted more quantitative and rigorous descriptions of PD 
onset and progression. Advances in the understanding 
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of the pathophysiology of PD over the same period have 
begun to suggest therapeutic strategies aimed at altering 
the course of the disease. The challenge for the future will 
be to identify disease-modifying agents. The ability to 
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Clinical Rating Scales

efore the discovery of levodopa, 
studies that described the efficacy 
of drug treatment or of surgical 
therapy largely relied on subjective 

impressions. In more recent years, standardized ratings 
have been developed to compare the effectiveness of a 
variety of interventions and to allow studies of the natural 
history of disease progression.

Several different measures of disease severity are 
employed. In addition to motor signs, which are used in 
all objective scales, a number of symptoms may also be 
used. These include patient self-reports such as diaries, 
estimation of functional performance, and measures of 
impairments of the quality of life.

Another approach is to use biological markers 
of disease severity, such as the binding of radiolabeled 
ligands in the basal ganglia. These measures are poten-
tially useful in neuroprotective studies.

EARLY STANDARDIZED RATINGS

A brief, single-item assessment of motor function was 
reported by Hoehn and Yahr in a paper describing the 
natural history of Parkinson’s disease (PD) (1). Although 
this scale was used to classify patients broadly, it is very 
easily administered and a modified form is still widely 
used in practice and clinical trials. A number of other 

Stephen T. Gancher

early scales, such as the Northwestern University Disabil-
ity Scale (2), employed a general measure of independence 
or contained a mixture of motor signs and functional 
status (3–5). Scales for PD are comprehensively reviewed 
by Martinez-Martin (6).

THE UNIFIED PARKINSON’S 
DISEASE RATING SCALE

Description

Because of differences in weighting signs and symptoms 
and variability between scales, a committee chaired by 
Dr. Stanley Fahn was created in 1984 to develop a stan-
dardized scale. This scale, the Unified Parkinson’s Disease 
Rating Scale (UPDRS), is a composite of various previous 
scales and its use in the United States has largely sup-
planted others.

The UPDRS is a composite scale consisting of 
6 sections. Unless otherwise indicated, each item is defined 
by a short sentence and is rated from 0–4 (normal to 
severely affected).

Administration and Content

The UPDRS is administered by a combination of patient 
interview and physical examination. It can be administered 
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either by a physician, a nurse experienced in PD, or a 
trained technician. Depending on the skill of the rater and 
interactions with the patient, the UPDRS takes approxi-
mately 20 to 30 minutes to administer. In practice, the 
motor portion of the UPDRS is the quickest to administer, 
particularly in mildy affected patients.

Part I of the UPDRS consists of 4 items, assessing 
cognitive symptoms, mood, motivation, and the presence 
or absence of a thought disorder. Although helpful as a 
general screen, these items are inadequate to estimate 
the severity of dementia or depression; other instruments 
should be used for their assessment.

Part II consists of 13 items, describing difficulties 
in performance of a number of activities of daily liv-
ing such as bathing, dressing, using utensils, as well as 
any interference in functioning from impairments in 
walking as a result of tremor or of sensory symptoms.
Although these items are useful, 2 limitations should 
be kept in mind. First, patient perceptions may differ 
considerably, and it is not unusual to observe large 
discrepancies between subjective ratings and how the 
scale relates to objective measures of disease severity. 
A second difficulty is that functional performance may 
change during ‘‘on’’ and ‘‘off’’ states. Because patients 
commonly perform certain daily activities during cer-
tain times or only during ‘‘on’’ periods, rating func-
tional performance only during ‘‘on’’ or ‘‘off’’ states 
may be artificial and difficult for patients to answer 
accurately.

Part III is a 14-item rating of motor signs based 
largely on items in the Columbia Disability scale. In 
addition to ratings of tremor and an assessment of 
facial and generalized bradykinesia, performance of 
several tasks is used to rate disease severity, includ-
ing slowness noted while the patient is repeatedly 
tapping the index finger against the thumb, clench-
ing and unclenching a fist, rising from a chair, and 
other tasks. The definitions of impairment with each 
task are straightforward, and the scale is reproduc-
ible. However, this motor scale does not take into 
account any interference from dyskinesias or dysto-
nias, which may downgrade motor performance in 
some patients.

Part IV rates complications of therapy. This includes 
questions about the duration, severity, and timing of 
dyskinesias and motor fluctuations and the presence or 
absence of anorexia, sleep disturbance, or orthostatic 
hypotension.

Part V is a modified version of the Hoehn and 
Yahr staging system; overall disease severity is divided 
into unilateral or bilateral signs and whether balance 
and gait are affected.

Part VI is a disability scale, estimating the degree of 
dependency in daily activities; this is a modification of 
an earlier scale (6).

Validation

Validation of Clinical Ratings. Several studies have esti-
mated the interrater reliability of the UPDRS. In an early 
study (7), the UPDRS scores of 24 patients with PD were 
rated by 2 neurologists with experience in use of this scale. 
Overall, ratings closely agreed between raters (r � 0.8),
although the ratings of some items, such as speech (r � 0.29) 
and facial akinesia (r � 0.07), were less reliable; this was 
attributed to difficulty in grading patients with equivocal 
hypophonia or facial masking.

Subsequent studies have also found a good correla-
tion between raters. Three nurse clinicians and a neurolo-
gist rated motor signs in 75 patients using the motor exam 
(Part III) of the UPDRS; the nurses readministered the scale 
3 weeks later. The ratings were closely correlated between 
different raters over the 3-week period (r � 0.7–0.9), fur-
ther demonstrating that the scale has good test-retest and 
interrater reliability (8).

Another study rated 34 patients with advanced PD 
during “on” as well as “off” periods on each of 2 visits and 
found a good correlation between repeated “on” (r � 0.97) 
and repeated “off” (r � 0.84) periods (9).

The test-retest reproducibility of the UPDRS has also 
been measured in a large study. Four hundred patients 
with early stage disease were evaluated by the UPDRS by 
the same neurologists at 2 times approximately 2 weeks 
apart. The intraclass coefficient, a measure of reproduc-
ibility, was very high for the overall UPDRS score (0.92); 
measures of specific subscales such as mental, ADL, and 
motor scores as well as for symptom-based subscales were 
also quite good, ranging from 0.86 to 0.90 (10).

As the UPDRS is a somewhat lengthy scale to admin-
ister, a number of studies have addressed which items are 
most important. One study found that some items were 
redundant and less reproducible and could be omitted (11). 
Another study reported that a 6-item measure of disability, 
derived from the ADL section of the UPDRS, had a very 
good correlation (ranging from r � 0.76 to r � 0.92), with 
other disability and motor measures (12). A short motor 
scale with a reduced number of items has been developed. 
This scale, the short Parkinson’s evaluation scale (SPES), 
which was studied in 85 patients and has very good intra- 
and interrater reliability, correlates well with the UPDRS 
and is shorter to administer (13).

SYMPTOM RATINGS

Symptom rating instruments have been less extensively 
tested. One study (14) found a good correlation between 
Part II of the UPDRS, Hoehn and Yahr stage (r � 0.7),
and Part III of the UPDRS (r � 0.8). Studies of the ADL 
section of the UPDRS found good agreement between 
patients, caregivers, and neurologist (15, 16). However, 
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the correlations between symptom ratings and motor rat-
ings are less clear; while one study found a good correla-
tion (r � 0.8) (14), another study did not (15). Another 
study of 103 patients compared ratings of a quality-of-life 
scale with Hoehn and Yahr stage and found a moderate 
correlation (r � 0.5–0.7) (17).

BIOLOGICAL MARKERS

Ratings of motor impairments have been compared to in 
vivo markers of basal ganglia biochemical abnormalities in 
patients with PD. Studies using positron emission tomog-
raphy (PET) have found an increase in glucose metabo-
lism (18) as well as a reduction of fluorodopa uptake and 
retention in the basal ganglia in PD. These abnormalities 
are observed early in the disease and have been found in 
individuals with genetic or environmental risk factors for 
PD but not yet exhibiting motor signs. More recent studies 
have been performed with single photon emission com-
puted tomography (SPECT), a technology requiring less 
specialized equipment and using more stable radioisotopes, 
such as compounds that bind the dopamine transporter. 
These two types of studies correlate closely (19), and both 
correlate moderately well with motor ratings, particularly 
with measures of rigidity and bradykinesia (19–21).

These studies have been used to estimate disease 
progression by studying individual patients over time 
(22, 23). However, the correlation between the loss of 
signal and motor scores is imperfect. Generally, the loss 
of signal in the basal ganglia over time is reduced to a 
greater extent than are clinical measures of PD, and not 
all studies show a good correlation between changes in 
basal ganglia radionuclide uptake and changes in motor 
scores (23) over time.

Recent drug trials that have investigated possible 
effects of drug treatment in affecting disease progression 
have yielded conflicting data. In a study designed to deter-
mine if levodopa treatment affects disease progression, 
patients were studied before and after a 9-month period 
of treatment with either levodopa or placebo. At the end of 
this treatment period, patients treated with levodopa exhib-
ited a greater loss of striatal dopamine transporter uptake 
compared to untreated patients, yet they exhibited a slower 
rate of clinical decline (24). Similar results were seen in stud-
ies comparing levodopa and dopamine agonist treatment 
in early-stage patients; patients treated with levodopa did 
better clinically, yet they exhibited a greater loss of either 
dopamine transporter signal (25) or fluorodopa uptake (26) 
compared to those treated with dopamine agonists.

The interpretation of these studies is problem-
atic. There is evidence that short-term treatment with 
levodopa or a dopamine agonist substantially reduces the 
uptake of a dopamine transporter marker (27), and it is 
unclear if clinical measures or imaging of the dopamine 

transporter are the “gold standard” to estimate disease 
progression.

OVERVIEW: ADVANTAGES 
AND DISADVANTAGES

Because of its wide use and extensive validation, the 
UPDRS has become the “gold standard” reference scale. 
It is in common use in multicenter drug trials, in the 
process of new drug approvals, in trials of neurosurgical 
treatments, and in neuroprotective trials.

There are some disadvantages to the UPDRS. Although 
it is used over a wide range of disease severities, it is not ideally 
designed for very mildly affected patients with subtle physical 
findings nor in patients with very severe disease. In addition, 
some items are redundant, not as reproducible or valid across 
time or with different raters, or are ambiguous.

A more significant limitation of the UPDRS is that 
a number of associated physical symptoms and signs 
develop in most patients with PD over time that are not 
assessed adequately. These include such problems as 
neuropsychological deficits, sleep disturbances, anxiety, 
fatigue, depression and executive dysfunction, dysphagia, 
and dysarthria. In addition, autonomic symptoms such 
as impotence, orthostatic hypotension, and bladder and 
bowel dysfunction become major disabling features of 
patients with advancing PD but are not assessed ade-
quately. A task force has been established to address these 
limitations and to develop a new version (28).

The Capit Rating Scale

The Core Assessment Program for Intracerebral Trans-
plantation (CAPIT) (29) was devised to standardize the 
ratings obtained in studies of transplantation in PD and 
is now commonly used in assessing other neurosurgical 
treatments.

In addition to utilizing the UPDRS, the CAPIT pro-
tocol also includes a rating of dyskinesias. Other items 
include diary information, timed motor tasks, and video-
taped evaluation before and after an oral dose of levodopa. 
One useful feature is a ‘‘practically defined off’’ period, 
which is defined as the motor state in the morning after an 
overnight period without medications at least 1 hour after 
arising (to avoid confounding effects of a sleep benefit).

RATINGS OF DYSKINESIAS

Several dyskinesia rating scales have been devised. The 
abnormal involuntary movement scale (AIMS), which 
was devised for ratings of tardive dyskinesia, has been used 
in earlier studies but is not well suited for evaluation of 
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PD in that it concentrates on cranial and oral dyskinesias 
and is not recommended.

A number of very simple scales have been described. 
One scale, described in the CAPIT protocol, rates the 
intensity of dyskinesias and the duration for the waking 
day (each on a scale of 0–5), and scores overall dyskine-
sias as the average of these 2 scores. Although simple, the 
distribution and types of dyskinesias are not specified.

Another simple scale rates dyskinesias in each limb, 
the trunk, and head and neck on a scale of 0 to 4 (0 �
absent; 4 � incapacitating) (30). These scales are easy and 
quick to administer, take minimal training, and can be 
used for repeated examinations in pharmacologic studies, 
but their reproducibility has not been studied.

A more detailed dyskinesia scale based on videotaped 
ratings of performance of motor task is often used (31). 
Patients are videotaped performing 4 tasks (walking, drink-
ing from a cup, putting on a coat, and buttoning), and an 
overall severity score is assigned. In addition, the different 
types and most severe dyskinesias are identified.

The reliability of this scale has been studied. Vid-
eotapes of 20 patients were reviewed on 2 occasions by 
multiple raters, including physicians and study coordina-
tors. Agreement between raters on the severity, type of 
dyskinesia, and severity of dyskinesia was good for both 
groups of raters (r � 0.8–0.9). A follow-up study com-
pared the ratings of 34 patients during two different “on” 
times and found that the ratings were very close (9).

Although it is useful, there are limitations to this scale. 
It is relatively fast to administer but still takes several min-
utes and may not be appropriate for acute pharmacologic 
studies, in which dyskinetic movements are assessed at very 
frequent intervals. In addition, this scale does not assess 
the distribution or amplitude of movements. Further, many 
dyskinesias occur only at specific times of the day and may 
not be readily observed during office evaluation. Finally, 
intensity of pain is not estimated on this scale.

DIARY RATINGS

Another way to assess motor fluctuations is by patient self-
report. The patient is instructed to rate motor symptoms, 
averaging performance over each hour or half hour. In 
some versions, the patient is asked to distinguish between 
‘‘on’’ and ‘‘on with dyskinesias’, and to note if dyskinesias 
are troublesome or not. Although helpful, a number of 
problems are encountered with diary information. Unless 
the directions are explicit, misleading information can 
be reported by patients if they are simply asked to rate 
themselves “on” or “off.” Under research conditions, 
some patient self-reports correlate poorly with nursing or 
physician motor ratings; patients may rate themselves as 
“off” because of fatigue or may not be able to distinguish 
between tremor and dyskinesias.

Limited studies have been conducted to test the reli-
ability of patient self-reports. In one study, 26 patients 
with motor fluctuations kept diary information, rating 
their function as “off, ” “partially off, ” “on, ” and “on 
with dyskinesias.” The overall agreement between physi-
cian and patient ratings was fair, but several days of diary 
information were required to achieve reliability (32).

In a larger study (33), patients were asked to rate wak-
ing functional status as “off, ” “on without dyskinesias, ” 
“on with nontroublesome dyskinesia, ” or “on with trouble-
some dyskinesia” every half hour for 3 consecutive days 
over each of 2 weeks. At the end of each of these days, 
patients also provided responses to several questions regard-
ing dyskinesias and motor function using a visual analog 
scale. The percent of the waking day in which patients rated 
themselves as either “on” without dyskinesia or without 
troublesome dyskinesia was very stable over the duration 
of the study. However, there was only a fair correlation 
(r � 0.41) between this measure and the answer to the 
question “How much of the day today did you experience 
a good response?” The correlation between the diary data, 
“‘on’ with troublesome dyskinesias” and the answer to the 
question “How much of the day today did you have trouble-
some dyskinesia?” was also only fair (r � 0.57). This study 
suggests that patient self-perception of motor response over 
the day may be somewhat inaccurate, but patient diaries, 
when filled out prospectively, may be a simple and useful 
way to report some aspects of motor function.

UNIFIED PARKINSON’S DISEASE 
RATING SCALE

Mentation, Behavior, and Mood

1. Intellectual Impairment:
0 –None.

  1 – Mild. Consistent forgetfulness with partial rec-
ollection of events and no other difficulties.

  2 –Moderate memory loss, with disorientation and 
moderate difficulty handling complex prob-
lems. Mild but definite impairment of function 
at home with need of occasional prompting.

  3 – Severe memory loss with disorientation of time 
and often of place. Severe impairment in han-
dling problems.

  4 – Severe memory loss with orientation preserved 
to person only. Unable to make judgments or 
solve problems. Requires much help with per-
sonal care. Cannot be left alone at all.

 2. Thought Disorder (Due to dementia or drug intoxi-
cation):
0 –None.
1 –Vivid dreaming.
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2 –‘‘Benign’’ hallucinations with insight retained. 
  3 –Occasional to frequent hallucinations or delu-

sions; without insight; could interfere with daily 
activities.

  4 –Persistent hallucinations, delusions, or florid 
psychosis. Not able to care for self.

 3. Depression:
0 –Not present.

  1 – Periods of sadness or guilt greater than normal, 
never sustained for days or weeks.

2 –Sustained depression (1 week or more).
  3 – Sustained depression with vegetative symptoms 

(insomnia, anorexia, weight loss, loss of interest).
  4 – Sustained depression with vegetative symptoms 

and suicidal thoughts or intent.

 4. Motivation/Initiative:
0 –Normal.
1 –Less assertive than usual; more passive.

  2 – Loss of initiative or disinterest in elective (non-
routine) activities.

  3 – Loss of initiative or disinterest in day-to-day 
(routine) activities.

4 –Withdrawn, complete loss of motivation.

Activities of Daily Living 
(Determine for ‘‘on/off’’)

 5. Speech:
0 –Normal.

  1 – Mildly affected. No difficulty being under-
stood.

  2 – Moderately affected. Sometimes asked to repeat 
statements.

  3 – Severely affected. Frequently asked to repeat 
statements.

4 –Unintelligible most of the time.

 6. Salivation:
0 –Normal.

  1 – Slight but definite excess of saliva in mouth; 
may have nighttime drooling.

  2 – Moderately excessive saliva; may have minimal 
drooling.

.3 –Marked excess of saliva with some drooling.
  4 – Marked drooling, requires constant tissue or 

handkerchief.

 7. Swallowing:
0 –Normal.
1 –Rare choking.
2 –Occasional choking.
3 –Requires soft food.

  4 – Requires nasogastric tube or gastrostomy feeding.

8. Handwriting:
0 –Normal.
1 –Slightly slow or small.

  2 – Moderately slow or small; all words are legible.
3 –Severely affected; not all words are legible.
4 –The majority of words are not legible.

9. Cutting Food and Handling Utensils:
0 –Normal.

  1 – Somewhat slow and clumsy, but no help needed.
  2 – Can cut most foods, although clumsy and slow; 

some help needed.
  3 – Food must be cut by someone, but can still feed 

slowly.
4 –Needs to be fed.

10. Dressing:
0 –Normal.
1 –Somewhat slow, but no help needed.

  2 – Occasional assistance with buttoning, getting 
arms in sleeves.

  3 – Considerable help required but can do some 
things alone.

4 –Helpless.

11. Hygeine:
0 –Normal.
1 –Somewhat slow but no help needed.

  2 – Needs help to shower or bathe or very slow in 
hygienic care.

  3 – Requires assistance for washing, brushing teeth, 
combing hair, going to bathroom.

4 –Foley catheter or other mechanical aids.

12. Turning in bed and adjusting bedclothes:
0 –Normal.
1 –Somewhat slow but no help needed.

  2 – Can turn alone or adjust sheets but with great 
difficulty.

  3 – Can initiate but not turn or adjust sheets alone.
4 –Helpless.

13. Falling (unrelated to freezing).
0 –None.
1 –Rare falling.
2 –Occasional falls, less than once per day.
3 –Falls an average of once per day.
4 –Falls more than once per day.

14. Freezing when walking:
0 –None.

  1 – Rare freezing when walking, may have start-
hestitation.

2 –Occasional freezing when walking.
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  3 – Frequent freezing. Occasionally falls from 
freezing.

4 –Frequent falls from freezing.

15. Walking:
0 –Normal.

  1 – Mild difficulty. May not swing arms or may 
tend to drag leg.

  2 – Moderate difficulty, but requires little or no 
assistance.

  3 – Severe disturbance of walking, requiring assis-
tance.

4 –Cannot walk at all, even with assistance.

16. Tremor:
0 –Absent.
1 –Slight and infrequently present.
2 –Moderate; bothersome to patient.
3 –Severe; interferes with many activities.
4 –Marked; interferes with most activities.

17. Sensory Complaints Related to Parkinsonism:
0 –None.

  1 – Occasionally has numbness, tingling, or mild 
aching.

  2 – Frequently has numbness, tingling, or aching; 
not distressing.

3 –Frequent painful sensations.
4 –Excruciating pain.

Motor Examination

18. Speech:
0 –Normal.
1 –Slight loss of expression, diction, and volume.

  2 – Monotone, slurred but understandable; mod-
erately impaired.

3 –Marked impairment, difficult to understand.
4 –Unintelligible.

19. Facial Expression:
0 –Normal.

  1 – Minimal hypomimia, could be normal ‘‘poker 
face.’’

  2 – Slight but definitely abnormal diminution of 
facial expression.

  3 – Moderate hypomimia; lips parted some of the 
time.

  4 – Masked or fixed facies with severe or complete 
loss of facial expression; lips parted 1/4 inch or 
more.

20. Tremor at Rest:
0 –Absent.
1 –Slight and infrequently present.

  2 – Mild in amplitude and persistent moderate in 
amplitude, but only intermittently present.

  3 – Moderate in amplitude and present most of the 
time.

  4 – Marked in amplitude and present most of the 
time.

21. Action or Postural Tremor of Hands:
0 –Absent.
1 –Slight; present with action.
2 –Moderate in amplitude, present with action.

  3 – Moderate in amplitude, with posture holding 
as well as action.

4 –Marked in amplitude; interferes with feeding.

22. Rigidity (Judged on passive movement of major joints 
with patient relaxed in sitting position. Cogwheeling 
to be ignored):
0 –Absent.

  1 – Slight or detectable only when activated by mir-
ror or other movements.

2 –Mild to moderate.
  3 – Marked, but full range of motion easily 

achieved.
  4 – Severe, range of motion achieved with 

difficulty.

23. Finger Taps (Patient taps thumb with index finger 
in rapid succession with widest amplitude possible, 
each hand separately):
0 –Normal.

  1 – Mild slowing or reduction in amplitude
(11–14/5 sec).

  2 – Moderately impaired. Definite and early fatigu-
ing. May have occasional arrests in movement
(7–10/5 sec).

  3 – Severely impaired. Frequent hesitation in initiat-
ing movements or arrests in ongoing movement 
(3–6/5 sec).

4 –Can barely perform the task(0–2/5 sec).

24. Hand Movements (Patient opens and closes hand 
in rapid succession with widest amplitude possible, 
each hand separately):
0 –Normal.
1 –Mild slowing or reduction in amplitude.

  2 – Moderately impaired. Definite and early fatigu-
ing. May have occasional arrests in move-
ment.

  3 – Severely impaired. Frequent hesitation in initi-
ating movements or arrests in ongoing move-
ment.

4 –Can barely perform the task.
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25. Rapid Alternating Movements of Hands (Pronation-
supination movements of hands, vertically or hori-
zontally, with as large an amplitude as possible, both 
hands simultaneously):
0 –Normal.
1 –Mild slowing or reduction in amplitude.

  2 – Moderately impaired. Definite and early fatigu-
ing. May have occasional arrests in movement.

  3 – Severely impaired. Frequent hesitation in initi-
ating movements or arrests in ongoing move-
ment.

4 –Can barely perform the task.

26. Foot agility (Patient taps heel on ground in rapid 
succession, picking up entire foot. Amplitude should 
be about 3 inches):
0 –Normal
1 –Mild slowing and/or reduction in amplitude.

  2 – Moderately impaired. Definite and early fatigu-
ing. May have occasional arrests in move-
ment.

  3 – Severely impaired. Frequent hesitation in initiating 
movements or arrests in ongoing movement.

4 –Can barely perform the task.

A new version of this scale also includes the fol-
lowing item:

Toe tapping: subject sits in chair with or without 
shoes on. Knees should be flexed and legs essentially per-
pendicular so that heels of feet are placed comfortably 
about one inch forward of the perpendicular. The patient 
is instructed as follows: ‘‘with your heel on the ground, 
tap the toes of the foot and don’t stop until I tell you to; 
keep it smooth and regular and as large and as fast as you 
can.’’ The rater counts the taps to self and has the patient 
tap 20 times before telling him or her to stop.

  0 – Normal. Height of toes off the ground should be 
at least 1 inch. There are no haltings or hesita-
tions during the tapping, which is smooth and 
evenly spaced throughout. The normal amplitude 
should not decrement with continuous tapping.

  1 – Mildly impaired amplitude maintained without 
decrementing, but there are 1–2 hesitations or 
irregularities in otherwise smooth tapping of 
toes 20 times.

  2 – Moderately impaired. Able to tap the toes the 
full 20 times with any of the following abnor-
malities:

(a) between 2–5 very brief hesitations; or
(b) at least one longer halting period; or
(c) decrementing amplitude with tapping.

  3 – Severely impaired. Any of the following abnor-
malities; (a) cannot tap the toes 20 times but 

does achieve at least 10 taps; or (b) if 20 taps 
are achieved they are accomplished with more 
than 5 hesitations or more than one long halt; 
or (c) the amplitude never achieved the height of 
1 inch or without decrementing further during 
the 20 taps.

  4 – Markedly impaired. Cannot tap the toes 20 
times.

27. Arising from Chair: (Patient attempts to arise from a 
straight-back wood or metal chair with arms folded 
across chest.)
0 –Normal.

  1 – Slow; or may need more than one attempt.
  2 – Pushes self up from arms of seat or may need 

more than one attempt.
  3 – Tends to fall back and may have to try more 

than one time but can get up without help.
4 –Unable to arise without help.

28. Posture:
0 –Normal erect.

  1 – Not quite erect, slightly stooped posture; could 
be normal for older person.

  2 – Moderately stooped posture, definitely abnor-
mal; can be slightly leaning to one side.

  3 – Severely stooped posture with kyphosis; can be 
moderately leaning to one side.

  4 – Marked flexion with extreme abnormality of
posture.

29. Gait:
0 –Normal

  1 – Walks slowly, may shuffle with short steps, but 
no festination or propulsion.

  2 – Walks with difficulty, but requires little or no 
assistance; may have some festination, short 
steps, or propulsion.

  3 – Severe disturbance of gait, requiring assis-
tance.

4 –Cannot walk at all, even with assistance.

30. Postural Stability (Response to sudden posterior 
displacement produced by pull on shoulders while 
patient erect with eyes open and feet slightly apart. 
Patient is prepared):
0 –Normal.
1 –Retropulsion, but recovers unaided.

  2 – Absence of postural response; would fall if not 
caught by examiner.

  3 – Very unstable, tends to lose balance spontane-
ously.

  4 – Unable to stand without assistance.
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31. Body Bradykinesia and Hypokinesia (Combining 
slowness, hesitancy, decreased arm swing, small 
amplitude, and poverty of movement in general):
0 –None.

  1 – Minimal slowness, giving movement a deliberate 
character; could be normal for some persons. 
Possibly reduced amplitude.

  2 – Mild degree of slowness and poverty of move-
ment which is definitely abnormal. Alterna-
tively, some reduced amplitude.

  3 – Moderate slowness, poverty or small amplitude 
of movement.

  4 – Marked slowness, poverty or small amplitude 
of movement.

Complications of Therapy (in the past week)

Dyskinesias

32. Duration: What proportion of the waking day are 
dyskinesias present? (Historical information) 0 �
None; 1 � 1–25% of day; 2 � 26–50% of day; 3 �
51–75% of day; 4 � 76–100% of day.

33. Disability: How disabling are the dyskinesia? (His-
torical information; may be modified by office exam-
ination) 0 � Not disabling; 1 � Mildly disabling; 
2 � Moderately disabling; 3 � Severely disabling; 
4 � Completely disabling.

34. Painful Dyskinesias: How painful are the dyskine-
sias? 0 � No painful dyskinesias; 1 � Slight; 2 �
Moderate; 3 � Severe; 4 � Marked.

35. Presence of Early Morning Dystonia: (Historical 
information) 0 � No; 1 � Yes.

Clinical Fluctuations

36. Are any ‘‘off’’ periods predictable as to timing after 
a dose of medication? 0 � No; 1 � Yes.

37. Are any ‘‘off’’ periods unpredictable as to timing 
after a dose of medication? 0 � No; 1 � Yes.

38. Do any of the ‘‘off’’ periods come on suddenly, for 
example, over a few seconds? 0 � No; 1 � Yes.

39. What proportion of the waking day is patient ‘‘off’’ 
on average? 0 � None; 1 � 1–25% of day; 2 �
26–50% of day; 3 � 51–75% of day; 4 � 76–100%
of day.

Other Complications

40. Does the patient have anorexia, nausea, or vomiting? 
0 � No; 1 � Yes.

41. Does the patient have any sleep disturbances, for 
example, insomnia or hypersomnolence? 0 � No;
1 � Yes.

42. Does the patient have symptomatic orthostasis?
0 � No; 1 � Yes.

MODIFIED HOEHN AND YAHR STAGING

Stage 0 –No signs of disease.
Stage 1 –Unilateral disease.

Stage 1.5 –Unilateral plus axial involvement.
Stage 2 – Bilateral disease, without impairment of 

balance.
Stage 2.5 – Mild bilateral disease with recovery on pull 

test.
Stage 3 – Mild to moderate bilateral disease; some pos-

tural instability; physically independent.
Stage 4 – Severe disability; still able to walk or stand 

unassisted.
Stage 5 – Wheelchair-bound or bedridden unless aided.

MODIFIED SCHWAB AND ENGLAND 
ACTIVITIES OF DAILY LIVING SCALE

100% – Completely independent. Able to do all 
chores without slowness, difficulty or impair-
ment. Essentially normal. Unaware of any 
difficulty.

90% – Completely independent. Able to do all chores 
with some degree of slowness, difficulty, and 
impairment. Might take twice as long. Begin-
ning to be aware of difficulty.

80% – Completely independent in most chores. Takes 
twice as long. Conscious of difficulty and 
slowness.

70% – Not completely independent. More difficulty 
with some chores. Three to four times as long 
in some. Must spend a large part of the day with 
chores.

60% – Some dependency. Can do most chores, but 
exceedingly slowly and with much effort. Errors; 
some impossible.

50% – More dependent. Help with half, slower, etc. 
Difficulty with everything.

40% – Very dependent. Can assist with all chores, but 
few alone.

30% – With effort, now and then does a few chores 
alone or begins alone. Much help needed.

20% – Nothing alone. Can be a slight help with some 
chores. Severe invalid.

10% – Total  dependent,  helpless.  Complete 
invalid.

0% – Vegetative functions such as swallowing, blad-
der, and bowel functions are not functioning. 
Bedridden.
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DYSKINESIA RATING SCALE (31)

Directions:

1. View the patient walk, drink from a cup, put on a 
coat and button clothing.

2. Rate the severity of dyskinesias. These may 
include chorea, dystonia, and other dyskinetic 
movements in combination. Rate the patient’s 
worst function.

3. Check which dyskinesias are observed (more than 
one response possible).

4. Check the type of dyskinesia that is causing the most 
disability on the tasks seen on the tape (only one 
response is permitted).

Severity rating code:

0 Absent
1 Minimal severity, no interference with voluntary 

motor acts
2 Dyskinesias may impair voluntary movements but 

patient is normally capable of undertaking most 
motor acts

3 Intense interference with movement control and daily 
life activities are greatly limited 4 violent dyskine-
sias, incompatible with any normal motor tasks

Dyskinesias observed (more than one choice possible): 
Chorea, dystonia, other most disabling dyskinesia (choose 
one): Chorea, dystonia, other.
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Dementia

lthough estimates of the preva-
lence and incidence of dementia in 
Parkinson’s disease (PD) vary, there 
is little doubt that it is an impor-

tant complication both because of the need for reduc-
tion or elimination of some of the medications used to 
treat the motor manifestations of PD and the impact of 
dementia on morbidity and mortality. The spectrum of 
cognitive impairment seen in PD may be conceptual-
ized as a continuum. Although some patients with PD 
never develop cognitive impairment, most have selective 
impairment in the domains of memory, executive func-
tion and visuospatial skills. A proportion of patients 
with isolated deficits progress to dementia. Several 
questions remain unresolved: (a) What is the pattern 
of neuropsychological impairment in PD and how does 
it evolve in those who become demented? (b) What is 
the etiology of dementia in PD and to what extent is the 
dementia due to Alzheimer’s disease (AD)? (c) What are 
the demographic characteristics, genetic influences, and 
environmental risk factors associated with dementia in 
PD? (d) What are the currently available treatments for 
dementia in PD?

Karen S. Marder
Diane M. Jacobs

DEFINING DEMENTIA IN 
PARKINSON’S DISEASE

The most widely used criteria for the diagnosis of demen-
tia, from the current edition of the Diagnostic and Statis-
tical Manual of Mental Disorders (DSM-IV-TR), require 
“the development of multiple cognitive deficits . . . suf-
ficiently severe to cause impairment in occupational or 
social functioning” (1). The cognitive deficits must include 
impairment of learning or memory plus impaired lan-
guage, praxis, object recognition, or executive function-
ing. The cognitive dysfunction must represent a decline 
from premorbid levels and cannot occur exclusively dur-
ing the course of delirium. Although previous editions of 
the DSM stated that “an underlying causative organic 
factor is always assumed” in cases of dementia, specifi-
cation of an etiologic factor was not necessary to make 
the diagnosis. In the DSM-IV-TR (1), however, specific 
dementia diagnoses are assigned based on the presumed 
etiology; specifically, dementia of the Alzheimer’s type, 
vascular dementia, or dementia due to other general medi-
cal conditions. PD is listed among the general medical 
conditions to which dementia can be attributed.

A

15
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According to the DSM-IV-TR (1), “The essential 
feature of Dementia Due to Parkinson’s Disease is the 
presence of a dementia that is judged to be the direct 
pathophysiological consequence of PD.” In many cases, 
however, it is difficult or even impossible to determine 
whether dementia in a patient with PD is due to a “direct 
pathophysiological consequence of Parkinson’s disease” 
or to a comorbid dementing disorder, such as Alzheimer’s 
disease (AD) or dementia with Lewy bodies (DLB).

One factor determining whether dementia is due to 
PD is the temporal relationship between the onset of the 
motor and cognitive symptoms. This temporal relation-
ship is critical in differentiating AD or DLB from PD with 
dementia (PDD). If dementia is the primary symptom 
and extrapyramidal motor signs appear only later in the 
disease course, a diagnosis of AD (with extrapyramidal 
features) may be warranted. Conversely, although parkin-
sonism and visual hallucinations are quite common in the 
advanced stages of AD, if these symptoms are prominent 
early in the course of dementia, a diagnosis of DLB should 
be considered.

The temporal distinction between PDD and DLB is 
more difficult. The original consensus guidelines for the 
diagnosis of DLB (2) suggest that if the onset of parkin-
sonian motor symptoms precedes the onset of cognitive 
symptoms by more than 12 months, the diagnosis of PDD 
is warranted. If, on the other hand, the cognitive and 
motor symptoms commence within 12 months of each 
other, a diagnosis of DLB should be considered. A recent 
revision of these guidelines (3) acknowledges that

The 1-year rule distinguishing between DLB and PDD 
may be difficult to apply in clinical settings and in such 
cases the term most appropriate to each individual 
patient should be used. . . . DLB should be diagnosed 
when dementia occurs before or concurrently with par-
kinsonism and PDD should be used to describe demen-
tia that occurs in the context of well-established PD. In 
research studies in which distinction is made between 
DLB and PDD, the 1-year rule between the onset of 
dementia and parkinsonism for DLB should be used.

In addition to the temporal relationship between the cog-
nitive and motor symptoms, additional clinical features 
associated with DLB (e.g., visual hallucinations, rapid-
eye-movement (REM) sleep behavior disorder, severe neu-
roleptic sensitivity, reduced striatal dopamine transporter 
activity on functional neuroimaging) are helpful in mak-
ing the distinction between AD, DLB, and PDD (3).

Clinicopathologic studies have found the accu-
racy of a clinical diagnosis of DLB to be poor, hover-
ing around 50% accurate (4–6). In an analysis of case 
vignettes describing 15 patients with PD, 14 with DLB, 
and 76 without PD or DLB, all confirmed by autopsy, PD 
was predicted by asymmetric presentation (bradykinesia, 
tremor, and rigidity), levodopa- induced dyskinesias, and 

absence of cognitive impairment (4). DLB was predicted 
by the presence of hallucinations and the absence of 
tremor, bradykinesia, and dystonia. Clinically, DLB was 
under diagnosed, and was most often misdiagnosed as 
AD or PD. Less likely entities that could be mistaken for 
dementia in PD include multi-infarct dementia, progres-
sive supranuclear palsy, multisystem atrophy, and cortico-
basal degeneration. Early spontaneous motor signs in AD 
have been associated with false-positive clinical diagnoses 
of DLB, whereas greater emphasis on hallucinations as 
a diagnostic feature may improve the clinical distinction 
between DLB and AD (5). The degree of concomitant AD 
tangle pathology has been found to have an important 
influence on the clinical presentation and therefore the 
clinical diagnostic accuracy of DLB (6).

NEUROPSYCHOLOGICAL CHARACTERISTICS 
OF DEMENTIA IN PARKINSON’S DISEASE

Numerous studies have examined the pattern of cognitive 
strengths and weaknesses that characterizes dementia in 
patients with PD (see refs. 7 and 8 for a review of this liter-
ature). PDD has been described as a prototypical “subcor-
tical dementia” characterized by predominant impairment 
of executive functions (i.e., planning, initiating, sequenc-
ing, monitoring, and shifting between responses); psycho-
motor speed, visuomotor and visuospatial skills, memory 
retrieval (but not storage); and verbal fluency. Language 
functions other than verbal fluency are relatively pre-
served, as are orientation and memory storage. This is in 
contrast to AD, a prototypical “cortical dementia, ” in 
which impairments in language, orientation, and memory 
storage are often early and prominent symptoms. Thus, in 
addition to the chronology of symptom presentation, the 
pattern of cognitive impairment of the dementia syndrome 
itself may be useful in clarifying the etiology of dementia, 
at least in its early stages. An overview of results from 
these studies is presented in Table 15-1.

Although impairment of learning or memory is 
a requisite criterion for the diagnosis of dementia, the 
characteristics of memory impairment vary depending 
on the etiology of the dementia syndrome. One of the 
most frequently observed differences between demented 
patients with PD and AD on neuropsychologic testing is 
performance on tests of delayed recall and recognition 
memory. Both PD and AD patients are impaired in their 
ability to recall new information. Thus, performance on 
tests of immediate and delayed recall memory is impaired 
relative to normative data for both patient groups. What 
distinguishes PD from AD patients is performance on 
delayed recall testing relative to immediate recall; that 
is, their retention or “savings” of new material over a 
delay interval differs. Patients with AD rapidly forget new 
information, even material that was recalled accurately on 
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immediate memory testing (9, 10). In AD, the percentage 
of recently learned material retained after a delay inter-
val is very low, often less than 50%. Patients with AD 
often are unable to recall or even recognize material that 
was recalled correctly several minutes earlier. In contrast, 
delayed recall and recognition memory in patients with PD 
often is commensurate with the level of recall on testing of 
immediate memory. Hence, PD is associated with relatively 
good retention of newly acquired information over a delay 
interval. This difference in performance on memory testing 
between AD and PD patients is evident even when groups 
are comparable in terms of overall severity of dementia, 
and it may be particularly pronounced in the early or mild 
stages. The fact that long-term retention of new material 
is relatively maintained in PD but impaired in AD sup-
ports the conclusion that the memory impairment associ-
ated with PD is primarily a retrieval deficit, while AD is 
characterized by deficient encoding or consolidation of 
information. The encoding deficit of AD likely reflects the 
prominent pathology of the hippocampus and entorhinal 
cortex associated with this disorder (11, 12), while the 
poor retrieval of new information by PD patients may be 
secondary to executive dysfunction (i.e., inability to initiate 
a systematic search of memory) and reflects dysfunction 
of subcorticofrontal circuits (13).

Although the distinction between “subcortical” 
and “cortical” dementia has been a useful heuristic in 
research on PDD, several reports have suggested that 
there is considerable heterogeneity in the memory profiles 
of PD patients. Detailed examinations of performance on 
word-list learning tasks among patients with PD (not all 

of whom were demented) suggest that memory function-
ing is normal in approximately 50% of patients; approx-
imately one-third exhibit the expected retrieval deficit 
profile while the remainder have encoding deficits more 
typically associated with AD (14–16). It is important, 
therefore, to consider performance on memory testing 
within the context of other neuropsychological and clini-
cal characteristics.

Retrospective autopsy studies have supported a neu-
ropsychological distinction between diagnostic groups. 
Kraybill and associates (17) compared cognitive data from 
patients with autopsy-confirmed AD, Lewy body pathol-
ogy alone (LBP), or both. Results revealed that patients 
with AD alone and AD plus Lewy body pathology (LBP) 
had more severe memory impairment than patients with 
just LBP. In contrast, LBP alone was associated with more 
severe executive dysfunction. Further, patients with com-
bined AD and LBP had the most rapid rate of cognitive 
decline. In a similar comparison of patients with AD and 
DLB, Hamilton and colleagues (18) found that although 
both DLB and AD patients exhibit significant memory 
impairment, the ability to consolidate information was less 
severely impaired in DLB patients than in AD patients.

ROLE OF DOPAMINE IN 
COGNITIVE DYSFUNCTION

Cognitive impairment in the absence of dementia occurs 
frequently in PD, even among newly diagnosed patients 
(19, 20). The mild or relatively circumscribed cognitive 

TABLE 15-1
Typical Neuropsychological Test Performance of Patients with Cognitive Impairment Due to Parkinson’s 

Disease, Mild Parkinson’s Disease Dementia, and Mild Alzheimer’s Disease

PD PDD AD

Memory
Immediate free recall Mildly impaired Impaired Impaired
Delayed free recall Mildly impaired Impaired Severely impaired
Delayed recognition Normal Normal Severely impaired
Percent retention* Normal (�70%) Normal–Mildly impaired ( �50%) Severely impaired (�50%)

Language
Naming Normal Normal to Mildly impaired Severely impaired
Verbal fluency Impaired Severely impaired Impaired

Orientation Normal Normal Impaired

Visuospatial skills Impaired Impaired Impaired

Executive functions† Impaired Severely impaired Severely impaired

*Percent retention � (immediate free recall/delayed free recall) 
 100.
†Executive functions may be disproportionately impaired relative to other cognitive abilities.
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dysfunction observed in many patients with PD does not 
progress to dementia in all affected individuals. There is, 
however, substantial overlap in the pattern of observed 
deficits in PDD and nondemented PD patients. As in 
PDD, impairments of attentional and executive functions, 
visuospatial skills, recall memory, and verbal fluency are 
common among nondemented PD patients. This pattern 
of impaired and preserved cognitive abilities on neuro-
psychological testing is similar to that associated with 
damage to the frontal lobes, particularly the prefrontal 
cortex (13, 21), and is hypothesized to reflect dopamine 
deficiency and reduced neostriatal outflow to the prefron-
tal cortex (13). Specifically, loss of dopaminergic neu-
rons in the substantia nigra and nigrostriatal pathway 
disrupts the physiologic activity of the neostriatum (22) 
and compromises the functioning of subcortical-cortical 
functional-anatomic loops.

Neuropsychological examination of patients with 
MPTP-induced parkinsonism has supported the assump-
tion that at least some of the cognitive symptoms of PD are 
due to loss of dopaminergic innervation of the basal gan-
glia. In their comparisons of patients with MPTP-induced 
parkinsonism to age- and education-matched controls, 
Stern and Langston (23) found that patients had impaired 
visuospatial and executive functions as assessed by the 
Rosen Drawing (24), Stroop Color-Word (25), and verbal 
fluency tests (26). Similar but less severe changes were seen 
in MPTP-exposed subjects who were motorically asymp-
tomatic, suggesting that these cognitive abilities may be 
dopamine-specific and that deficits in these domains might 
be present even in the absence of parkinsonian motor 
impairment.

Further support for the role of dopamine in cog-
nitive dysfunction in PD comes from examination of 
PD patients on and off levodopa therapy. Malapani and 
colleagues (27) examined the ability of nondemented 
PD patients to process 2 cognitive tasks simultaneously as 
assessed by simple (i.e., single presentation) and complex 
(i.e., concurrent presentation) visual and auditory-choice 
reaction-time measures. They compared 3 groups of 
PD patients: a group receiving their usual dose of levodopa, 
a group of recently diagnosed untreated patients, and a 
group assessed at the time of maximal (“on” state) and
minimal (“off” state—treatment withdrawn for 18 hours) 
clinical benefit of levodopa therapy. Compared with 
healthy, age-matched normal control subjects, PD patients 
receiving their standard dose of levodopa and those 
tested in the “on” state performed normally on tests of 
simple- and complex-choice reaction time. In contrast, 
recently diagnosed untreated patients and those tested 
in the “off” state were impaired on tests of complex- 
but not simple-choice reaction time. These results sug-
gest that concurrent processing of cognitive information 
requires adequate dopaminergic transmission (27). Similar 
“on-off” differences have been reported on measures of 

verbal delayed-recall memory (28). A report from the 
DATATOP study revealed that 6 months after the initia-
tion of levodopa therapy, PD patients performed signifi-
cantly better on tests of frontal lobe function, including 
measures of psychomotor speed, set-shifting ability, and 
verbal fluency (29).

PROGRESSION OF COGNITIVE 
IMPAIRMENT IN PARKINSON’S DISEASE

It is unclear what factors differentiate PD patients who 
will develop dementia from those who remain cognitively 
intact or have mild or circumscribed cognitive impair-
ments. Risk factors for dementia have been identified, 
as have neuropsychological predictors of later decline. 
Jacobs and colleagues (30) found that the performance 
of nondemented patients with PD on tests of letter and 
category fluency was a highly sensitive neuropsychologi-
cal predictor of incident dementia. Poor verbal fluency 
in PD patients likely reflects poor executive function 
rather than an impairment of language per se. Specifi-
cally, patients are impaired in their ability to initiate a 
systematic retrieval of semantic stores and efficiently 
generate exemplars. Thus, the poor performance of 
PD patients on measures of verbal fluency, like other defi-
cits of frontal lobe functions, may be attributable to com-
promised subcortical-cortical circuitry. In a subsequent 
examination of the same cohort but with longer follow-
up, Levy and colleagues (31) found that baseline measures 
of verbal memory provided an additional contribution to 
the identification of PD patients who would later become 
demented. Using a more comprehensive neuropsychologi-
cal test battery, Mahieux and colleagues (32) found that, 
in addition to verbal fluency, several other measures of 
attention and executive function (performance on the 
Picture Completion subtest of the Wechsler Adult Intelli-
gence Scale–Revised (33) and the interference section of the 
Stroop Test (25) also were significant neuropsychologi-
cal predictors of subsequent dementia. Similarly, Woods 
and Troster (34) found evidence of frontal/executive 
dysfunction in PD patients’ performance on Digit Span 
Backward, the Wisconsin Card Sorting Test (persevera-
tive errors), and word-list learning and recognition a year 
prior to the diagnosis of dementia.

A growing body of evidence suggests that when cog-
nitive impairment progresses to dementia in patients with 
PD, not only do the relatively circumscribed impairments 
seen in nondemented PD patients worsen in severity but 
additional cognitive domains are affected. Specifically, 
there is a qualitative shift in the pattern of cognitive 
deficits, with substantial broadening and worsening of 
memory dysfunction, as dementia emerges (9). In a pro-
spective neuropsychological study of the evolution of 
cognitive changes associated with dementia in PD and 
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AD, Stern and colleagues (35) found that performance 
on tests of visual confrontation naming [Boston Naming 
Test (36)] and delayed-recall memory worsened as non-
demented PD patients developed dementia. PD patients 
performed worse than healthy elders who subsequently 
developed AD on category fluency throughout the follow-
up period, suggesting either that poor verbal fluency is 
an early manifestation of dementia in PD but not AD or 
that dementia is overlaid on this preexisting performance 
deficit. In contrast, elders who subsequently developed 
AD consistently performed worse than PD patients on a 
test of delayed recognition memory, consistent with the 
conclusion that dementia in AD but not PD is character-
ized by an encoding deficit.

It is widely hypothesized that as dementia emerges 
in PD and cognitive deficits expand and worsen, so too 
the underlying pathology expands beyond the dopami-
nergic system and subcorticofrontal circuits. In some 
patients, a cholinergic deficit is superimposed on the 
dopaminergic deficit of PD. This cholinergic deficit likely 
reflects atrophy of cholinergic cells in the nucleus basalis 
of Meynart and may occur independently of histopatho-
logic changes indicative of AD. Other dementia patients, 
however, do show neuropathologic evidence of PD and 
AD. Finally, the contribution of cortical Lewy bodies 
must be considered in the differential etiology of PD 
dementia.

PREVALENCE OF DEMENTIA

The prevalence of dementia in PD has been reported 
to be as low as 8% (37) and as high as 93% (38). 
Methodologic issues that have led to this wide range 
of prevalence estimates include lack of uniform cri-
teria for dementia, ascertainment from case records 
rather than formal neuropsychological examination, 
and failure to adjust for age at the time of assessment. 
Prevalence estimates may also be influenced by the inclu-
sion of patients who meet critieria for DLB (3) rather 
than PDD, since the period of parkinsonism preceding 
dementia cannot be accurately determined in dementia 
prevalence studies.

In an analysis of 2530 patients participating in 
17 studies over a 60-year period, Brown and Marsden
(39) suggested that the prevalence of dementia was 
15%. However, studies performed subsequent to that 
analysis suggest that the prevalence of dementia in 
PD is 20% to 40% (40–45). In a systematic review 
of 12 prevalence studies that met strict prespeci-
fied criteria for PD or dementia in PD including 1767 
PD patients, the proportion of PD patients with dementia 
was 24.5% (95% confidence interval (CI) 17.4 to 31.5) (46). 
When limited to 4 large studies that focused specifically on 
PD dementia (40–42, 47), 31.1% (95% CI 20.1 to 42.1) 

met criteria for dementia. The estimated prevalence of 
PDD in the general population was 30 (95% CI 19.0 
to 41.1) per 100, 000 and between 150 to 500 per 100, 
000 among those aged 65 and above. In 24 prevalence 
studies of dementia that met prespecified criteria, 3.6% 
(3.1 to 4.1) of all dementia was attributable to PD.

INCIDENCE OF DEMENTIA

Incidence may provide a more meaningful estimate of 
the frequency of dementia in PD, because the devel-
opment of dementia may reduce survival; therefore 
demented PD patients are less likely to be reflected 
in prevalence surveys. The incidence of dementia 
among PD patients ranges from 42.6 (48) to 112.5 
(49) per 1000 person-years of observation. The high-
est incidence rates 112.5 (49), 95.5 (50), and 107.4 
(51) were reported from community-based studies in 
which follow-up was more complete than in hospital-
based series.

RISK OF DEMENTIA IN PATIENTS WITH 
PARKINSON’S DISEASE COMPARED WITH 

AGE-MATCHED CONTROLS

Several studies have compared the risk of dementia in 
PD with the risk of dementia among controls and have 
reported risk ratios from 1.7 to 5.9 (45, 49–54). Despite 
similar incidence rates of dementia in PD in 2 community-
based samples (49, 50), a lower risk ratio (RR 1.7; 95% 
CI 1.1 to 2.7) was reported in the New York study than 
in the Norwegian study (RR 5.9; 95% CI 3.9 to 9.1) 
because of an unusually high incidence of dementia in 
controls in the New York study. A subsequent study 
in the same New York cohort followed for a mean of 
3.6 years, including a different control sample, reported 
a 3.7-fold increase in risk of dementia in PD com-
pared with controls after adjustment for age, education, 
and gender (54). In an analysis of the New York and 
Norwegian studies of incident dementia, the combined 
risk of dementia in cases compared with controls was 
3.4 (2.7 to 4.2). Age-specific risk of dementia is higher 
among younger PD patients than in age-matched controls 
because of the low baseline frequency of dementia at that 
age (53). Compared with controls, PD patients with more 
severe extrapyramidal signs (UPDRS part III motor score 
�24) had a 5-fold higher risk of dementia than controls; 
however, risk among those with less severe motor signs 
(�24) was also significantly elevated (RR 2.4; 95% 
CI 1.2 to 4.9) compared with controls (55). In the same 
study (55), compared with controls, men (RR 5.5; 95% 
CI 2.4 to 12.7) had a higher risk of incident dementia than 
women (RR 2.5; 95% CI 1.2 to 5.3).
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MORTALITY

The relatively high incidence rate of dementia compared 
with the lower prevalence rate in the hospital-based 
samples of Mayeux and coworkers (40, 56) prompted 
the consideration that disease duration was shortened 
by the development of dementia. In two studies, one 
clinic-based (57) and one community-based (58), the 
development of dementia significantly reduced survival 
after controlling for age and disease duration. Several 
studies have now confirmed that, after controlling for 
age and disease duration, the development of demen-
tia in the setting of PD is a risk factor for death, with 
remarkably similar estimates of a 2- to 3-fold increase 
in risk when dementia is considered as a time-dependent 
covariate (45, 54, 58). Incident dementia is associated 
with an increased risk of mortality (RR 2.2; 95% CI 1.1 
to 4.5) even after adjustment for the severity of motor 
signs at each visit (RR 1.04; 95% CI 1.02 to 1.07) (54), 
suggesting that dementia and disease severity indepen-
dently contribute to risk of mortality.

RISK FACTORS FOR DEMENTIA 
IN PARKINSON’S DISEASE

An approach favored by epidemiologists has been to 
determine the risk factors for dementia in PD by follow-
ing nondemented PD patients over time and determining 
what baseline characteristics are predictive of the devel-
opment of dementia (43, 49, 59, 60). Age at the time of 
assessment and severity of motor signs are the 2 risk fac-
tors that have been most consistently associated with the 
development of dementia in PD (48–50, 61–65). Duration 
of PD tends to be longer in demented than in nonde-
mented PD patients (43); however, it has not emerged as a 
significant predictor of dementia in multivariate analyses 
(48, 50).This suggests that disease duration may actually 
reflect older age or disease severity. Age at onset and cur-
rent age were highly correlated, however, when both were 
included in multivariate models; current age but not age 
at onset was predictive of dementia (48–50), suggesting 
that current age might be a more important predictor 
than age at onset. In a prospective cohort study of non-
demented PD cases, the combined effect of increasing age 
(above 72 years) and severity of motor signs (above 24) 
was associated with a 10-fold risk of dementia, whereas 
the risk of dementia for PD patients above 72 years of 
age and motor signs equal to or less than 24 or motor 
signs above 24 and age equal to or less than 72 years 
were not significantly elevated (55). Because increasing 
age in the absence of severe motor signs was not associ-
ated with dementia, a pathologic process intrinsic to PD 
is implicated in the etiology of dementia and is supported 
by neuropathologic findings that cortical Lewy bodies are 

integral to the development of dementia (66–69). How-
ever, there is also evidence to suggest that specific PD signs 
such as postural instability and gait impairment, which 
may be mediated by nondopaminergic pathways and may 
be less responsive to levodopa, are more strongly associ-
ated with the development of dementia than traditional 
dopa-responsive signs such as rigidity (70). The possibil-
ity of subtypes of PD that may appear early in the disease 
process, including a non-tremor-dominant subgroup with 
significant cognitive impairment, has been posited (20).

A higher frequency of PDD in men than in women 
has been reported in some studies (48, 49, 53, 55, 59) but 
not in others (40, 50, 71). Other risk factors include fam-
ily history of dementia (72, 73), depression (41, 49, 60), 
psychological stress (e.g., the Holocaust) (74), and low 
socioeconomic status/low educational attainment (59).

GENETIC AND ENVIRONMENTAL 
RISK FACTORS

Investigations of risk factors for dementia in PD have 
examined whether genetic and environmental influences 
identified in AD are also associated with dementia in PD. 
Evidence suggests that there may be shared genetic con-
tributions for AD and PDD when the dementia is due 
to Alzheimer pathology. In a community-based study in 
Washington Heights, New York, a 3-fold increased risk 
of history of AD was demonstrated in siblings of PDD 
patients compared with siblings of controls, while risk of 
AD was not elevated among relatives of nondemented PD 
patients compared with relatives of controls, supporting 
the possibility of aggregation of AD and PDD. The risk 
was further elevated (RR: 4.9; 95% CI: 1.1 to 21.4) among 
siblings above 65 years of age (73). In another study using 
the same family history interview, the risk of AD was 
not increased in relatives of nondemented PD patients 
compared with relatives of controls [hazard ratio (HR): 
1.1; 95% CI: 0.7 to 1.6, P � 0.6] and did not differ by 
whether age of onset of PD was early (�50 years) or late- 
(above age 50 years), suggesting a lack of shared genetic 
contributions for AD and PD when not accompanied by 
dementia (75). Elbaz (76), using a similar approach, found 
no association of PD and dementia among first-degree 
relatives, although nondemented and demented probands 
with PD were not evaluated separately.

There are conflicting results about the risk of 
dementia in PD associated with ApoE4. With the excep-
tion of 3 studies (77–79), a significantly increased fre-
quency of the ApoE-�4 allele has not been found in 
individual studies of PDD compared with PD without 
dementia or controls (80–84). However, a meta-analysis 
including 10 clinical studies (451 nondemented, 197 
demented) found a composite OR of 1.6 (95% CI 1.0 
to 2.5) for dementia in cases with an E4 allele (85); 
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however, it cited evidence for possible publication bias 
resulting in negative studies not being published. Two 
neuropathologic studies of PD, each including fewer 
than 50 PD patients, have assessed the association of 
the ApoE-�4 allele with concomitant Alzheimer changes 
and found conflicting results (84, 86). An increased risk 
of PD dementia in carriers of the ApoE-�2 allele has 
been reported (87) and may be dramatically elevated 
compared to that in noncarriers (RR 13.5; 95% CI 4.5 
to 40.6) (45). A new mutation in the �-synuclein gene 
(E46K) was found to be responsible for PDD in one fam-
ily (88). Triplication of �-synuclein was identified in the 
Iowa kindred (Park 4) and a Swedish-American family 
with autosomal dominant PDD (89). In all 3 families, 
DLB but not Alzheimer pathology was seen. These find-
ings support the possibility that alpha synuclein burden 
alone is sufficient to account for dementia in a rare 
subset of familial PDD.

Few studies have explored the association of envi-
ronmental risk factors with PDD. Although an inverse 
association of smoking and PD has been reported (90), 
Ebmeier and colleagues found that a history of smoking 
was associated with a 4-fold higher risk for developing 
dementia among PD patients over a 3.5-year follow-
up (91). In another longitudinal study (92), a history 
of smoking was associated with a 2-fold increased risk, 
whereas current smoking was associated with a 5-fold 
risk of incident dementia. In the same study, history of 
head injury, diabetes, or cardiovascular disease was not 
associated with increased risk of dementia. An inverse 
association between estrogen replacement therapy and 
PD dementia has been reported (93).

A gene-environment interaction for PDD (94) was 
demonstrated in one study, in which the interaction of 
pesticide exposure and the presence of a CYP2D6 29B�
was associated with a 3-fold increase in risk of PDD (OR 
3.17; 95% CI � 1.11 to 9.05), although neither pesticide 
exposure nor CYP2D6 29B� was independently associ-
ated with dementia.

NEUROPATHOLOGY

There are abundant data indicating that the neuropatho-
logic basis of PDD is heterogeneous; however, studies 
are difficult to interpret owing to methodologic limita-
tions, including the retrospective collection of clinical 
information, inclusion of patients who may have met 
clinical criteria for DLB, and reliance on clinic-based or 
brain-bank samples, which are vulnerable to selection 
bias. With the advent of alpha synuclein (AS) immuno-
staining and the use over the past decade of the National 
Institute of Neurological and Communicative Diseases 
and Stroke/Alzheimer’s Disease and Related Disorders 
Association (NINCDS/ADRDA) criteria for AD (which 

emphasize the importance of neurofibrillary tangles in 
addition to senile plaques), there has been an increasing 
appreciation of the role of limbic and cortical Lewy bod-
ies as an important pathologic substrate for PDD. With 
the exception of 3 large clinicopathologic studies (95–97), 
all studies have included less than 40 demented patients, 
with the majority including less than 25 patients who 
underwent autopsy. Four studies included prospective 
cognitive assessments proximate to death using screen-
ing mental status tests (48, 98, 99), one of which was 
community-based (69). All other studies including 2 large 
series reported by Jellinger (96, 97) relied on retrospective 
information gleaned from chart review.

There are 3 broad concepts regarding the pathologic 
basis of dementia in PD. First, concomitant AD may be 
the cause of PDD, since AD pathology is more severe in 
demented than in nondemented PD patients (100, 101). 
Second, pathologic studies demonstrating greater num-
bers of Lewy bodies in the medial substantia nigra (102, 
103), ventral tegmental area (104), locus ceruleus (104), 
and nucleus basalis of Meynert (104–106) in PDD com-
pared with PD support the idea that subcortical Lewy 
body pathology might be sufficient to cause dementia 
in PD. Third, since the wider recognition of DLB as 
a cause of dementia, it has been proposed that cogni-
tive impairment in PD may correlate with the “spread” 
of the Lewy body pathology from brainstem neurons 
to higher cortical areas (107, 108). Whether there is a 
spread of Lewy bodies, implying that PD and DLB are 
part of a continuum, or whether cortical and subcorti-
cal LB pathology occur concurrently remains unknown. 
Degeneration of subcortical structures may reduce the 
threshold at which AD changes, which are relatively less 
severe and widespread than in AD, may cause dementia 
in PD (109, 110).

Alvord and colleagues(111) were the first to report 
that PD patients had more AD cortical pathology than 
age-matched controls. However, some studies suggest 
that the proportion of PD patients considered to have 
concomitant AD may not be higher than in controls if 
stringent pathologic criteria for AD are used (112–116). 
One study of 28 PD patients found a correlation of cog-
nitive impairment as assessed prospectively by the Mini-
Mental State exam (MMS) (117) with AD pathology (98). 
However, the contribution of subcortical Lewy bodies to 
cognitive impairment in PD was not assessed. Differences 
in the severity and distribution of AD pathology have 
been noted in the brains of PD patients compared with 
AD patients (110, 114, 115, 118, 119), suggesting that 
AD changes in PD may differ from AD alone. The largest 
clinicopathologic series of PDD patients included 200 from 
an Austrian brain bank who met criteria for brainstem PD. 
Cases with numerous cortical or limbic Lewy bodies were 
excluded. AD pathology (primarily neurofibrillary tangles) 
was associated with dementia determined retrospectively 
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and was also a predictor of poor survival (97). In favor of 
an essential role of subcortical structures in the demen-
tia of PD, several early reports have provided evidence 
that subcortical neuronal loss with Lewy body pathology 
might be associated with dementia in the absence of sig-
nificant AD pathology (105, 113, 120–123). In particu-
lar, loss of cholinergic neurons in the nucleus basalis of 
Meynert has been observed in PD independently of AD 
cortical pathology (124, 125), but neuronal loss in the 
nucleus basalis of Meynert is not necessarily associated 
with dementia (125). However, these early studies pre-
ceded the use of ubiquitin or AS immunostaining to detect 
cortical LBs. The first quantitative assessment of neuronal 
loss in the substantia nigra (SN) of PD patients revealed 
that the number of lateral neurons was inversely corre-
lated with rigidity and hypokinesia, whereas medial SN 
neuron number was inversely correlated with dementia 
(126). Stereologic approaches have been used to examine 
the correlation between loss of pigmented neurons in the 
SN and clinical findings in 12 PD patients and 12 controls. 
The number of pigmented neurons was 45% of the con-
trol mean (P � .001) and was inversely correlated with 
both duration and stage of disease (127).

Over the past decade, the importance of limbic and 
cortical Lewy bodies as important contributors to the 
development of dementia has been recognized. Two stud-
ies using AS immunostaining (67, 128) found a stron-
ger association of cortical LBs than AD changes with 
dementia in PD. In a sample of 20 nondemented and 
22 clinically diagnosed demented PD patients, cortical 
Lewy bodies were the best predictor of dementia, while 
NFTs, senile plaques (SPs), and dystrophic hippocampal 
neurites were not independently associated with dementia 
in PD. No formal assessment of cognitive function was 
performed. Mattila and associates (128) evaluated cog-
nitive impairment retrospectively from hospital records 
using a rating scale for dementia (Reisberg’s Global 
Deterioration Scale) and found that the total number of 
Lewy bodies and NFTs in the temporal cortex were both 
significant predictors of dementia in PD. The contribu-
tion of the degree and extension of subcortical Lewy 
bodies to dementia in PD was not considered in either 
of these studies. Two other studies, using anti-ubiquitin 
immunostaining, assessed limbic and neocortical regions 
exclusively and found a correlation of cognitive impair-
ment in PD with Lewy neurites in the CA2 hippocampal 
field (99) and in the periamygdaloid cortex (129). A 
study comparing 13 PD patients who developed demen-
tia on average 10.5 years after the onset of parkinsonism 
to 9 nondemented PD patients found that Lewy body 
counts were increased 10-fold in cortical and limbic 
areas compared to those in nondemented PD patients 
(P � .002) with only modest AD pathology (66). In the 
nucleus basalis of Meynert and SN, Lewy body counts 
were twice as high in the demented individuals, but this 

did not reach significance. NFTs were significantly higher 
in the CA1 field of demented compared with nonde-
mented individuals. In the neocortex, Lewy bodies were 
correlated with plaques and NFTs; however, plaques and 
NFTs were not correlated in the neocortex, CA1 field, or 
entorhinal cortex. The authors concluded that although 
Lewy body pathology was the most prominent finding in 
demented PD patients, the mild AD pathology suggested 
an interplay between these two types of pathology. The 
largest published prospective study (95) included 65 PD 
patients with Lewy body pathology but excluded those 
with AD changes. The authors found that the criterion 
of � 2 Lewy bodies in the parahippocampal gyrus was 
the most specific pathology differentiating demented 
and nondemented PD patients. Aarsland and coworkers 
(69), conducted a prospective community-based study of 
22 PD patients who came to autopsy, 18 of whom met 
criteria for dementia. These investigators found that the 
Lewy body score but not the Braak and Braak stage was 
associated with the annual rate of decline in scores on 
the Mini-Mental State exam, and none of the cases met 
NIA-Reagan high-likelihood criteria for AD. Although 
this study does not preclude Alzheimer changes as 
contributory to dementia in PD, it does highlight the 
importance of limbic and neocortical Lewy bodies as 
contributors to cognitive impairment in PD.

NEUROIMAGING

Structural and functional imaging [(single photon emission 
computed tomography (SPECT) and positron emission 
tomography (PET)] have been used to try to determine the 
neuroanatomic substrate of dementia in PD. Formerly, 
the primary distinction investigators sought to make was 
between AD and PD. Currently DLB has also been con-
sidered in the differential, and its pattern on functional 
imaging has been explored.

Using SPECT, a number of investigators have dem-
onstrated a pattern of temporoparietal hypometabolism in 
PDD (130–132) like that seen in AD. Interestingly, nonde-
mented PD patients did not differ from controls in global 
or regional hypoperfusion (130, 132, 133). There is a sug-
gestion that SPECT scans show lower 99mTc-HMPAO 
(99mTc-hexamethyl propylene amine oxime) uptake in the 
frontal and basal ganglial regions in patients with “early” 
PDD (average of 2.5 years; stages I and II) compared with 
nondemented patients (132). Two studies have examined 
PDD patients longitudinally and suggest that dopaminer-
gic loss may be associated with both motor and cognitive 
decline. In studies using HMPAO SPECT over 1 year, stria-
tal perfusion was found to increase and to correlate with 
worsening parkinsonism. This pattern, seen in both PDD 
and DLB, was believed to reflect a compensatory change 
associated with decreasing dopaminergic input from the 



15 • DEMENTIA 155

substantia nigra (134). In another study using 123I-FP
CIT (123I labeled 2	-carbomethoxy-3	-(4-iodophenyl)-
N-(3-fluoropropyl) nortropane) SPECT, DLB and PDD 
rates of decline were similar and were correlated with both 
the severity of dementia and motor impairment (135).

PET demonstrates widespread cortical global hypo-
metabolism in PD patients compared with controls (136, 
137). Nondemented PD patients had cortical hypome-
tabolism compared with controls while demented PD 
patients showed more severe hypometabolism in tempo-
roparietal regions, as seen in AD (136, 138). Using the 
radioligand N11C-methly-4-piperidyl acetate (MP4A), 
a substrate of cerebral acetylcholinesterase, severe loss 
of cortical cholinergic activity has been demonstrated 
in PDD. Performance on tests of attention and working 
memory correlated with loss of cortical cholinesterase 
activity in PDD (139). MP4A and related tracers have 
been used in studies of similar size for patients with PD 
and PDD, demonstrating cholinergic dysfunction com-
parable to or greater than that in AD (140). A study that 
measured both striatal FDOPA uptake and MP4A found 
that nondemented PD patients had moderate cholinergic 
dysfunction, but those with PDD had a severe cholinergic 
deficit affecting the entire cortex, presumably reflecting 
loss of ascending projections from the nucleus basalis 
of Meynert. Frontal and temporoparietal FDOPA and 
MP4A binding covaried in PDD, suggesting a role for 
both cholinergic denervation and dopaminergic deficits 
in PDD (141).

TREATMENT OF COGNITIVE IMPAIRMENT

Dementia may limit pharmacotherapy for PD. Once 
dementia develops, many medications used to treat the 
motor manifestations of PD must be reduced or discon-
tinued so as to improve cognition. The strategy used 
in patients with worsening cognitive impairment is to 
eliminate medications that exacerbate cognitive impair-
ment. This strategy may, however, worsen motor func-
tion. The clinician and family must decide on the optimal 
balance. Patients with PDD are particularly vulnerable 
to medications that may exacerbate preexisting cognitive 
impairment. In addition to worsening memory, the medi-
cations used to treat PD may induce confusion and hal-
lucinations. One management strategy is to first eliminate 
anticholinergic medications as well as medications with 

high anticholinergic activity. Amantadine is another drug 
that often causes confusion in PD patients with cognitive 
impairment. If confusion does not remit, a reduction of 
dopaminergic agents to the lowest possible effective dose 
should be attempted.

Selegiline, which may delay the development of func-
tional impairment in patients with moderate Alzheimer’s
disease, was previously examined in PD (142). In a second-
ary analysis of cognitive test performance in 800 patients 
with early, untreated PD followed in the DATATOP study, 
there was no effect of either deprenyl 10 mg or tocoph-
erol 2000 IU on test performance, although cognitive 
performance was relatively stable over the observation 
period (143). Until the approval of cholinesterase inhibi-
tors for AD, there were only 2 randomized controlled 
trials for PDD. Sano and coworkers (144) showed no 
improvement in cognition with the nootropic piracetam. 
Cholinesterase inhibitors may be effective in PDD because
the cholinergic neurotransmitter system is implicated 
(145–147). The largest study using rivastigmine, a cholin-
esterase inhibitor, included 541 patients in whom demen-
tia developed 2 years after PD. Moderate improvement in 
global measures of dementia, cognition (executive func-
tion and attention), and behavioral symptoms were seen at 
24 weeks. The most common side effects were nausea, 
vomiting, and worsening tremor (148). A smaller 10-week 
randomized clinical trial of donepezil in 22 patients using 
a crossover design revealed a trend toward improvement 
on the primary outcome measure (ADAScog) compared 
to placebo, and a significant improvement in the Mattis
Dementia Rating scale (149), and the clinical global 
impression of change (secondary outcome). Donepezil did 
not worsen the motor signs of PD (150). Based on these 
studies and several open-label studies of tacrine (151), 
donepezil (152–154), rivastigmine (155, 156), and galan-
tamine (157), there appears to be modest benefit in cog-
nition from the use of cholinesterase inhibitors for up to 
6 months without major worsening of motor function.

Dementia in PD represents multiple pathologic 
substrates including PD alone, PD plus AD, and DLB. 
Neuropsychological, imaging, and pathologic studies sug-
gest a common denominator referable to early dopamine 
deficiency. Although it has become more apparent which 
patients are at risk for progression to dementia, the etio-
logic factors leading to additional involvement of other 
neurotransmitter systems, with or without the pathologic 
changes associated with AD, deserve further investigation.
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Depression

omorbid depression is the most 
common nonmotor symptom of 
Parkinson’s disease (PD). Depression 
in PD (dPD) occurs in approxi-

mately 40% of patients and is evenly divided between 
major depression (MD) and minor forms of depression, 
including dysthymia and other forms of subsyndromal 
depression (1–4).

Comorbid depression affects both motor and non-
motor functioning in PD (5). In one study of 92 patients 
evaluated at yearly intervals, dPD patients showed 
a decline in motor function, activities of daily living 
(ADLs), and cognitive functioning (6). Disability, and 
particularly the patient’s perception of the severity of his 
or her disability, is correlated with comorbid depressive 
symptoms (7, 8) and has been shown to have a significant 
effect on quality of life (9, 10). Depression in PD is also 
associated with increased caregiver burden (11), with a 
significant level of both caregiver depression (12) and 
distress (13).

Not surprisingly, the treatment of depression can 
have positive effects on motor as well as nonmotor 
symptoms including cognition (14), sleep onset and 
maintenance (15, 16), and pain (16). This chapter pro-
vides a template for the diagnostic assessment of dPD 
and review the available data on the efficacy of pharma-
cotherapy, psychotherapy, and nonsomatic treatments 

William M. McDonald

[e.g., electroconvulsive therapy (ECT) and transcranial 
magnetic stimulation (TMS)] in dPD.

EPIDEMIOLOGY

In a comprehensive literature review of 45 PD depression 
studies conducted from 1922 through 1998, the overall 
prevalence of dPD was estimated to be 31% for all PD 
patients (2). The range of the prevalence of dPD varies 
with methodology and may be as high as 40% in com-
munity samples, with a yearly incidence of 1.9% and a 
cumulative incidence of 8.4% (17). Dooneief et al. (17) 
compared this annual incidence rate with published esti-
mates from other studies for otherwise healthy adults 
over age 50 living in the community and found a rate 
of only 0.2% per year (vs. 1.9% per year for dPD). This 
finding demonstrates that the increased incidence of dPD 
in community samples is not explained by aging alone.

Surveys using more rigorous methodologies have 
found a lower but nevertheless clinically significant 
prevalence of dPD. In a Norwegian community sample, 
researchers identified depression using the criteria of the 
Diagnostic and Statistical Manual (DSM)(18) and quan-
tified depressive symptoms using the Montgomery and 
Asberg Depression Rating Scale (MADRS) (19). In this 
very well characterized sample of 245 subjects, 7.7% met 
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DSM criteria for major depression (MD), with 5.1% of the 
subjects classified as having moderate to severe depression 
based on their MADRS score. A total of 45.5% of subjects 
were assessed by the MADRS as having significant, mild 
depressive symptoms, although these patients did not nec-
essarily meet DSM criteria for MD. Combining patients 
with mild, moderate, and severe depression as rated by the 
MADRS yields a figure for dPD closer to the 47% cited by 
Dooneief et al. (17). Using a self-report measure, the Beck 
Depression Inventory (BDI), 24.1% of the PD patients 
met criteria for significant depressive symptoms (defined 
as a BDI � 18). This incidence of significant depression 
was 6 times the rate found in a healthy elderly control 
group. It was also more than twice the rate of depres-
sion in a comparison group of patients with diabetes 
mellitus, demonstrating that the higher rate of depres-
sion found in PD subjects is not simply a reaction to a 
chronic disease.

Patients with significant depressive symptoms, even 
those who do not meet criteria for MD, are at risk for 
developing more severe affective syndromes. In a longi-
tudinal cross-sectional study that followed 92 patients, 
11% of PD patients who were initially diagnosed with 
minor depression (the same criteria as for MD but with 
fewer than 5 symptoms) met criteria for MD at 1-year 
follow-up (6). Importantly, a significant number of dPD 
patients can also develop more chronic symptoms of 
depression. In one study that followed more than 500 PD 
patients over a 9-year period, the patients with dPD were 
assessed using the Geriatric Depression Scale (20). Of the 
patients who were depressed initially, 35% improved, 
34% remained depressed but stable, and 31% worsened. 
DPD can therefore become a chronic disabling disease, 
and although this study did not address the effects of 
treatment on the course of dPD, effective treatment has 
the potential to improve the long-term outcome of these 
patients.

ETIOLOGY

Researchers and clinicians have debated the etiology of 
dPD. Clearly the disability due to motor symptoms of PD is 
a cause of considerable morbidity and declines in measures 
of quality of life have been directly correlated with disease 
progression (21). This trend is most marked in younger PD 
patients (21). Patients who are affected prior to retirement 
can become disabled, thus adding to the financial burden. 
The motor symptoms are a cause of social embarrassment 
for many patients and may lead to increasing isolation. 
In fact, many patients and their families argue that any 
depressive symptoms are clearly the result of the disability 
associated with motor features of PD. Clinicians are faced 
with this argument in discussing treatments for dPD and the 
justification for adding an antidepressant medication.

In comparisons of dPD patients with matched groups 
of medically disabled patients, the PD patients had signifi-
cantly higher depression scores (19, 22). Ehmann et al. 
(22) found that within the PD group, depression was not 
correlated with age, gender, duration of PD, or clinical 
ratings of PD symptom severity or functional disability. 
There is no clear association between disability from the 
motor symptoms of PD and depression (see “Risk Fac-
tors,” below). This suggests that there are probably other 
factors leading to the development of dPD, rather than 
depression as simply a reaction to the disability and a 
possible biological connection.

In fact, the incidence of depression in patients later 
diagnosed with PD as compared with that in a matched 
control population showed a frequency of depression 
prior to PD that was 2.4 times greater than that in con-
trols (23). The increased incidence of depression both 
before and after the development of motor symptoms of 
PD is further evidence of a pathophysiologic relationship 
between dPD and MD.

Evidence of a biological component to dPD is sup-
ported by an understanding of anatomic and changes in 
neurotransmitter function associated with the neurodegen-
erative process of PD. Disruption of the cortical-subcortical 
neuronal circuit is involved in the regulation of mood 
(24, 25). Neuroimaging studies have demonstrated smaller 
volumes of subcortical nuclei in dPD patients than in non-
depressed controls; findings in depressed non-PD patients 
were similar (26, 27).

Studies using 2-[18F]-fluoro-2-deoxy-D-glucose and 
PET imaging (FDG-PET) also support the hypothesis 
that cortical-subcortical dysfunction is present in dPD. 
Mayberg et al. measured regional cerebral glucose metab-
olism in depressed and nondepressed patients with PD 
and in normal control subjects of comparable age (28). 
Compared to both nondepressed PD patients and control 
subjects, relative metabolic activity in the caudate and 
orbital-inferior region of the frontal lobe was significantly 
lower in the dPD patients. The amount of glucose hypo-
metabolism was directly proportional to the score on a 
standardized depression scale. This pattern of orbitofron-
tal hypometabolism in dPD patients is distinct from the 
hypometabolism of the dorsal anterolateral prefrontal 
cortex in MD patients without PD (29), yet it supports 
cortical-subcortical dysfunction as a primary etiology in 
both dPD and idiopathic MD.

There is also support for altered serotonin function 
as a cause of dPD. The density of the midbrain serotonin 
transporter is decreased (30). Reductions in content of 
cerebrospinal fluid (CSF) in the serotonin metabolite 
5-hydroxyindole acetic acid (5-HIAA) have also been 
associated with both idiopathic MD and dPD (31). 
Depressed mood in a subset of these subjects was respon-
sive to administration of oral 5-hydroxytryptophan 
(a serotonin precursor) with an associated increase in 
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CSF 5-HIAA concentrations (31). Other studies have 
also found an association between depressed mood and 
decreased serotonin levels (32–34).

Decreased serotonin in the CSF may be related to 
dysfunction in the serotonin transporter that removes 
serotonin from the synaptic cleft. Genetic abnormalities 
in the short arm of the allele coding for the serotonin 
transporter have been found in MD. The same functional 
polymorphism in the promoter region of the serotonin 
transporter gene that is associated with anxiety in non-PD 
patients was also linked to higher levels of anxiety and 
depression PD patients (35).

These results regarding central serotonin deficits 
are supported by an analysis of the personality traits of 
dPD patients (36). Patients who showed high levels of 
harm avoidance, a trait related to central serotonergic 
systems, also had high levels of depressive symptoms. 
Yet depression was not correlated with novelty seeking, 
a personality trait related to dopaminergic pleasure and 
reward systems. This innovative analysis adds further 
support for the role of serotonin in dPD.

Elucidation of the role of neurotransmitters in dPD 
is complicated by the fact that patients are being treated 
with dopaminergic agents, which may have psychoac-
tive effects. To control for the potentially confounding 
effects of these medications on other neurotransmit-
ter levels, investigators examining CSF serotonin levels 
often discontinue dopaminergic medications for as long 
as 10 days to measure metabolites (32). To eliminate the 
possibility that long-term use of parkinsonian medications 
may have an effect on neurotransmitter function, 26 drug-
naive PD patients were evaluated to determine the levels 
of biogenic amines in their CSF. Patients were matched 
for age and disability and diagnosed using DSM criteria. 
No significant differences were found between CSF levels 
of dopamine, noradrenaline, 3, 4-dihydroxyphenylacetic 
acid, homovanillic acid, 3-methoxy-4-hydroxyphenylgly-
col, and 5-HIAA as determined by high-performance 
liquid chromatography. These data support the potential 
influence of anti-PD medications on neurotransmitter 
function (37).

The degeneration of dopaminergic fibers, particu-
larly those arising from the ventral tegmental area and 
terminating in the mesolimbic dopamine area, may be 
central to the expression of depressive symptoms in PD. 
These fibers are associated with the reward- and pleasure-
producing pathways. A loss of ventral tegmental neurons 
has been demonstrated in PD (38) and is hypothesized 
to be a cause of apathy (39) and anhedonia (40). In fact, 
challenges to this system using the noradrenergic and 
dopamine reuptake inhibitor methylphenidate have dem-
onstrated that PD patients do not show the expected 
sustained euphorogenic effect of the drug (41).

Using [(11)C]RTI-32 positron emission tomogra-
phy (PET) as an in vivo marker of both dopamine and 

noradrenaline transporter binding, Remy et al. studied 
8t PD and 12 dPD patients who were matched for age, 
disease duration, and doses of antiparkinsonian medi-
cation (42). The dPD cohort had lower [(11)C]RTI-32 
binding in the locus ceruleus and several regions of the 
limbic system, including the anterior cingulate cortex, 
thalamus, amygdala, and ventral striatum. The sever-
ity of anxiety in dPD patients was inversely correlated 
with the amount of binding. Using single photon emis-
sion computed tomography (SPECT), decreases in stri-
atal dopamine transporter have also been correlated 
with anxiety and depressive symptoms in patients with 
PD (43).

RISK FACTORS

Researchers investigating potential risk factors for dPD 
have usually examined those clinical variables known to 
be associated with depression in non-PD patients, particu-
larly late-onset depression (44). These studies have been 
generally inconclusive and difficult to interpret because 
they comprise such highly diverse samples (i.e., based
in the community vs. a research clinic, new-onset vs. 
chronic PD) and the results are frequently contradictory. 
Table 16-1 lists some of the most frequently cited studies 
in this area.

Another approach to understanding the risk factors 
for dPD is to conceptualize increased risk as resulting 
from the combination of variables within a subgroup 
of PD patients. In fact, those PD patients who develop 
depression appear to represent a distinct subgroup (1). In 
follow-up over 14 months and 2.5 years (31), those who 
were depressed at the end of the follow-up period were 
generally the same patients who were depressed at the 
beginning. A minority developed new-onset depression 
or had a resolution of their depressive episode.

Rather than one specific set of risk factors being 
associated with the development of dPD, there are proba-
bly multiple factors that, together, result in the depressive 
syndromes. For example, Santamaria et al. (45) found 
that dPD patients were younger, less impaired, and with 
a higher positive family history of PD than nondepressed 
PD patients. Other studies have found that older age and 
comorbid physical disease are associated with dPD (see 
Table 16-1). Being male has been shown to increase the 
risk of developing dPD, but only among younger patients 
(46, 47).

Although there is no clear relationship of disease 
severity and dPD (see Table 16-1), the effect of motor 
symptoms may be more complex and dependent upon 
other factors. For example, patients with akinetic-rigid PD 
had a significantly higher prevalence of depression (38% 
vs. 15%) than did patients with tremor-predominant dis-
ease (48). Bradykinesia was the extrapyramidal sign most 
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highly correlated with depressive symptoms. Patients with 
predominantly right-sided motor symptoms have also been 
shown to have more depressive symptoms (46, 49).

One risk factor—which is, however, supported by 
only limited data—is a personal or family history of MD 
(see Table 16-1). As with non-PD patients, having a pre-
vious episode of MD or a first-degree relative with MD 
increases an individual’s risk of developing MD. For exam-
ple, Starkstein et al. found no clear relationship between 
comorbid depression and age of the patient, duration of 
disease, gender, or family history of PD (49, 50). The pri-
mary predictors of dPD in that study were the severity of 
motor symptoms and disability and a family history of 
depression. Again, these factors may predispose an indi-
vidual to develop MD, and additional risk factors (e.g., 
right-sided symptoms, increasing motor disability, female 
gender) may further increase the patient’s susceptibility and 
result in the development of the depressive syndrome.

NONMOTOR SYMPTOMS

The relationship between motor and nonmotor 
symptoms—including apathy, pain, anxiety, sleep disor-
ders, fatigue, psychosis, cognitive dysfunction, and sensory 

symptoms—in PD is complicated. One study found that 
only a small minority of PD patients (12%) did not have 
at least 1 nonmotor feature and that more than half had 2 
or more (51). Another study examining 139 patients who 
had been diagnosed for at least 4 years found that 61% 
had at least 1 psychiatric symptom (52). Depression was 
the most common (in 38% of patients), followed by hal-
lucinations (27%). In this study, the highest mean scores 
on the Neuropsychiatric Inventory (NPI), which assesses 
caregiver reports of symptoms over the preceding month, 
were for depression, hallucinations, and apathy.

Apathy

Apathy (see Chapter 18) may occur either as a separate 
syndrome or a comorbid disorder with depression. One 
study found the rates of apathy alone and apathy with 
comorbid dPD were 12% and 30%, respectively (39). 
Apathy in PD patients may be difficult to distinguish 
from depression and, in particular, anhedonia. There 
are a number of valid rating scales to quantify apathy 
(e.g., Refs. 39 and 53), including the Apathy Evaluation 
Scale (54).

Conceptually, apathy should be defined as a loss 
of interest (or motivation) without the loss of pleasure, 

TABLE 16-1
Risk Factors Associated with Developing Depression in PD

 REFERENCES SUPPORTING AN REFERENCES NOT SUPPORTING AN

RISK FACTOR ASSOCIATION WITH DPD ASSOCIATION WITH DPD

Older age 1 2–7
Female gender 8, 9 1, 2, 4, 10
Personal history of depression 1, 8, 11 
Family history of depression 1, 5, 6 
Comorbid medical disease 1, 4 3
Severity of PD symptoms 2, 5, 7, 8, 10, 12 4, 6, 13
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whereas anhedonia is the loss of interest and pleasure.
In PD, distinguishing those patients with loss of pleasure 
alone from those with anhedonia can significantly decrease 
the number of patients with depression (40). Apathy in PD 
may have a different although overlapping etiology and 
pathophysiology than dPD. The neural mechanisms of 
apathy are hypothesized to involve the brainstem and fore-
brain circuits that mediate goal-directed behavior (54).

Cognitive Impairment

Depression in PD appears to be linked with cognitive 
impairment (see Chapter 15), and the degree of depres-
sion has been shown to be the single most important 
factor associated with increased severity of cogni-
tive impairment (55). Mayeux et al. found a correla-
tion between the severity of depression and cognitive 
impairment, particularly for calculation, digit span, 
and visuomotor skills (56). In this study, the severity of 
parkinsonism, particularly bradykinesia, also correlated 
with the decline in cognition.

Patients with PD and dementia have an increased 
risk of depression, and depressed PD patients have an 
increased risk of developing dementia (57–59). The rate of 
dPD in patients with a score below 20 on the Mini-Mental 
State Examination (MMSE) 7 times the rate of MD in PD 
patients with an MMSE score at or above 20 (19). It cor-
relation was also found between higher MADRS scores 
(i.e., increased depressive symptoms) and more impair-
ment in ADLs, presence of motor fluctuations, more 
evidence of atypical parkinsonism, higher daily doses of 
levodopa, and younger age. In a later study, this group 
reported that an MMSE score below 24 was associated 
with a 6.6-fold greater risk of depression (59).

Psychosis

Psychosis (see Chapter 48) is a frequent complication 
of PD that can occur in up to 40% of patients (60). 
Hallucinations and psychosis have also been associated 
with increased caregiver burden (11), earlier nursing 
home placement (61), as well as dPD. A level 2 or higher 
on the thought disorder subscale of the Unified Parkinson 
Disease Rating Scale (UPDRS) increases the probability 
of MD by a factor of 3.5 (59).

Visual hallucinations are associated with nondopa-
minergic features including insomnia, visual disorders, and 
a high axial motor score (62) as well as cognitive impair-
ment (63) and depression (64). Levodopa and dopamine 
agonists can be a cause of psychosis in PD. However his-
torical data that predate the use of levodopa indicate that 
hallucinations may be a part of the disease process itself 
rather than simply a complication of pharmacotherapy, 
especially when PD is complicated by comorbid dementia, 
depression, or nonspecific encephalopathy (65).

Minor visual hallucinations [e.g., sensation of a 
presence (a person), a sideways passage (commonly of 
an animal), or illusions] are commonly associated with 
depressive symptoms, whereas formed visual hallucina-
tions are more often associated with cognitive disorders, 
daytime somnolence, and a long duration of PD (60). 
Delusions (i.e., a fixed false belief) are less common. 
When they occur in the context of a depressive disor-
der, they are usually mood-congruent or associated with 
mood (i.e., delusions with a strong depressive content, 
such as nihilistic or self-deprecatory delusions).

Anxiety Disorders

Symptoms of anxiety (see Chapter 17) can be a prominent 
feature of depression and dPD (66). Anxiety disorders 
that occur as comorbid conditions in dPD—including 
panic disorder, social phobia, and generalized anxiety 
disorder—have been found in up to 40% of dPD patients 
(67) and are the second most common nonmotor feature 
in PD (52). Fortunately most anxiety disorders respond to 
treatment with the selective serotonin reuptake inhibitors 
(SSRIs), although it may take longer for the patient with 
comorbid anxiety to have a full and adequate response 
to somatic treatments.

Mood Fluctuations

PD patients often experience distinct “on” and “off” 
phases in their response to levodopa (68). “On” states 
are characterized by a responsiveness to levodopa, leading 
to decreased bradykinesia, tremor, and rigidity, and may 
also result in drug-induced dyskinesias. “Off” states are 
characterized by absence of response to the medication 
and increased motor symptoms and signs. Many non-
depressed patients will describe mood fluctuations that 
correlate with these “on” and “off” periods.

Parkinson’s patients show depression in both “on” 
and “off” periods; but when evaluated in an “off” 
phase, they may appear more depressed and will exhibit 
increased motor symptoms and psychomotor slowing. 
There may be some improvement in mood when they 
come “on.” As the severity of PD advances, fluctuations 
increase, with an increase in “off” time. Use of dopamine 
agonists early in the treatment of PD may decrease the 
need for levodopa and thereby delay the development of 
“on/off” phenomena (69).

Nondepressed PD patients with severe “on/off” 
motor responses often have accompanying changes in 
mood (70–75). Patients with clinically apparent mood 
changes during their motor “on” or “off” states are 
also more likely to be diagnosed with depression (76). 
Patients with severe “on/off” fluctuations are also more 
likely to have symptoms of anxiety or panic, particularly 
as their medication is wearing off (66, 77). Cantello 
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et al. compared PD patients with motor fluctuations to 
subjects diagnosed with chronic but active rheumatoid 
arthritis. The latter presented with increased physical 
disability due to severe morning joint stiffness, with a 
repetitive pattern of mobile and immobile periods. It 
was found that the PD patients had more severe mood 
fluctuations than those with chronic arthritis.

Administration of intravenous levodopa has also 
been shown to improve mood (78). These fluctuations 
in mood with levodopa support a role for central dopa-
minergic function in controlling mood states through 
mesocortical and mesolimbic dopamine pathways (72). 
There is, however, little evidence that oral administration 
of levodopa has a direct effect on mood.

RECOGNITION OF DEPRESSION

The diagnosis of depression is difficult in any medically ill 
population. but more so in PD because of multiple over-
lapping symptoms. In one study conducted in a movement 
disorders clinic at a university hospital, the diagnostic 
accuracy of neurologists evaluating PD patients for mood, 
anxiety, fatigue, and sleep disorders was assessed using 
standardized rating scales (79). The diagnostic accuracy 
for the treating neurologists was 35% for depression, 
42% for anxiety, 25% for fatigue, and 60% for sleep 
disturbance. The prevalence of depression by the BDI 
was 44%, yet the neurologists diagnosed depression in 
less than half of those patients (21%).

PD patients have a number of pseudodepressive
symptoms as part of their core symptoms, including 
masked face, bradykinesia, insomnia, gastrointestinal 
disturbances, sexual dysfunction, and concentration 
problems. Not surprisingly, nonsomatic core symptoms 
of depression (e.g., sadness, suicidal ideation) have the 
highest correlation with a diagnosis of dPD (80). The 
diagnostic criteria for MD are listed in Table 16-2.

In research settings, somatic symptoms of depres-
sion that overlap with the symptoms of PD (e.g., con-
centration problems, insomnia, fatigue) can discriminate 
depressed and nondepressed PD patients (81). In the 
study by Leentjens et al. (80), the only somatic symptoms 
of depression shown to discriminate depressed from non-
depressed patients were early-morning awakening and 
decreased appetite. Other studies have found a different 
pattern. Somatic symptoms that discriminate dPD from 
PD included loss of appetite, initial and middle insomnia, 
and loss of libido, although no significant between-group 
differences were found in the frequency of anergia, motor 
retardation, and early-morning awakening (50).

In a study by Starkstein et al., dPD patients had 
a significantly higher frequency of nonsomatic symp-
toms, including worrying, brooding, loss of interest, 
hopelessness, suicidal tendencies, social withdrawal, 

self-depreciation, ideas of reference, and anxiety (50). 
Other researchers have found that dPD patients show a 
unique pattern of depressive symptoms with prominent 
anxiety, dysphoria, pessimism, and somatic symptoms 
but not guilt or self-blame (82). Cummings, in his semi-
nal review of dPD studies, concluded that depression in 
PD is subtly different from idiopathic mood disorders. 
He found that pattern of sadness without guilt or self-
reproach, a high rate of anxiety symptoms, a relative lack 
of delusions and hallucinations, and a low suicide rate 

TABLE 16-2
Core Symptoms of Major Depression using 
Diagnostic and Statistical Manual Criteria

The diagnosis of major depression requires a 2–week 
period of persistent depressed mood and/or anhedo-
nia (loss of interest and pleasure). Once these criteria 
are met, patients must meet at least 5 of the following 
9 criteria, and these symptoms must severe enough 
to cause significant distress or impairment in daily 
functioning:

1. Depressed, dysphoric, or sad mood
2. Anhedonia, which should be distinguished from the 

loss of interest and motivation seen in apathetic PD 
patients

3. Insomnia or hypersomnia*
4. Anorexia or increased appetite*
5. Poor concentration or indecisiveness
6. Guilt, self-blame, or ruminations of failure
7. Fatigue or loss of energy, which in PD should not 

simply occur when the patient’s medication is 
wearing off*

8. Psychomotor retardation that must be distinguished 
from bradykinesia in PD, or psychomotor agitation 
that must be distinguished from akasthesia and 
dyskinesia

9. Suicidal ideation or excessive ruminations about 
death

Associated symptoms of depression not in the criteria:
Anxiety
Irritability
Emotionality and crying spells that are distinguished from 

the emotional incontinence observed in pseudobulbar 
states

Decreased libido
Somatization and focus on physical problems
Helplessness
Worthlessness
Pessimism, hopelessness

*Somatic symptoms of depression that are distinguished from 
the cognitive symptoms such as depressed mood and guilt.

Source: American Psychiatric Association. Diagnostic and 
Statistical Manual of Mental Disorders, 4th ed. Washington, DC: 
APA Press, 2000.



16 • DEPRESSION 165

despite a high frequency of suicidal ideation was the most 
common presentation of dPD (1).

INCLUSIVE CRITERIA

Research in medically ill depressed populations has sup-
ported the inclusive approach to diagnosing dPD. That 
is, once a patient meets one of the primary criteria for 
depression (2 weeks or more of persistent anhedonia 
or depressed mood), the other symptoms of depression 
should be counted as present or absent without regard 
to whether the clinician assesses them to be attributed to 
depression or PD (83).

Using this approach to the diagnosis of depression 
in PD, the clinician would first determine whether the 
patient met primary criteria. If that were the case, the cli-
nician would then proceed to ask about the other criteria, 
including sleep disturbance, guilt, fatigue, concentration 
problems (or problems with making decisions), appetite 
disturbance, psychomotor retardation or agitation, and 
suicidal thoughts or persistent ruminations about death 
(see Table 16-2). If the patient met 5 of the 9 criteria for 
the diagnosis of MD, the patient would fulfill criteria for 
dPD and somatic treatment should be considered. The 
inclusive criteria were supported as the “gold standard” 
for confirming a diagnosis of dPD by a joint task force of 
the National Institute of Mental Health (NIMH) and the 
National Institute of Neurological Diseases and Stroke 
(NINDS) (84).

Once the diagnosis of dPD has been made, the clini-
cian should also be alert to the possibility of comorbid 
anxiety disorders, substance abuse, and bipolar disor-
der, which all occur with increased frequency in non-PD 
patients with MD. PD patients with underlying bipolar 
disorder may present in the depressed phase of their ill-
ness; the clinician obtaining the psychiatric history should 
therefore also include questions about a previous his-
tory of mania (e.g., grandiosity, spending sprees, flight of 
ideas). If a bipolar patient in the depressed phase of the 
illness is started on antidepressant medication without 
antimanic medication (e.g., lithium, carbamazepine, or 
valproic acid), he or she is at risk for cycling into mania. 
However, there is little evidence to support an increased 
rate of mania or hypomania in patients with PD, and 
there are only sporadic case reports of PD patients who 
developed mania after the onset of their motor symptoms 
(85, 86).

Rating Scales

Psychiatric rating scales for depression can be particularly 
useful in screening and following dPD patients. Rating 
scales for depression include the observer-rated Hamilton 
Depression Rating Scale (HDRS) (87), Montgomery Åsberg 

Depression Rating Scale (MADRS) (88), part 1 item 3 of 
the Unified Parkinson’s Disease Rating Scale (UPDRS) 
(89) and the patient-rated Geriatric Depression Scale 
(GDS) (90), Beck Depression Inventory (BDI) (91), 
Zung Depression Rating Scale (ZDRS) (92), Hospital 
Anxiety and Depression Rating Scale (HADS) (93), 
and Center for Epidemiologic Studies Depression Scale 
(CES-D) (94). The caregiver-rated Cornell Scale for 
Depression in Dementia (CSDD) (95) is designed to 
assess mood symptoms in patients with cognitive impair-
ment and may be particularly useful in PD patients with 
associated dementia. Recently a task force of the Mood 
Disorders Society evaluated these rating scales in dPD 
(personal communication, Anette Scragg). This review 
is presently in preparation and should be completed in 
2006–2007.

Most of these scales have been validated in dPD, but 
some of them are particularly useful in a clinical neurol-
ogy practice. The GDS has both 30- and 15-item versions, 
and both have been validated in dPD (96, 97). The scale 
is an excellent screen for depression, asks simple yes/no 
questions, and can be completed and scored in about 
10 minutes, so it is ideal to use in a general neurology 
practice during routine evaluations.

The BDI is another patient-rated scale, which is valid 
in screening for dPD (79), assessing severity of depressed 
mood (98), and following the response to treatment (99). 
However, the BDI is probably best used for following 
treatment response and assessing severity and not as a 
routine screening instrument. The BDI is much longer and 
more tedious than the GDS (there are multiple choices for 
each question), and patients without psychiatric disorders 
frequently object to completing it because of the nature 
of the questions. Some of the questions ask about suicide, 
libido, and self-esteem, and there are others that can feel 
intrusive to the routine medical patient. For these reasons, 
the GDS is a better screening instrument. The BDI is a 
better instrument to use in following patients already 
identified as depressed, particularly because it does assess 
suicidal ideation (which the GDS does not).

The MADRS is a 10-item observer-rated question-
naire that can be used to screen for depression and, more 
importantly, to both rate the severity of depressive symp-
toms and follow the progression of symptoms during 
the course of treatment. It is valid in dPD (100) and 
is perhaps more useful in a general neurology practice 
than the longer and more detailed observer-rated HDRS, 
which is also valid in dPD (101) but can take 2 to 3 times 
longer to complete. The MADRS includes most of the 
DSM criteria for MD except for reverse neurovegeta-
tive symptoms (i.e., hypersomnia and hyperphagia) and 
psychomotor retardation and agitation.

While most of the scales described above can be 
used with mild cognitive impairment, the CSDD was 
designed for evaluating depression in patients with 
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dementia and includes information from the caregiver 
and other collateral sources of information. The primary 
problem in using the CSDD is the same as that of any 
observer who is trying to determine whether a symptom 
is due to dPD or the motor symptoms of PD: the caregiver 
may discount symptoms such as insomnia or fatigue if 
he or she judges that they are not due to depression, and 
there are no clear guidelines for the caregiver in making 
these distinctions. The CSDD has not been shown to be 
valid specifically in dPD patients with dementia, although 
the CSDD has been shown to be valid in diagnosing 
depression in Alzheimer’s disease (AD) and in following 
response to treatment in AD (102). The CSDD is a good 
scale for clinical follow-up of dPD in patients with moder-
ate to severe dementia, particularly when they are unable 
to respond to the other rating scales appropriately.

The first part of the UPDRS does have a section 
headed “Mood, Mentation, and Behavior” and is intended 
as a screening tool. It has only 1 question on mood. The 
other 3 questions probe for intellectual impairment, 
thought disorder, and motivation/initiative. The UPDRS 
is being revised to add more questions to evaluate mood. 
The present version is only a minimal screen and the GDS 
is a more sensitive and specific screening tool for dPD.

Evaluation of Depression

Depression in PD patients is often not recognized; when it 
is, it is undertreated. Researchers evaluated the treatment 
histories of 100 PD patients seen in the clinic and found 
that approximately one-third met criteria for depression; 
however, less than one-third of these were actually being 
treated with an antidepressant (103). Of the patients who 
were being treated for depression, almost half were still 
depressed, yet only about 1 in 10 of these persistently 
depressed patients were receiving the maximal dose of 
antidepressant medication. Only one-third of patients 
with persistent depression had received more than one 
antidepressant trial. These statistics would indicate that 
even in a research setting with experienced neurologists 
and psychiatrists attending to patients, the identification 
and minimum adequate somatic treatment of dPD are 
difficult to achieve.

Treatment studies in PD and other medical con-
ditions have recently begun to focus on the group of 
patients with significant depressive symptoms who do 
not meet criteria for MD. This group has been defined as 
having subsyndromal depression (SSD) and meets DSM 
criteria for minor depression (criteria for MD but fewer 
than 5 of the 9 symptoms), dysthymia (low-grade chronic 
depression), recurrent brief depression (criteria for MD 
but recurrent episodes shorter than the 2 weeks required 
for MD), or depression not otherwise specified. Non-PD 
patients with SSD are significantly impaired (104) and 
SSD syndromes are a major risk factor for the devel-

opment of MD (105, 106). Although the data on the 
etiology and treatment of SSD in PD are still emerging, 
researchers have shown that chronic illness poses the risk 
that SSD will progress to MD (105) and that the treat-
ment of SSD syndromes in non-PD patients can prevent 
the progression to MD (107).

Whether the clinician treats SSD in PD will probably 
depend on the clinical factors such as the patient’s per-
ception of the severity of the depressive symptoms (e.g., 
excessive fatigue) and whether there is a previous history 
of MD. Given the disability associated with depressive 
symptoms in most PD studies and the known risk of SSD 
progressing to MD, careful consideration should be given 
to a trial of antidepressant therapy. Even without research 
data, the risk/benefit ratio would seem to be weighted 
toward at least one antidepressant trial.

Screening

As discussed in the section on recognition of depres-
sion, there are a number of psychiatric scales with 
excellent sensitivity and specificity in dPD. The 15-item 
(or 30-item) GDS has a number of practical advantages 
for use in a neurology clinic. The scale has established 
validity in dPD, elicits simple yes/no answers, and takes 
no more than 5 minutes to complete. The questions are 
not “psychiatric” (unlike the BDI, which asks questions 
regarding suicide and self-worth), and patients in a medi-
cal setting do not object to completing the scale as part 
of routine screening. Finally, the scale can be scored by 
nonmedical personnel and does not take away from time 
between the clinician and the patient.

Patients who score 5 or higher on the 15-item GDS 
(or 10 or higher on the 30-item GDS) should be evaluated 
further by the clinician. The clinician should focus on two 
questions: Are you feeling depressed, sad, or “blue” over 
the past 2 weeks? Are you becoming more withdrawn 
or isolated, or are you having trouble enjoying things 
that you used to enjoy over the past 2 weeks? If the 
answer to either of these questions is positive, the clini-
cian should further probe for the other symptoms of MD 
listed in Table 16-2. As noted earlier, the responses to the 
symptoms of depression should be considered without 
regard to whether the clinician feels they are due to PD 
or any other medical illness (i.e., the inclusive criteria 
should be used). If the patient scores positive on 5 of 
9 criteria, the clinician should initiate the depression 
treatment protocol.

Evaluating Comorbid Syndromes. Depressed patients 
without PD have higher rates of anxiety disorders, sub-
stance abuse, and mania. Screening for these other dis-
orders can be done with minimal training by a registered 
nurse or technician using available instruments such as 
the MINI (108). This scale is available in many languages 
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and can provide a relatively quick assessment of comorbid 
psychiatric disorders for clinical and research purposes.

Laboratory Workup. Prior to initiating therapy, medical 
causes of depressive symptoms should be excluded, includ-
ing dementia, hypothyroidism, B12 or folate deficiency, 
elevated plasma homocysteine levels, and testosterone 
deficiency. In addition to causing pseudodepression, hypo-
thyroidism and deficiencies in folate, B12, or testosterone 
may also reduce the response to antidepressant therapy.

Parkinson’s patients with depression should be 
screened for dementia using the MMSE (109). Hypothy-
roidism is often associated with PD and depression (110); 
when it occurs in PD, the diagnosis may be confounded 
by shared symptomatology (111–113). Therefore the 
evaluation of dPD patients should include a screen for 
thyroid disease, recognizing that PD medications (such as 
levodopa) may inhibit the secretion of thyroid-stimulating 
hormone (TSH) (112, 114), thus masking the laboratory 
diagnosis of hypothyroidism.

Serum levels of vitamin B12 and folate should be 
checked when patients screen positive for depression. 
Deficiency in vitamin B12 is a cause of depressive symp-
toms (115, 116) and is common in the elderly (117, 118). 
Homocysteine levels are also increased in patients with 
depression (119), dementia (120) and PD (121, 122). In 
particular, long-term treatment with levodopa can increase 
homocysteine levels (123, 124); it is important to moni-
tor homocysteine levels in PD because elevated levels are 
associated with vascular disease (125). Treatment with 
medications that increase the metabolism of homocyste-
ine [e.g., S-adenosylmethionine (SAM-e)] may attenuate 
the effects of elevated homocysteine levels (124). SAM-e 
has also been shown to have antidepressant effects in 
depressed patients with (126) and without PD (127).

Symptoms of testosterone deficiency include fatigue, 
diminished libido, insomnia, and dysphoria and overlap 
with the symptoms of MD. Testosterone deficiency has 
been associated with depressive symptoms in non-PD 
(128, 129). Testosterone supplementation may pro-
vide symptomatic benefit in both non-PD (130) and 
PD patients (129).

TREATMENT OF DEPRESSION

Antiparkisonian Medications

The mesolimbic dopamine pathways are functionally 
reward and pleasure pathways; however, there is no evi-
dence that the administration of levodopa has any antide-
pressant effect. The dopamine agonists have relatively weak 
antidepressant properties (78, 131, 132) and, like levodopa, 
have been associated with other psychiatric side effects, 
including psychosis, agitation, and delirium (133).

Pallidotomy and thalamotomy are surgical treat-
ments utilized for controlling the motor symptoms of 
PD (134, 135). Both have limited psychiatric sequelae 
(136–138). Patients with a history of depression are 
more likely to experience a depressive episode following 
pallidotomy, although this may be the result of the natu-
ral progression of their depressive illness and the known 
propensity for patients with MD to have recurrent episodes 
(138, 139). Transient hypomania has been reported in 
2 patients following pallidotomy, although pallidal 
lesions in both patients were located in the anterome-
dial portion of the GPi rather than the posteroventral 
portion (140).

Deep brain stimulation (DBS) targeting the sub-
thalamic nucleus (STN) and GPi to reduce “off” period 
akinesias and dyskinesias (141) and ventrointermedial 
(Vim) nucleus of the thalamus to reduce tremor (142) 
have been used successfully in advanced PD patients. A 
number of psychiatric side effects have been reported 
with STN DBS, including depression, mania, psychosis, 
and delirium (143, 144). Recurrent manic episodes were 
reported in one patient following GPi DBS (145). Thus 
surgical therapy, with current targets, does not appear to 
provide benefit for depression in PD.

Selegiline, a monoamine oxidase type B (MAO-B) 
inhibitor, can have antidepressant effects (1); in an open-
label multicenter trial to examine the motor effects of this 
agent, PD patients were noted to have improvements in 
mood (146). However it was difficult to determine in this 
trial whether the antidepressant effect was primarily due 
to independent mood changes to the effects of selegiline 
on motor symptoms (which improved significantly), or 
to an amphetamine effect from drug metabolites.

Generally the studies that have shown an antidepres-
sant effect of selegiline have used doses of 30 to 40 mg 
(147), far above the dose used to treat the motor symptoms 
of PD. At such doses, selegiline becomes a nonselective 
inhibitor of both MAO-A and MAO-B and the patient 
has to follow a tyramine-free diet and restrict the use of 
certain medications (e.g., meperidine). The Food and Drug 
Administration (FDA) has approved a selegiline patch for 
the treatment of MD. At low doses, there are no dietary or 
medication restrictions with this patch; however, a tyramine-
free diet is required for patients on higher doses.

The D2/3 receptor agonist pramipexole, has 
been shown to have an antidepressant effect when it 
is added to an SSRI or tricyclic antidepressant (TCA) 
(mean dose � 0.97 mg). this was demonstrated in an 
open-label study in a group of 37 non-PD patients 
with treatment-resistant MD (148). Ten of the patients 
dropped out due to intolerance. In a multicenter trial 
comparing pergolide to pramipexole in the treatment of 
41 dPD patients with mild to moderately severe symp-
toms, patients on both medications showed a significant 
decrease in the self-rated Zung Depression Rating Scale 
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(132). However, only the pramipexole group showed a 
significant decline in the observer rated MADRS.

Antidepressant Medication

Surprisingly there are few placebo-controlled studies to 
guide treatment with antidepressant medication in PD. 
In a Cochrane systematic review, the authors found that 
there were insufficient data on the effectiveness and safety 
of antidepressant therapies in PD (149). A more recent 
meta-analysis of antidepressant trials in elderly patients 
with PD found that active treatment with an antidepres-
sant and treatment with a placebo both had large effect 
sizes, and there was no significant difference between 
the groups (150). This was contrasted with the same 
type of analysis in geriatric depressed patients without 
PD, which found a large effect size for active treatment 
that was statistically different from placebo. It was also 
determined that in PD, increasing age and a diagnosis 
of MD were associated with antidepressant response, 

and that the TCAs were more effective than the SSRIs. 
This authors of this study agreed with Chang et al. (149) 
and concluded that placebo-controlled trials in dPD are 
needed in order to drawe definitive conclusions.

The commonly used antidepressant medications are 
listed in Table 16-3.

The TCAs and monoamine oxidase inhibitors 
(MAOIs) are the oldest in this class of drugs and have 
a number of side effects that are particularly concern-
ing. The alpha-adrenergic side effects potentially worsen 
orthostatic hypotension and anticholinergic side effects 
exacerbate autonomic problems, including increasing dry 
mouth and constipation. The anticholinergic side effects 
can also worsen memory and concentration problems and 
lead to confusion, delirium, and psychosis. The TCAs also 
can also have effects on cardiac conduction and should 
be used carefully in older adults. These conduction effects 
can lead to heart block.

Amitriptyline is a tertiary TCA that may be difficult 
to tolerate at therapeutic doses (150 to 300 mg/day), but 

TABLE 16-3
Antidepressant Medications

 MINIMUM DOSE TARGET DOSE MAXIMUM DOSE

Tricyclics
Nortriptyline† 50 mg 50–150 mg Serum level*
Desipramine† 75 mg  100–300 mg Serum level*

Selective serotonin reuptake inhibitors
Fluoxetine† 10 mg 20 mg 40 mg
Sertraline 50 mg 100 mg 200 mg
Paroxetine† 10 mg 20 mg  40 mg
Paroxetine CR (controlled release) 12.5 mg 25 mg 50 mg
Citalopram†  20 mg 40 mg 60 mg
Escitalopram 10 mg 20 mg 40 mg

Serotonin and norepinephrine
Venlafaxine  75 mg 150 mg 225 mg
Venlafaxine XR (extended release) 75 mg 150 mg 300 mg
Mirtazapine† 30 mg 45 mg 60 mg
Duloxetine 30 mg 60 mg 60 mg

Others
Bupropion†  300 mg 450 mg 450 mg
Bupropion SR (sustained release) 300 mg 300 mg 400 mg
Bupropion XL (extended release) 300 mg 300 mg 450 mg
Trazodone† 150 mg 400 mg 600 mg
Nefazodone† 200 mg 300 mg 600 mg
Reboxetine‡ 4 mg 4 mg 6 mg
Selegiline patch 6 mg 6 mg 12 mg

*The serum levels are obtained 8 to 12 hours after the last dose of medication. The recommended minimum and optimal blood levels
for nortriptyline are a plasma concentration greater than 50 ng/mL and 120 ng/mL, respectively. For desipramine the patient should have a 
blood level of at least 100 ng/mL and optimally around 150 ng/mL.

†Available as a generic medication in the United States.
‡Not available in the United States.
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it can be very effective not only for depression but also 
for chronic pain or disordered sleep even at low doses 
(25 mg). The metabolite of amitriptyline, nortriptyline, 
has a better side-effect profile and is the only TCA to be 
tested in dPD in a placebo-controlled trial (151). In this 
trial of 19 PD patients, nortriptyline was found to be 
superior to placebo, but statistical significance was not 
reported. Menza and colleagues are presently conducting 
a placebo-controlled trial of nortriptyline in dPD (per-
sonal communication).

In clinical practice the SSRIs have replaced TCAs as 
first-line agents in the treatment of dPD. There are few 
clinical data to support superior efficacy of the SSRIs; 
however, these medications are better tolerated. Clini-
cally significant side effects include sexual dysfunction 
(loss of libido, anorgasmia), agitation and sleep distur-
bance, anxiety, headache, weight gain, rare bradycardia, 
and nausea or diarrhea. Some side effects (e.g., agitation, 
anxiety, headaches, and gastrointestinal symptoms) may 
diminish with continued treatment and can be limited by 
slowly titrating the dose. Other side effects (e.g., sleep 
disturbance and sexual dysfunction) often continue and 
may interfere with treatment compliance.

One potential side effect of SSRIs that is of particu-
lar concern in PD is exacerbation of motor symptoms 
(152) secondary to modulation of serotonin-mediated 
dopamine release in nigrostriatal pathways (153, 154). 
There have been numerous case reports of extrapyrami-
dal side effects (EPS) with SSRIs in non-PD depressed 
patients (153–164). However, the risk of developing EPS 
is only modestly increased in larger samples and case-
controlled studies (165–167), and a number of studies 
suggest that EPS is not a clinically relevant side effect for 
most patients, including those with PD (168–174).

A potentially fatal complication may result from the 
combination of an SSRIs [(and potentially TCAs(175)] 
with the MAO-B inhibitor selegiline. This combination 
can cause a “serotonin syndrome” from the rapid increase 
in central nervous system serotonin levels. In the syn-
drome’s mildest form, patients may feel only agitation 
and tremor. These symptoms may progress to delirium, 
with neurologic abnormalities (muscle rigidity, tremor, 
hyperreflexia, clonus, seizures), autonomic instability 
(including diaphoresis, tachypnea, tachycardia, hyperpy-
rexia, and hypertension)—a syndrome that can eventually 
result in coma and death. This syndrome will more com-
monly result when selegiline is given at higher doses than 
are used to treat the motor symptoms of PD (i.e., higher 
than 5 to 10 mg/day), since at the higher doses selegiline 
can nonspecifically inhibit both MAO-A and MAO-B. 
In practice, this concern may be relatively minor, since 
the doses of selegiline used to treat PD are relatively low. 
One study found that the combination of selegiline with 
antidepressant medications led to symptoms consistent 
with serotonin syndrome in only 11 (0.24%) of 4568 

patients treated with the combination. Only 2 (0.04%) 
patients experienced serious symptoms, and no deaths 
were reported (152).

As previously discussed, there are few placebo-
controlled trials of the efficacy of antidepressant medica-
tions in dPD, with one meta-analysis finding only 3 studies 
of the 43 reviewed that were methodologically appropri-
ate for analysis (149). Previous reviews (e.g., Refs. 3 and 
4) outlined the many methodologic shortcomings of these 
studies, including small sample size, heterogeneous popu-
lations, inadequate antidepressant dosing, and the failure 
to use standardized diagnostic criteria for depression or 
rating scales to document symptom change.

Two placebo-controlled trials of SSRIs include one 
small study using citalopram, which showed no sig-
nificant difference from placebo (176), and a trial with 
sertraline, which also showed no statistically significant 
difference from placebo (177). The sertraline study was 
underpowered, as the study was stopped prematurely 
owing to problems with enrollment (177). Aside from 
these, the majority of studies are open-labeled, and they 
demonstrate some evidence for the antidepressant efficacy 
of SSRIs in dPD (164, 170–173, 178, 179) and dPD with 
comorbid anxiety (180, 181).

The medications that act on both serotonin, norepi-
nephrine, and “other” medications are listed in Table 16-3. 
Mirtazapine—an alpha-2 antagonist, 5HT-(1A) agonist, 
and 5HT-(2) antagonist—was hypothesized to decrease 
medication-induced dyskinesias because of the positive 
effect on dyskinesias noted in other drugs with 5HT-(1A) 
agonistic activity, such as buspirone (182). In a small 
study of 20 PD patients, mirtazapine proved to be moder-
ately effective in reducing levodopa-induced dyskinesias, 
either alone or in association with amantadine. There 
are, however, no data to support their use in dPD. In 
clinical practice, mirtazapine is associated with sedation, 
particularly at low doses (7.5 to 15 mg) and is frequently 
given with SSRIs at bedtime as a sedative and augmenting 
agent. Mirtazapine is also associated with weight gain 
and may be useful in anorectic dPD patients with sig-
nificant weight loss.

Nefazodone, a mixed serotonin-receptor antago-
nist and reuptake inhibitor, was as effective as fluox-
etine in treating dPD in a small (n � 15) randomized 
trial (99). Patients randomized to nefazodone showed an 
improvement in their UPDRS scores, whereas the fluox-
etine group was unchanged. Unfortunately nefazodone 
has recently received a “black box” warning on its label 
regarding liver toxicity, and this has limited its use.

Bupropion is a weak reuptake inhibitor for dopa-
mine and norepinephrine (although its exact mechanism 
of action is unknown) and has long been an interesting 
medication in the treatment of dPD because of its action 
on dopamine. In an open study in which bupropion was 
given to 20 PD patients (12 had depressive symptoms), 
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parkinsonism was decreased by 30% or more in half the 
patients (183). Of the 12 patients with depressive symp-
toms, 5 were noted to improve, although many experi-
enced side effects that were dose-limiting.

Reboxetine, a pure noradrenergic reuptake inhibi-
tor, is not available in the United States. In a study of 
17 dPD patients followed over 4 months, a significant 
decrease in depressive symptoms was seen, with no effect 
on UPDRS motor scores (184).

Electroconvulsive Therapy

Electroconvulsive therapy (ECT) is generally reserved as 
a third-line treatment for patients with resistant depres-
sion, but it can be used earlier in the treatment proto-
col when the patient is severely depressed and a more 
immediate intervention is necessary. ECT is effective in 
treating depression, psychosis, and motor symptoms in 
PD (185–189) and can be used to treat drug-induced 
psychosis in levodopa-treated patients (189, 190).

Although ECT is recognized as a safe, effective 
treatment (191), its use in patients with PD can be chal-
lenging, as they are more sensitive to the cognitive side 
effects (e.g., confusion, memory disturbance, interictal 
delirium (192, 193). These side effects can be minimized 
by using unilateral rather than bitemporal ECT, spacing 
the treatments to no more than twice a week, and holding 
the morning antiparkinsonian medication until after the 
treatment (194). In elderly PD patients, ECT may also 
be associated with an increased risk of falls and cardio-
vascular complications (191, 195, 196).

Repetitive Transcranial Magnetic Stimulation

Repetitive transcranial magnetic stimulation (rTMS) 
is effective in the treatment of MD in non-PD patients 
(197–201) and has shown promise as a treatment in 
neurologic conditions because of its favorable side-effect 
profile (202). Open-label trials demonstrate that rTMS 
has antidepressant effects in dPD patients (203) and that 
rTMS was as effective as fluoxetine for the treatment of 
dPD patients in some (204). Like ECT, rTMS improves 
the motor symptoms of PD (205–212), but not in all 
studies (213–216). The mechanism for these motor effects 
as well as possibly the antidepressant effects of rTMS 
may be related to the consequent release of subcorti-
cal dopamine, as shown in both animals and humans 
(217–221).

At present the use of rTMS in MD and dPD is still 
considered investigational. However, with the completion 
in December 2005 of a large multicenter trial in rTMS for 
the treatment of MD and the submission of data to the 
Food and Drug Administration, approval for the clinical 
use of rTMS is imminent, depending on the strength of 
the results, which have not yet been published.

Vagal nerve stimulation (VNS) is approved for use 
in both MD and epilepsy. There are, however, no trials 
in dPD.

Psychotherapy

Cognitive behavioral therapy (CBT) and interpersonal 
psychotherapy (IPT), either alone or in combination with 
pharmacotherapy, are established treatments for MD 
(222–228). In combination with antidepressant medica-
tions, psychotherapy may be useful for any level of depres-
sion. Psychotherapy can also be effective in depressed 
cognitively impaired patients (224, 225, 229, 230), 
although a recent study did not find maintenance inter-
personal psychotherapy helpful in preventing relapse in 
patients above 70 years of age with moderate cognitive 
impairment (231).

There is evidence that dPD patients tend to use cop-
ing strategies that are dysfunctional (such as avoiding 
or ignoring problems rather than trying to solve them) 
and that CBT might be useful in helping to treat depres-
sive symptoms by redirecting them (232). Ehman’s group 
(22) found a negative bias in the dPD group, shown in 
their tendency to view themselves as more disabled than 
they were objectively. This type of “cognitive distortion” 
is addressed by CBT techniques. Functional disability 
is related to depression scores, and helping a patient 
cope with this disability by using active (e.g., physical 
therapy, assistive devices, following medication regimens) 
as opposed to passive (e.g., isolation and withdrawal) 
coping strategies is a form of CBT practiced by PD treat-
ment teams in routine clinical care. Clinical researchers 
have described how CBT can be adapted to the treatment 
of dPD (233), and model treatment programs have been 
developed specifically for dPD (234).

A Treatment Algorithm

This section outlines an algorithm for the treatment of 
dPD based on a clinically validated PROSPECT algo-
rithm used to treat elderly depressed patients (235). We 
recently published the algorithm (236), which is shown 
in Figure 16-1.

The optimal medication dosages are listed in 
Table 16-3. In the PROSPECT trial, citalopram was the 
SSRI used as the first-line antidepressant. Citalopram is 
generic, has few drug-drug interactions and low protein 
binding, and is a good choice in the elderly; however, a 
small placebo-controlled trial was negative in dPD (176). 
Given the fact that there are no definitive randomized 
controlled trials of antidepressants in dPD, the clinician 
should use the SSRI with which he or she has the most 
familiarity.

In this algorithm, rating scales are used to quantify 
response, with corresponding cutoffs to indicate standard 
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Algorithm for Treating Depression in Parkinsonís Disease* 

All patients screened using the 15-item Geriatric Depression Scale (GDS) 

GDS < 5 GDS > 5

Clinician screens using inclusive DSM criteria 1

No further treatment 

Screen negative Screen positive 

Initiate depression protocol: 
1. Laboratory studies 
2. Screen for comorbid dementia, mania, anxiety disorders and substance abuse
3. Screen for psychosis and suicidal ideation 
4. Obtain a baseline Beck Depression Inventory (BDI) and Montgomery 

Asberg Depression Rating Scale (MADRS) 

Using the recommendations from Table 3:  Start patient on an SSRI at the 
minimal dose, moving to the target dose as tolerated.  After 6 weeks on the 
target dose . . .

BDI/ MADRS decline is 30- 50% of baseline BDI/ MADRS decline is > 50% of baselineBDI/ MADRS decline is < 30% of baseline 

Change to venlafaxine 
XR, mirtazapine or 
duloxetine and increase to 
target dose over 6 weeks 

Increase to maximal dose 
outlined in Table 3 

Continue medication at 
same dose 

*adapted from 2

After an additional 6 weeks

BDI/ MADRS decline is
< 30% of baseline

BDI/ MADRS decline is
30- 50% of baseline

BDI/ MADRS decline is
> 50% of baseline with an 
absolute score or > 10 

BDI/ MADRS decline is
> 50% of baseline with an 
absolute score or < 10 

Continue on medication for 
at least 6 months 

Increase to maximum dose for 6 
weeks and if already at maximum 
dose for 6 weeks or if the patient 
cannot tolerate maximum dose 
then:

1. Augment with additional 
medication (see text) 

2. Add psychotherapy
3. Or change medication

Increase to maximum dose 
for 6 weeks and if already 
at maximum dose for 6 
weeks or cannot tolerate 
maximum dose then 
change medication 

Change medication

1. Marsh L, McDonald WM, Cummings JL, Ravina B, Group NNW. Provisional
diagnostic criteria for depression in Parkinson’s Disease: Report of an
NINDS/NIMH Work Group. Mov Disord. 2006;21(2):148–158.

2. McDonald WM, Holtzheimer PE, 3rd, Byrd EH. The diagnosis and treatment of
depression in Parkinson’s disease. Current Treatment Options in Neurology.
2006;8(3):245–255.
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definitions for partial response (30% to 50% decrease 
in baseline), response (� 50% decrease from baseline), 
and remission (an absolute score of � 10 on the scale). 
The clinician may forgo rating scales and instead use 
the clinical global impression of the patient. Partial 
response, response, and remission would roughly cor-
respond to the patient showing a minimal, moderate, 
and complete response on a clinical global impression 
scale. The 10-question observer-rated MADRS and self-
rated BDI were used to gauge response, but other scales 
can certainly be substituted, as discussed under “Rating 
Scales,” above.

This algorithm is based on several basic principles 
in the treatment of geriatric patients, which are outlined 
in the PROSPECT trial and the data presented on anti-
depressant efficacy in dPD:

1. None of the antidepressants have a clear advantage 
in terms of efficacy, but the SSRIs are more easily 
tolerated.

2. Older patients take longer to respond, on average, 
and require a 12-week trial at adequate dosages to 
assess response.

3. Older patients often require maximal dosages of 
antidepressants to have a full response.

4. Patients should be treated until they have reached 
remission, or they will be at a higher risk of relapse 
and chronic residual symptoms.

Patients who have an incomplete response should 
be considered for either a medication change (if the 
response is minimal after 6 weeks or the patient cannot 
tolerate the medication) or augmentation therapy. In the 
algorithm, the patient is changed from an SSRI to a dual-
mechanism medication (see Table 16-3) or bupropion 
in order to take advantage of the different therapeutic 
actions of these medications (237).

Augmentation strategies in dPD have not been sub-
jected to clinical trials. The addition of lithium carbonate 
has perhaps the most clinical data for augmentation, but 
it is difficult to use in PD because of side effects, includ-
ing tremor and gait ataxia (238). Several strategies have 
been used in routine clinical practice to augment anti-
depressant medications, although there is no evidence 
for the efficacy of these treatments in dPD and minimal 
evidence in geriatric depression. Mirtazapine has been 
shown to be effective in a double-blind controlled trial in 
patients who had a partial response to SSRIs (239) and 
may decrease the sexual dysfunction associate with SSRIs 
(240). Bupropion SR has also been shown to be effective 
as an augmenting agent to SSRIs in younger (241) and 
geriatric patients (242). Bupropion has also been shown 
to decrease SSRI-induced sexual dysfunction (243). The 
use of low-dose methylphenidate (244, 245) and moda-
fanil (246) has been shown to be effective in augmenting 

SSRIs in geriatric patients. Methylphenidate has also been 
shown to treat apathy independent of depression (247). 
Finally there is increasing evidence that atypical antipsy-
chotics have a role in antidepressant augmentation (248) 
although quetiapine or clozapine are the only atypicals 
that should be considered in PD patients.

Treatment of Comorbid Psychosis

Psychosis in PD may occur as part of a mood syndrome 
but is often associated with the use of dopamine agonists 
and other medications used to treat PD motor symp-
toms. Psychosis associated with depression is usually 
mood-congruent. In PD, psychosis is more often related 
to the dopaminergic medications and not mood. The 
clinician should therefore assess whether the onset of 
psychosis is temporally related to the initiation of a 
specific medication and whether that medication can 
be stopped. One protocol for the order of discontinuing 
medication (4) is to start by discontinuing anticholiner-
gics and amantadine first. If hallucinations remain, other 
medications should be discontinued in the following order:
selegiline, nocturnal doses of dopamine agonists, con-
trolled-release carbidopa/levodopa (Sinemet CR), day-
time doses of dopamine agonists, and finally daytime 
doses of carbidopa/levodopa.

Atypical antipsychotics are first-line treatments for 
psychosis in PD patients owing to their lower dopamine 
D2 receptor blockade (249). Clozapine is arguably the 
most effective antipsychotic in PD (250), but its use may 
be limited by its potential to cause agranulocytosis and 
by need for rigorous monitoring (249, 251–253). Data 
also support the use of quetiapine (254), although a 
mild worsening of motor symptoms may occur in more 
demented patients (255–260). Olanzapine and risperi-
done have shown antipsychotic efficacy in PD patients, 
but they can have significant side effects, including 
motor worsening (249). Ziprasidone and aripipra-
zole have not been adequately studied in psychotic PD 
patients (261–263). In PD patients with psychosis and 
dementia, anticholinesterase inhibitors may also be ben-
eficial (264–268).

Treatment of Associated Cognitive Dysfunction

There is limited evidence from a small uncontrolled 
trial that galantamine may be beneficial in treating the 
dementia of PD (269). Galantamine also decreased 
visual hallucinations in 7 of the 9 patients who had 
hallucinations and improved parkinsonian motor symp-
toms in 7 of the 16 patients, while worsening tremor in 
3 others. There is additional evidence from double-blind 
and open trials that cholinesterase inhibitors may be 
beneficial in the treatment of psychosis in PD patients 
with dementia (270).
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CONCLUSION

Comorbid depression is common in PD and is a cause 
of considerable morbidity. DPD affects both motor and 
nonmotor symptoms in PD and has been associated with 
a worsening of the UPDRS and declines in ADLs and cog-
nitive functioning. DPD is also associated with increased 
caregiver burden and distress.

Data from samples of elderly living in the com-
munity and patients with similar chronic disease (e.g., 
diabetes mellitus and osteoarthritis) demonstrate that 
the increased incidence of depression in PD is not simply 
the result of aging or a reaction to a chronic disabling 
disease. Studies of the pathophysiology of dPD support 
the role of the underlying neurodegenerative process in 
PD leading to a disruption in the cortical-subcortical 
neuronal circuit involved in mood regulation. Addi-
tional studies support the role for abnormal serotonin 
and dopamine circuits, two neurotransmitters known to 
have a role in depression and associated affective states 
such as apathy.

The recognition of dPD is difficult because of the 
overlap of PD motor symptoms and depressive symp-
toms. The recommendations from a number of expert 
panels have been to use inclusive DSM criteria (i.e., 
include all symptoms without consideration to etiology). 
Standardized rating scales with proven validity in dPD 
can also be useful in a neurology practice to identify 

dPD and associated syndromes and follow dPD patients 
in treatment.

Certain syndromes occur as relatively common 
comorbid syndromes, including apathy, cognitive difficul-
ties, psychosis, and anxiety. These associated conditions 
can cause difficulties in the treatment of dPD and in some 
cases (e.g., apathy) may be difficult to distinguish from 
dPD. Depressed PD patients may show a unique pattern 
of depressive symptoms that is different from those of 
elders with MD. This symptom profile includes a pattern 
of sadness without guilt or self-reproach, a high rate of 
anxiety symptoms, a relative lack of delusions and hallu-
cinations, and a low suicide rate despite a high frequency 
of suicidal ideation.

The treatment of dPD is complicated by the lack of 
randomized clinical trials to identify which antidepressant 
agents are most effective. Available clinical evidence is pri-
marily from open trials and show that TCSs and SSRIs are 
both effective treatments. There is limited evidence that the 
dopamine agonists may be effective as augmenting agents. 
Although there are no clinical trials of psychotherapy, 
techniques used in CBT have the potential for helping the 
negative biases observed in many dPD patients. ECT and 
rTMS are also supported as somatic treatments for dPD. 
A treatment algorithm is presented for dPD which utilizes 
lessons learned from geriatric depression. Although this 
algorithm can be used in general practice, treatment of 
dPD must be individualized for each patient.
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Anxiety and Panic

ementia and depression have long 
been recognized as the 2 major 
behavioral disorders typically asso-
ciated with Parkinson’s disease (PD). 

However, recent evidence suggests that others, such as 
anxiety, may be equally important. This chapter focuses on 
available information supporting a relationship between 
PD and anxiety, which may help to elucidate pathogenetic 
mechanisms and appropriate therapy. Recent years have 
brought an expanded repertoire of pharmacotherapies for 
primary mood and anxiety disorders that can be utilized 
in PD patients—as can further experience with surgical 
approaches in PD and their effects on behavioral features. 
However, there continues to be a lack of controlled clinical 
research in the area of anxiety in PD.

Anxiety is a state characterized by a vague and 
unpleasant sense of apprehension, often accompanied 
by autonomic symptoms such as palpitations and dry 
mouth. It may serve as a beneficial alerting signal, warn-
ing of impending danger and stimulating appropriate 
measures, but it may also be pathologic if the symptoms 
are prolonged or excessive or if they occur at inappropri-
ate times. An anxiety disorder connotes the presence of 
significant dysfunction due to anxiety. There are many 
different anxiety disorders, which are distinguished from 
one another by their constellation of symptoms, response 
to medications, and, in some cases, presumed etiologic 
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mechanisms (1). The fourth edition of The Diagnostic 
and Statistical Manual of Mental Disorders (DSM-IV) 
includes the categories of anxiety disorders, which are 
listed in Table 17-1. The specific criteria for a panic attack 
as outlined in DSM-IV are listed in Table 17-2. The anxi-
ety classification scheme has not been modified with the 
recent text revision of DSM-IV (2).

ANXIETY IN PARKINSON’S DISEASE

Prevalence of Anxiety

One of the first formal studies of anxiety in PD was con-
ducted by Rubin et al. (3), who used a standardized ques-
tionnaire and DSM-III-R (4) criteria for anxiety and affective 
disorders to evaluate 16 PD patients (out of a total PD 
population of 210 patients) who reported marked epi-
sodic anxiety. Of the total population, 8 patients (4%) 
met the criteria for panic-anxiety disorder and 6 simul-
taneously met the criteria for major depression or dys-
thymia. The rate for panic-anxiety disorder was noted to 
be greater than that estimated for the general population. 
Subsequent studies have also observed that anxiety in 
patients with PD occurs more frequently than expected. 
Stein and coworkers (5) systematically evaluated 24 PD 
patients for the presence of DSM-III-R axis I syndromes. 

D
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In this group, 9 subjects (38%) had a clinically significant 
anxiety disorder, a rate that is much greater than that in 
the general population (5% to 15%), in primary care 
clinics (10%), or in patients with chronic medical condi-
tions (11%). Vazquez et al. (6) found that 31 of 131 PD 
patients (24%) had experienced recurrent panic attacks 
that fulfilled most of the DSM-III-R criteria (4) for panic 
disorder. A recent study by Shulman et al. (7) found a 
similar rate of anxiety and also revealed that anxiety and 
other nonmotor symptoms may be underrecognized by 
treating physicians.

In addition to exceeding prevalence rates in the gen-
eral population, anxiety disorders in PD have been found 
to be more common than in other neurologic or medical 
illnesses. Schiffer et al. (8) carried out structured clinical 
psychiatric interviews for 16 depressed PD patients and 
20 depressed multiple sclerosis patients and found that 
anxiety disorders were more common in the patients with 
PD. Among these, 75% met the criteria for past or present 

generalized anxiety disorder (GAD) or panic disorder, 
whereas only 10% of patients with multiple sclerosis met 
these criteria.

Menza et al. (9) compared 42 patients with PD and 
21 matched medical control subjects (patients with chronic 
debilitating osteoarthritis matched for age and length of 
illness) by using DSM-III-R criteria and a variety of psychi-
atric rating scales. Among the PD patients, 12 (29%) had 
a formal anxiety disorder, as did only 1 medical control 
subject (5%). In a subsequent study of 104 PD patients and 
61 medical control subjects with equal disability, Menza 
and Mark (10) noted that PD patients scored higher than 
control subjects on measures of depression and anxiety. 
In another study, Gotham et al. (11) found that the fre-
quency of anxiety in PD exceeded that of healthy control 
subjects but was not greater than that in patients with 
chronic arthritis. One study revealed that PD patients expe-
rienced more complaints related to autonomic function 
(e.g., postural dizziness, urinary frequency, dry mouth) 
than controls (12). The authors concluded that some PD 
patients diagnosed with anxiety or depression may in fact 
be experiencing the subjective concomitants of autonomic 
failure and that this might lead to an overdiagnosis of these 
psychiatric disorders in the PD population. Given the fact 
that “significance persisted after the autonomic items were 
removed from the Hamilton scales,’’ it would appear more 
likely that patients with PD have common neurobiologi-
cal abnormalities that can result in both emotional and 
autonomic dysfunction.

Thus, most studies have shown that anxiety occurs 
commonly in patients with PD and at a higher rate than 
in normal or other disease-comparison populations. 

Clinical Features of Anxiety Disorders

A wide range of anxiety disorders have been reported in 
patients with PD. In the study by Stein and coworkers (5), 
of the 9 PD subjects with a clinically significant anxiety 
disorder, 1 had GAD, 2 had panic disorder, 1 had long-
standing panic disorder with recent onset of a superim-
posed major depressive episode, 1 had panic disorder and 
social phobia, 3 had social phobia alone, and 1 had anxi-
ety disorder not otherwise specified. The authors judged 
that 3 additional patients had symptoms of social phobia 
that appeared to be secondary to self-consciousness about 
PD symptoms. These patients were not considered to have 
a clinically significant anxiety disorder because they did 
not meet DSM-III-R diagnostic criteria for social phobia 
(where it was specified that a diagnosis of social phobia 
could not be made if the fear was related to symptoms of 
a medical disorder) (4); these patients would now meet 
DSM-IV (1) criteria for anxiety disorder not otherwise 
specified. Vazquez et al. (6) described only panic disorder, 
whereas Schiffer et al. (8) reported the presence of panic 
disorder and GAD. Menza et al. (9) noted that anxiety 

TABLE 17-1
Categories of Anxiety Disorders in DSM-IV

Panic disorder with and without agoraphobia 
Agoraphobia without a history of panic disorder
Specific and social phobias
Obsessive–compulsive disorder
Posttraumatic stress disorder and acute stress disorder
Generalized anxiety disorder
Anxiety disorder due to a general medical condition
Substance-induced anxiety disorder
Anxiety disorder not otherwise specified (including 

mixed anxiety-depressive disorder)

TABLE 17-2
Possible Symptoms of Panic Attack in DSM-IV

1. Palpirations, pounding heart, or accelerated 
heart rate

2. Sweating 
3. Trembling or shaking
4. Sensations of shortness of breath or smothering
5. Feeling of choking
6. Chest pain or discomfort
7. Nausea or abdominal distress
8. Feeling dizzy, unsteady, lightheaded, or faint
9. Derealization (feelings of unreality) or 

depersonalization (being detached from oneself)
10. Fear of losing control or going crazy
11. Fear of dying
12. Paresthesias (numbness or tingling sensations)
13. Chills or hot flushes



17 • ANXIETY AND PANIC 181

diagnoses in PD patients are clustered among panic dis-
order, phobic disorder, and GAD.

Lauterbach and Duvoisin (13) described anxiety dis-
orders in patients with familial parkinsonism and noted 
the following rates: simple phobia, 34.3%; agoraphobia, 
15.8%; obsessive-compulsive disorder (OCD), 13.2%; 
panic disorder, 7.9%; GAD and social phobia, each 
5.3%. The authors noted that their observed rate of GAD 
was similar to that reported by Stein et al. (5) in their 
study of patients with PD, whereas a lower rate of panic 
disorder and higher rates of social phobia and OCD were 
identified in their familial parkinsonism subjects. In a 
more recent study comparing patients with two different 
movement disorders, Lauterbach et al. (14) reported that 
GAD had a higher prevalence in patients with dystonia, 
whereas panic disorder was more common in PD.

Thus, a wide range of anxiety disorders may occur 
in PD patients. Further studies involving larger patient 
populations and standard psychiatric interviews are 
needed to clarify the relative frequencies of the various 
anxiety disorder types. 

Time of Onset of Anxiety

Although many investigators have indicated that anxi-
ety symptoms tend to appear after the diagnosis of PD 
has been established (5, 6, 14, 15), one study involv-
ing patients with familial parkinsonism reported that 
the onset of anxiety preceded the appearance of motor 
symptoms (13). Furthermore, a large, prospective study 
involving a cohort of male health professionals found 
an association between self-reported phobic anxiety and 
later development of PD (16). Whether this association 
is causal or the result of a shared diathesis remains to be 
determined. Regardless, these observations suggest that 
like depression, anxiety symptoms among parkinsonian 
patients are not simply related to psychological and social 
difficulties in adapting to the illness. 

Relationship of Anxiety to 
Antiparkinsonian Medications

The issue of whether antiparkinsonian medications 
might be responsible for some of the anxiety symptoms 
seen in PD patients remains unsettled. Henderson et al. 
(15) noted that among PD subjects taking levodopa and 
reporting anxiety, 44% had the onset of anxiety before 
beginning levodopa and 56% had it after treatment was 
initiated. Stein et al. (5) found no significant difference 
between anxious and nonanxious patients with PD with 
regard to the cumulative dose of levodopa. The authors 
did note, however, that many subjects were taking other 
antiparkinsonian medications—such as anticholinergics, 
amantadine, and bromocriptine—and that a potential 
influence of these drugs could not be excluded.

Siemers and coworkers (17) studied anxiety state 
and motor performance in 19 patients with PD. All were 
taking levodopa/carbidopa and most were also receiv-
ing adjunctive antiparkinsonian medications, including 
dopamine receptor agonists, selegiline, and anticholin-
ergics. Two patients were taking benzodiazepines. The 
authors found no statistical differences in motor, depres-
sion, or anxiety scores based on the presence or absence 
of the additional medications. In the study by Menza 
and coworkers (9), levodopa dose did not significantly 
correlate with anxiety measures. The authors also found 
that there was no difference in measures of anxiety for 
patients receiving or not receiving selegiline or pergolide. 
In distinction to the above reports, Vazquez et al. (6) 
concluded that panic attacks were related to levodopa 
therapy but not to other agonist drugs. The authors found 
that 24% of PD patients under chronic levodopa therapy 
had experienced recurrent panic attacks. It was noted that 
the PD patients with panic were put on levodopa earlier 
than the PD patients without panic and that they needed 
higher dosages. However, these panic attacks occurred 
primarily in the “off” state. Rondot and coworkers (18) 
found that anxious PD patients received similar doses of 
levodopa when compared to the general PD population; 
it was therefore concluded that anxiety was not caused 
by chronic treatment with levodopa. However, they noted 
that anxiety is seen in certain individuals as an acute 
mental disorder associated with the taking of levodopa. 
Thus whether treatment with antiparkinsonian medica-
tions might influence anxiety symptoms in PD patients 
remains an unsettled issue. 

Relationship of Anxiety to Motor Symptoms

The majority of studies have shown that depression in PD 
is not closely correlated with the severity of motor symp-
toms or the degree of disability (19), thus supporting the 
notion that this behavioral disorder is not a reaction to 
the illness but is more likely related to central biochemi-
cal disturbances that accompany PD. Recent studies have 
examined the relationship between anxiety and PD motor 
symptoms. Most studies have identified no significant 
difference in disability ratings between PD patients with 
and those without anxiety (5, 9).

Some authors have reported higher degrees of 
anxiety in patients who experience “on-off” motor 
fluctuations (9, 15, 20, 21), whereas others have failed 
to confirm this relationship (5, 13, 22). One could con-
jecture that the unpredictable nature of the on-off states 
might result in anxiety behavior similar to that which 
occurs in laboratory animals after they are exposed to 
unpredictable aversive stimuli (23). Riley and Lang (24) 
include anxiety as one of the psychiatric disturbances that 
vary with parkinsonian motor fluctuations. Most authors 
have noted that in patients who do experience the on-off 
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phenomenon, anxiety tends to occur most often during 
the “off’’ phase (5, 6, 15, 17). It is interesting that as early 
as 1976, Marsden and Parkes (25) commented that “the 
off period may be accompanied by panic, flushing and 
sweating, and leg pain,’’ although they did not specifically 
discuss the relationship between anxiety and parkinso-
nian mobility states. One study revealed that in most 
patients, mood or anxiety improved significantly from 
“off” to “on’’ but then worsened again in the “on’’ state 
when dyskinesias appeared (26). In a levodopa infusion 
study, Maricle et al. (27) found that mood, anxiety, and 
motor fluctuations tended to correlate in that patients 
experienced greater anxiety and depression during peri-
ods of poor mobility and vice versa. They did not find 
that patients had a recurrence of anxiety and depression 
with the onset of dyskinesias. Other studies have found a 
relationship between mood, arousal or psychic activation, 
and mobility changes during on-off fluctuations but did 
not specifically address anxiety (28, 29). In an effort to 
better understand the relationship among motor, mood, 
and anxiety fluctuations, Richard et al. (20) conducted a 
prospective study using visual analog scales in 87 patients 
with PD. The results suggest that PD patients are hetero-
geneous with regard to the presence, range, and pattern 
of fluctuations. Among patients with motor fluctuations, 
75% had mood and/or anxiety fluctuations. The major-
ity of patients with mood fluctuations also experienced 
anxiety fluctuations. Many patients reported the “classic 
pattern” of low mood and high anxiety during periods of 
immobility. However, not all patients exhibited a tempo-
ral correlation between motor and emotional states, and 
it was not uncommon for mood and anxiety to fluctuate 
independently of one another.

Lauterbach and Duvoisin (13) noted that for patients 
with familial parkinsonism who had panic attacks before 
the diagnosis of the movement disorder, the symptoms 
lessened as the disease advanced and particularly when 
“freezing’’ episodes (sudden immobility that can render a 
patient motionless) appeared. The attenuation of anxiety 
symptoms may have resulted from continued noradren-
ergic cell loss

A variety of questions have been raised regard-
ing the exact relationship between anxiety and motor 
function. Does decreased mobility cause anxiety? Can 
anxiety cause decreased mobility? Are both anxiety and 
decreased mobility the result of common central neu-
rochemical disturbances? Routh et al. (30) described a 
patient with PD and anxiety characterized by both social 
phobia and agoraphobia or panic disorder. The patient’s 
motor symptoms could not be controlled by levodopa 
during periods of increased anxiety, leading the authors 
to conclude that anxiety may indeed worsen parkinsonian 
motor features. Arguing against such causality would be 
the finding that even during experimental yohimbine-
induced panic attacks and anxiety (31), patients had no 

measured worsening of their parkinsonian motor symp-
toms. To determine how CNS dopaminergic activity may 
relate to mood and anxiety, Menza et al. (26) assessed 10 
patients with PD and motor fluctuations for mood and 
anxiety changes during discrete “off,’’ “on,’’ and “on with 
dyskinesias’’ periods. Only one patient rated his moods as 
consistently improving from “off’’ to “on” to “on with 
dyskinesias,” paralleling presumed increasing striatal and 
limbic dopaminergic activity. Most of the patients, how-
ever, felt depressed and anxious when they were “off” 
and when they were “on with dyskinesias,’’ leading the 
authors to conclude that the behavioral responses of most 
patients probably reflect an emotional reaction to their 
motor symptoms. An alternative explanation might be 
that there is an optimal level of dopamine that is nec-
essary to prevent depressed mood and anxiety. In the 
levodopa infusion study conducted by Maricle and col-
leagues (27), the emotional changes generally preceded 
the motor changes by several minutes, thereby making it 
unlikely that the anxiety and depression represented an 
emotional reaction to motor impairment. It seems more 
likely that CNS levodopa depletion results in both mood 
and motor changes but that the time course of effects 
might be slightly different.

Some authors have suggested that changes of other 
neurotransmitters that occur during parkinsonian motor 
fluctuations may play a role in the occurrence of anxi-
ety. Siemers et al. (17) postulated that an alteration in 
serotonin may be responsible for the increase in anxiety 
symptoms related to motor performance. Vazquez et al. 
(6) suggested that norepinephrine may play a primary 
role in panic attacks in PD. Further studies are needed to 
clarify the relationship between motor state and anxiety 
in PD and to uncover pathogenetic mechanisms. 

Epidemiology of Anxiety

Because anxiety occurring in PD involves a population of 
older individuals, it is of interest that anxiety disorders 
in psychiatric patients characteristically begin by young 
adulthood. Thus the onset of anxiety in late age in asso-
ciation with PD is contrary to the expected natural course 
of this condition and favors an etiologic link between the 
two disorders. This notion is further supported by current 
data indicating that anxiety disorders are less common 
in the elderly than in younger adults (32). The frequency 
of anxiety in PD exceeds the expected prevalence rates in 
this age group and this also favors a pathogenetic rela-
tionship. It should be noted, however, that some authors 
believe that an underdiagnosis of anxiety in late life may 
contribute to low prevalence estimates in the healthy 
elderly population (33, 34). In reviewing the epidemiol-
ogy and comorbidity of anxiety disorders in the elderly, 
Flint (32) concluded that GAD and phobias account for 
most anxiety in late life and that panic disorder is rare, 
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which is in contrast to the rather frequent occurrence 
of panic disorder in patients with PD. It was noted that 
when panic disorder did occur in elderly patients, females 
accounted for all the cases. In contrast to these observa-
tions, it is interesting to note that panic disorder occurring 
in the setting of PD involves both males and females.

Raj et al. (35) suggest that late-onset panic disorder 
may be more common than previously thought; they also 
noted that such patients are more likely to have coexistent 
medical disorders such as chronic obstructive pulmonary 
disease (COPD), vertigo, and PD. The authors speculate 
that medical disorders such as COPD and PD might have 
a role in the onset of late-life panic disorder. 

Relationship Between Anxiety and Depression

It is well known that anxiety and depressive disorders com-
monly coexist in psychiatric populations. In a review of 
coexisting depression and anxiety, Lydiard (36) notes that 
up to 60% of patients with depressive symptoms also have 
anxiety, and that 20% to 30% of patients with major depres-
sion meet criteria for panic disorder. Between 21% and 91% 
of patients meeting criteria for panic disorder experience 
an episode of major depression one or more times during 
their lives. Lidiard also notes that patients with combined 
panic disorder and major depression are more significantly 
impaired than patients with either disorder alone.

There appears to be a relationship between anxiety 
and depression in PD as well. In a review of depression 
in PD, Cummings (19) notes that the depression in PD is 
distinguished from other depressive disorders by greater 
anxiety and less self-punitive ideation. After discovering 
that the diagnoses of anxiety and panic disorder were 
significantly more frequent among depressed patients with 
PD than depressed patients with multiple sclerosis, Schiffer 
et al. (8) suggested that PD patients may experience an 
atypical depression, a subtype that includes anxiety. One 
study showed that 92% of PD patients who had an anxi-
ety disorder also had a depressive disorder, and that 67% 
of those with a depressive disorder also had an anxiety 
disorder (9). Another study compared PD patients with 
age-matched healthy spouse controls and noted that the 
report of depression plus panic or anxiety (as compared 
with either condition alone) best distinguished the two 
populations (15). Although other studies have also shown 
a close correlation between depression and anxiety in PD 
(6, 37), anxiety can clearly occur in the absence of depres-
sion. A study by Lin et al. (38) revealed that although 
the degrees of anxiety and depression assessed via stan-
dardized rating scales were generally correlated, 14 of 58 
(24%) PD patients determined to be free of depressive 
symptoms fulfilled DSM-III-R criteria for GAD.

Because most patients with PD are elderly, it is impor-
tant to look at comorbidity in this age group. It was pointed 
out by Flint (32), in his review of anxiety in the elderly, that 

studies show considerable comorbidity of anxiety disorders 
and depression in late life. The rate of comorbidity for GAD 
and phobias with depression in old age is similar to that 
quoted for younger patients. However, the depressed elderly 
appear to have a lower risk for developing panic attacks 
(32). The frequent occurrence of depression coexisting with 
panic in PD is of particular interest and suggests that these 
behavioral responses are etiologically related to the neuro-
biological changes that accompany PD. 

Relationship Between Anxiety and Dementia

Although there is some evidence for an increased rate of 
anxiety in primary dementia disorders (39), the relation-
ship between anxiety and dementia in PD is not clear. 
Depression appears to be equally frequent in PD with 
and without dementia (19). Iruela et al. (40) hypothesized 
that anxiety may actually lessen in PD patients if they 
become demented, and there is a significant decrease in 
brain levels of norepinephrine in the dementia of PD 
(41); an abnormal activity of noradrenergic cells in the 
locus ceruleus has been hypothesized to cause anxiety. 
Addressing this issue, however, Lauterbach (42) studied 
38 patients with familial parkinsonism and found no rela-
tionship between dementia and anxiety symptoms. Most 
of the studies that examined anxiety in patients with PD 
either failed to comment on the cognitive status of the 
patients (8, 15) or deliberately excluded patients with 
dementia (5, 9, 17); therefore definite conclusions can-
not be reached regarding a relationship between anxiety 
and cognitive decline in this illness. Fleminger (37) noted 
that two groups of patients with PD who differed with 
regard to the presence of anxiety did not differ on their 
performance on two tests of cognitive function (National 
Adult Reading Test and Information, Memory, and Con-
centration Test). Vazquez et al. (6) found that anxious 
and nonanxious PD patients did not differ with respect 
to their severity of dementia as assessed by the Unified 
Parkinson’s Disease Rating Scale (UPDRS) but noted that 
more formal measures of cognitive function were not 
performed and also that the degree of mental impairment 
was low in both groups. 

Neurobiology of Anxiety as It Relates to 
Parkinson’s Disease

Significant advances have been made in uncovering some 
of the possible biological mechanisms of anxiety. An 
examination of this information along with the known 
neurobiological alterations in PD may shed light on com-
mon mechanisms that might be responsible for the appar-
ent relationship between the two conditions.

The main neurotransmitters implicated in the patho-
genesis of anxiety include norepinephrine, serotonin, and 
gamma-aminobutyric acid (GABA) (43, 44). There is 
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strong evidence implicating noradrenergic dysfunction, 
particularly the alpha-2 adrenergic receptors, and perhaps 
the locus ceruleus itself, in the development of primary 
anxiety disorders, especially panic disorder (43–49). Inter-
estingly, many abnormalities of the noradrenergic system 
have also been discovered in PD patients. The dorsal 
ascending noradrenergic pathway is particularly affected. 
This pathway originates in the locus ceruleus and proj-
ects to the cerebral cortex, amygdala, hippocampus, and 
septum (50). Studies have demonstrated catecholamin-
ergic cell loss in the locus ceruleus in PD (51, 52). This 
loss appears to correlate with the presence of dementia 
(41, 53, 54) . There appear to be changes in both central 
and peripheral adrenergic receptors in PD. Studies have 
shown that alpha-2 receptors are decreased in number 
in the cerebral cortex (55). Other studies have noted a 
decrease in alpha-2 adrenoceptors (56) and decreased 
yohimbine-binding sites (57) in platelets of untreated 
PD patients. Bernal and coworkers (58) suggest that 
untreated PD is associated with a significant reduction in 
alpha-2 adrenergic sensitivity. It is possible that patients 
with PD are more vulnerable to panic attacks because 
they have an alteration of alpha-2 adrenergic receptors. 
It is also possible that the locus ceruleus is disinhibited 
in PD secondary to changes in other neurotransmitter 
systems. Lauterbach (42), Lauterbach and Duvoisin (13), 
and Vazquez and coworkers (6) independently provided 
data in PD suggesting that locus ceruleus disinhibition 
may lead to panic attacks.

Further support for a noradrenergic role in the devel-
opment of anxiety in PD comes from our pilot study of 
experimental yohimbine-induced panic. Oral yohimbine 
(an alpha-2 antagonist) was administered to 6 patients 
with PD who had a history of anxiety or depression, 
2 parkinsonian patients without psychiatric illness, and 
2 normal controls. Parkinsonian patients with a history 
of anxiety developed panic attacks at frequencies compa-
rable to those of primary psychiatric patients with panic 
disorder. Regardless of their history of anxiety and/or 
depression, parkinsonian patients demonstrated a vulner-
ability to yohimbine-induced somatic symptoms (31).

Alterations in the serotonin neurotransmitter sys-
tem have also been postulated to play a role in anxiety 
disorders, particularly OCD and social phobia (59, 60), 
posttraumatic stress disorder, GAD, and perhaps panic 
disorder (61). Some abnormalities of the serotonergic sys-
tem have been recorded in PD. Studies have demonstrated 
a loss of large neurons in the median (62) and dorsal 
raphe nuclei. There is decreased serotonin concentration 
in the putamen, caudate, globus pallidus, substantia nigra, 
hypothalamus, and frontal cortex. Less severe declines 
occur in other areas as well (64) . A decrease in the density 
of binding sites in the putamen for the serotonin-specific 
reuptake inhibitors has also been shown (65, 66). It is 
possible that interactions between noradrenergic and 

serotonergic systems may be relevant to the expression 
of certain anxiety disorders, since serotonin can decrease 
locus ceruleus firing by its effects on 5-HT2 receptors 
(61). Results from a study by Menza et al.  suggest that 
variations of the short allele of the serotonin transporter 
gene may represent significant risk factors for the devel-
opment of anxiety and depression in PD.

The potential role of GABA in the genesis of anxi-
ety is suggested by the efficacy of benzodiazepines for 
the treatment of panic disorder and GAD. These drugs 
produce their effects by activating GABA receptors in 
the brain (61). In PD brains examined postmortem, an 
increased concentration of GABA in putamen and pal-
lidum and a decreased concentration in cortical areas 
have been observed (50).

It has been postulated that a dopaminergic dys-
regulation may relate to social phobia (68) and panic 
disorder (69, 70) and that both dopamine and serotonin 
systems may be involved in OCD (71, 72). Since altera-
tions in dopaminergic function are the hallmark of PD, 
it is not surprising that patients would have a greater 
than expected frequency of anxiety disorders. Levodopa 
infusion studies in patients with PD completed by Maricle 
et al. (27) clearly implicate a dopaminergic deficiency state 
in anxiety, at least that which is associated with motor 
fluctuations. Tomer et al. (73) hypothesized that reduced 
dopaminergic activity in the striatum may be responsible 
for obsessive-compulsive symptoms in PD. It has been 
demonstrated that dopamine decreases the firing rate of 
the locus ceruleus (74). In turn, several investigators have 
hypothesized that the dopamine deficiency of PD might 
result in an alteration of noradrenergic systems and could 
be responsible for certain anxiety disorders in patients 
with this illness (6, 40, 42). One recent functional imag-
ing study supported this notion, indicating an association 
between affective measures (depression and anxiety) and 
decreased striatal dopamine transporter availability in 
patients with PD (75).

Aside from classic neurotransmitter systems, neuro-
peptides may also play a role in anxiety. It is of interest 
that abnormalities of corticotropin-releasing factor (CRF) 
have been related to anxiety and depression, possibly 
via influences on the locus ceruleus (76). Thus, a distur-
bance of CRF in PD, which has not yet been investigated, 
might explain the combination of anxious and depressive 
symptoms.

There is some evidence suggesting that lateralized 
cerebral factors in PD may be important in the genesis 
of anxiety. For example, imaging studies have revealed 
more prominent right hemispheric abnormalities in panic 
disorder (77). Evidence to date suggests greater involve-
ment of the right side of the brain in PD patients with 
anxiety. Fleminger (37) examined 17 patients with PD 
where symptoms were worse on the right side of the body 
(RHP) and 13 patients whose symptoms were worse on 
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the left side of the body (LHP). Present State Examination 
symptoms that were more common in the LHP group 
were panic with autonomic features, depressed mood, 
and social withdrawal. Similarly, Rubin et al. (3) noted 
that panic-anxiety disorder in PD patients was associated 
with early left-right asymmetry of PD motor features. 
Tomer et al. (73) noted highly significant correlations 
between the severity of left-sided motor symptoms and 
obsessive-compulsive symptomatology in patients with 
PD. In contrast, a recent functional imaging study in PD 
patients noted an association between decreased dopa-
mine transporter availability in the left anterior putamen 
and affective symptoms (anxiety and depression) (75). 
This hypothesis requires further study.

Brain imaging studies in psychiatric patients with 
anxiety have shown abnormalities in the basal ganglia 
(78–80). Potts and coworkers (80) found no statistically 
significant differences between social phobia patients and 
normal control subjects with regard to cerebral, caudate, 
putamen, and thalamic volumes but noted an age-related 
reduction in putamen volumes in patients with social pho-
bia. The authors conjectured that social phobia might be 
a manifestation of a dopamine-deficiency state and that, 
as they age, some social phobic patients may be at greater 
risk of developing the manifestations of parkinsonism. 
Neuropsychological testing has also demonstrated that 
patients with OCD and PD have deficits attributable to 
basal ganglia dysfunction (81, 82). These findings, in 
addition to recent functional imaging studies (75), sug-
gest that basal ganglia disturbances in PD might explain 
the development of anxiety in patients suffering from 
this illness.

There appear to be many demonstrated biologi-
cal abnormalities in PD that may not only explain the 
frequent occurrence of anxiety in this disorder but also 
contribute to our understanding of the mechanisms of 
anxiety in psychiatric patients. 

Treatment of Anxiety in Parkinson’s Disease

If anxiety occurs exclusively during “off” period, it would 
be reasonable to first try to minimize “off” time with 
adjustment of the antiparkinsonian medication regimen, 
including the use of subcutaneous apomorphine, which 
can be particularly effective for rescuing patients from 
“off”-period panic attacks (see Chapter 47). There have 
also been some preliminary studies suggesting that the 
dopamine agonist pramipexole might be effective in alle-
viating depressive symptoms (83–85). The effects of this 
medication on anxiety have not yet been studied.

Persistent anxiety despite optimal antiparkinsonian 
drug therapy may be treated with psychotherapy or spe-
cific psychotropic medications. Commonly used drugs to 
treat anxiety disorders include serotonin-norepinepherine 
reuptake inhibitors (SNRIs) (e.g., venlafaxine, duloxetine), 

selective serotonin reuptake inhibitors (SSRIs), benzodi-
azepines, and buspirone. Neither the tricyclic antidepres-
sants nor the monoamine oxidase inhibitors (MAOIs) are 
typically used as first-line agents to treat anxiety. There are 
very few clinical trials of medication treatment for anxiety 
in the elderly (86) and none that specifically address the 
optimal treatment of anxiety in patients with PD. One
recent open-label study of citalopram involving 10 patients 
with PD and major depression found that improvement in 
depression was associated with improvement in anxiety 
and functional capacity (87).

Stein et al. ( 5) have indicated that anxiety disorders 
in PD may respond to pharmacotherapy with antide-
pressants and benzodiazepines. Lauterbach and Duvoisin 
(13) caution, however, that benzodiazepines can at 
times worsen parkinsonian symptoms. Benzodiazepines 
can also be problematic with regard to impairment of 
arousal, cognition, and balance. Benzodiazepines can 
provide relief of symptoms associated with panic, GAD, 
and social phobia but are not indicated for OCD. Alpra-
zolam was shown to be effective for anxiety symptoms in 
mixed anxiety-depressive disorder in patients who were 
more than 60 years old and had just undergone cardiac 
bypass surgery (34).

Buspirone can be effective for GAD but is unlikely 
to help panic, OCD, or social phobia (34). A study of 
buspirone in PD patients designed to investigate possible 
antiparkinsonian effects of the drug noted that the agent 
was well tolerated in doses up to 60 mg but actually 
caused increased anxiety and worsening of motor func-
tion at doses of 100 mg/day. Anxiolytic effects at the well-
tolerated doses were not observed, but patients were not 
selected for the presence of anxiety (88). Another study 
investigating the efficacy of buspirone for dyskinesias in 
PD revealed no change in depression or anxiety scores 
at a dosage of 20 mg/day. These patients were also not 
selected on the basis of psychological symptoms (89).

One should keep in mind that specific aspects of 
PD, especially the use of antiparkinsonian medications, 
may influence the choice of anxiolytic medications. For 
instance, nonselective MAOIs are contraindicated in 
patients receiving levodopa because of the risk of hyper-
tensive crisis. Selegiline, a selective MAO type B inhibitor, 
does not induce hypertensive crisis in PD patients treated 
with dopaminergic agents. The drug is commonly used in 
PD to prolong the duration of levodopa action in patients 
with motor fluctuations and also because of reports that 
this drug may slow the progression of disease. Selegiline 
has been found to be an effective antidepressant agent in 
psychiatric populations, but only at higher doses, where 
its MAO-B selectivity is lost. Although selegiline has 
not been specifically tested for its antianxiety effects, it 
was noted that depressed patients with anxiety or panic 
actually responded less well to selegiline than did those 
without anxiety symptoms (90). In addition, selegiline is 
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metabolized to amphetamine, which could enhance the 
symptoms of anxiety.

The manufacturer of selegiline cautions against the 
concomitant use of an antidepressants because of poten-
tially serious central nervous system (CNS) toxicity, which 
may represent the serotonin syndrome. Manifestations of 
the serotonin syndrome vary but may include changes in 
mental status as well as in motor and autonomic function. 
Based on our survey of members of the Parkinson Study 
Group (PSG) and our review of published case reports 
and adverse experiences reported to the U.S. Food and 
Drug Administration and the manufacturer of selegiline 
(Eldepryl), it appears that serious adverse experiences 
resulting from the combined use of selegiline and anti-
depressants in patients with PD are quite rare and that 
the frequency of the true “serotonin syndrome’’ is even 
rarer (91). One patient treated with selegiline developed 
hypertensive crisis when given buspirone (89). A con-
servative approach would be to avoid selegiline (or any 
other MAO-B inhibitor that becomes available, such as 
rasagaline) in any PD patient who requires a TCA, an 
SSRI, an SNRI, or perhaps buspirone for the treatment 
of anxiety or depression. On the other hand, we do not 
consider the risks of combining such medications unac-
ceptable if the patient could benefit from both selegiline 
and an antidepressant medication (91). It makes sense 
to inform patients of the potential risks of combination 
therapy and to monitor them carefully.

The SSRIs are generally well tolerated and can be 
effective for almost all types of anxiety, including panic, 
OCD, social phobia, and GAD (92). There are, how-
ever, case reports of SSRIs increasing the level of motor 
disability in patients with PD (93–95). Other authors 
have reported that this class of drugs does not appear to 
be associated with exacerbations of parkinsonian signs 
and symptoms ( 96–98). It is advisable to use an SSRI if 
deemed appropriate but to monitor motor function and 
discontinue the SSRI (via gradual taper to avoid a possible 
withdrawal syndrome) if it appears to have been associ-
ated with a worsening motor status. The issue of whether 
SSRIs result in motor dysfunction awaits a formal clinical 
trial, which would also address the issue of antidepressant 
and perhaps anxiolytic efficacy of these agents in patients 
with PD. The more recently available SNRIs have been 
shown to be effective in treating depression and anxiety, 
and there is some evidence to suggest that they may be 
particularly effective in treating depression characterized 
by a high degree of anxiety. We await the results of a 
currently active controlled clinical trial to assess efficacy 
and tolerability of SNRIs in PD.

Elderly patients may be more sensitive to anxio-
lytic medications by virtue of their altered metabolism, 
tendency toward falls and oversedation, and concomi-
tant medical conditions (34, 99, 100). Caution is recom-
mended in treating this age group.

The effect that surgical therapies may have on psy-
chiatric symptoms in PD is not clear. There have been 
some reports of reduced anxiety after surgical interven-
tions, particularly those involving the globus pallidus 
(101–103). One report described worsened anxiety after 
bilateral stimulation of the subthalamic nucleus (104).

CONCLUSION

Although few studies have specifically investigated anxi-
ety in patients with PD, some preliminary conclusions 
can be drawn. Anxiety disorders frequently occur in 
association with PD and may be important causes of 
morbidity. Actual prevalence rates are uncertain, but esti-
mates suggest that up to 40% of patients experience sig-
nificant anxiety. This frequency is greater than expected, 
particularly for an elderly population. In addition, the 
age at onset of anxiety in PD patients is later than what 
would be expected from current information regarding 
the natural course of anxiety disorders in the general 
population. It should be noted that most psychiatric rat-
ing instruments used to assess anxiety may present some 
difficulties in interpretation when applied to PD patients, 
which could confound prevalence studies. Some of the 
somatic symptoms of anxiety, such as tremor, may be 
difficult to distinguish from symptoms of the underly-
ing disease.

Virtually all of the types of anxiety disorders have 
been described in PD, but panic disorder, GAD, and social 
phobia appear to be the ones most commonly encountered. 
The frequency of panic disorder in particular is high.

Anxiety frequently appears after the diagnosis of 
PD is established, but recent evidence suggests that it 
can also develop years before the motor features. The 
latter observation suggests that anxiety may not repre-
sent psychological and social difficulties in adapting to 
the illness but rather may be linked to specific neuro-
biological processes occurring in PD. It is possible that 
anxiety might represent the first sign of illness for some 
patients with PD (41), a risk factor for PD, or the result 
of a shared diathesis toward both conditions. Whether 
antiparkinsonian medications themselves contribute to 
anxiety needs clarification.

The relationship between anxiety and motor func-
tion remains unclear and may vary among patients. 
The fact that levodopa infusions resulted in increased 
anxiety several minutes before motor impairment (27) 
and the discovery that anxiety and motor fluctuations 
occur independently in some patients (20) makes the 
notion of anxiety as a reaction to motor dysfunction 
less tenable.

Anxiety and depression frequently coexist in PD. 
It remains to be determined whether anxiety in patients
with PD reflects one of the following: (a) an underlying 
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depressive mood disorder, (b) a particular subtype of 
depression (atypical depression, anxious or agitated depres-
sion), or (c) an independent psychiatric disturbance. The 
association between depression and panic disorder, which 
is commonly observed in PD patients, is less common in 
the general elderly population and does suggest a unique 
relationship in PD.

The relationship between anxiety and dementia in 
PD is not clear, but current evidence suggests that cogni-
tive dysfunction is not related to the presence of anxiety 
symptoms in this disorder.

Current information supports the view that spe-
cific neurobiological processes associated with PD 
may be responsible for the development of anxiety in 
patients with this illness. There is evidence that various 
neurotransmitter systems and circuits involving the basal 
ganglia may be involved.

The optimal pharmacologic treatment for anxiety 
in patients with PD has not been established. Clinicians 
should be aware that some anxiolytic agents may be con-
traindicated in PD and others may worsen symptoms of 
the illness.
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Apathy and Amotivation

hink about the role that qualities 
such as creativity, ambition, imagi-
nation, and perseverance play in 
your life. What kind of an impact 

would a reduction of energy, drive, and initiative have on 
your career, personal life, and general sense of fulfillment? 
It is easy to overlook the capacity that apathy and amotiva-
tion have to reduce our productivity and self-satisfaction. 
Cognitive dysfunction and depression are increasingly 
regarded as significant sources of functional impairment 
in Parkinson’s disease (PD), but the contribution of loss 
of motivation to disability is generally not acknowledged. 
The study of apathy in PD and other medical conditions 
is still in its infancy; in total around 1200 papers about 
apathy have appeared in the medical literature over the 
last 20 years, while 85,000 papers about depression 
appeared during the same time interval. Of these, about 
70 focused on apathy in PD, in contrast to 200 papers 
during the same period evaluating apathy in AD and 
1400 papers investigating depression in PD. We are only 
beginning to explore the pathophysiology and manage-
ment of amotivation, and there is still much to be learned 
about the associations between apathy and the range of 
motor and nonmotor symptoms of PD. This chapter 
reviews our current understanding of apathy in the set-
ting of PD, focusing on issues of definition, recognition, 
clinical correlates, pathophysiology, and treatment.

Lisa M. Shulman
Mackenzie Carpenter

The word apathy, derived from the Greek term 
pathos, or passion, is defined most simply as loss of 
motivation. Apathy may contribute to disability in a 
broad range of medical and psychiatric conditions, yet 
it may also pose a problem in healthy adults, especially 
the elderly. Since amotivation is commonly an intrin-
sic personality trait, it is important for the clinician to 
evaluate a patient’s level of motivation relative to his 
or her previous level of functioning and the standards 
of the patient’s age and culture (1). Silva and Marin 
(1–3) describe 3 spheres of evidence of the syndrome 
of apathy, including diminished goal-directed behavior, 
diminished goal-directed cognition, and diminished emo-
tional concomitants of goal-directed behavior. Reduced 
goal-directed behavior is manifest by a lack of effort, 
initiative, and perseverance. A change in goal-directed 
cognition is evidenced by a lack of interest in experienc-
ing or learning new things and a lack of concern about 
one’s health or functional disability. Last, emotional 
evidence of apathy includes flat affect or indifference. 
Loss of motivation may dominate a clinical presentation 
or may be subordinated by the presence of more overt 
symptomatology, such as dementia or depression.

There is a complex relationship between emotional 
intensity and apathy. An absence of emotional intensity is 
an important element of apathy, yet apathy frequently coex-
ists with depression, which by definition is accompanied 

T
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by despair and emotional pain. Neurologic disorders 
such as PD result in disruption of motor function, facial 
expressivity, body language, and communication that can 
all interfere with our perception of the patient’s emotional 
state. The patient with PD may appear disinterested while 
remaining profoundly concerned with his or her goals and 
responsibilities (4). Neurology is replete with symptoms 
and signs that may confound the accurate assessment of 
apathy, including abulia, anhedonia, aprosodia, psycho-
motor retardation, and bradyphrenia. 

CLINICAL CORRELATES OF APATHY 
IN PARKINSON’S DISEASE

Marsden and Parkes (5) observed in 1977 that some 
PD patients manifest a ‘‘blunting of interest and drive, 
amounting to apathy.’’ The study of apathy in PD, how-
ever, awaited the development of a reliable and valid scale 
by Marin in the 1990s (3, 6, 7) (Table 18-1). There are 
two versions of the scale: one that is self-administered 

and one scored by the clinician. In 1992, Starkstein et al. 
(8) administered an abridged version of Marin’s Apathy 
Evaluation Scale along with scales measuring depression, 
anxiety, cognitive function, and disease severity to 50 PD 
patients. Of these, 42% had significant apathy; 12% of 
those with apathy were not depressed, and 30% had both 
apathy and depression. An additional 26% had depres-
sion but no apathy and 32% had neither apathy nor 
depression. There was no difference in the level of apathy 
between depressed and nondepressed patients.

Anxiety scores were significantly higher in depressed 
patients as compared with those with apathy. Apathetic 
patients (with and without depression) showed a poorer 
performance on tests of verbal memory and time-dependent 
tasks. There was no difference between PD patients with 
and without apathy in terms of age, gender, level of educa-
tion, PD duration, or severity. The presence of apathy was 
also not associated with the severity of akinesia or rigid-
ity. The poor performance of PD patients with apathy on 
time-dependent cognitive tasks suggests a relationship 
between the concepts of bradyphrenia and apathy.

TABLE 18-1 
Apathy Evaluations Scale (Clinician Version)

Name: —————————— Date: ———/———/———
Rater: ——————————

Rate each item based on an interview of the subject. The interview should begin with 
a description of the subject’s interests, activities and daily routine. Base your ratings 
on both verbal and nonverbal information. Ratings should be based on the past 
four weeks. For each item ratings should be judged:

Not at All Slightly Somewhat A Lot
Characteristic Characteristic Characteristic Characteristic

1 2 3 4

– 1. She/he is interested in things.
– 2. She/he gets things done during the day.
– 3. Getting things started on his/her own is important to him/her.
– 4. She/he is interested in learning new things.
– 5. She/he is interested in learning new things.
– 6. She/he puts little effort into anything.
– 7. She/he approaches life with intensity.
– 8. Seeing a job through to the end is important to her/him.
– 9. She/he spends time doing things that interest her/him.
– 10. Someone has to tell her/him what to do each day.
– 11. She/he is less concerned about her/his problems than she should be.
– 12. She/he has friends.
– 13. Getting together with friends is important to him/her.
– 14. When something good happens, she gets excited.
– 15. She/he has an accurate understanding of her/his problems.
– 16. Getting things done during the day is important to her/him.
– 17. She/he has initiative.
– 18. She/he has motivation.

See reference 7.
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Recently, Sockeel et al. (9) further modified the Marin 
Apathy Evaluation Scale (AES) into a structured standard-
ized interview called the Lille Apathy Rating Scale (LARS) 
with the goal of eliciting accurate self-reports from PD 
patients and quantifying apathy severity. This interview 
consists of 33 yes/no questions. Nine domains were identi-
fied: reduction in daily productivity, lack of initiative, lack 
of interest, loss of novelty seeking, loss of motivation, blunt-
ing of emotional responses, loss of interest in maintaining 
social contacts, lack of concern, and loss of self- and social 
awareness. The authors evaluated 159 PD patients and 
58 healthy control subjects, comparing the LARS with the 
AES and the clinical impressions of examining neurologists. 
Interrater reliability, internal consistency, and test-retest 
reliability of the LARS was superior to that of the AES 
when compared with expert judgment. Theoretically, this 
scale could be used as an instrument for quantifying and 
tracking changes in the severity of apathy in PD patients 
over time so as to assess efficacy of various treatments.

APATHY: NEUROANATOMY AND 
NEUROCHEMISTRY

Like many common behavioral symptoms, such as 
depression or anxiety, apathy may be a significant deter-
minant of behavior either as an inherent feature of the 
adult personality or an acquired symptom associated with 
neurologic, psychiatric, or medical conditions. Apathetic 
behavior can be analyzed from a strictly organic biochem-
ical perspective or from a psychological perspective.

Where does motivation reside in the brain? The lim-
bic system has been traditionally viewed as being central 
to emotion and motivation. In particular, the amygdala 
is thought to play the role of a ‘‘motivational rheostat’’ 
(10), filtering environmental stimuli and influencing 
goal-directed behavior. Duffy (10) proposes 4 different 
neuronal circuits, all with limbic input, involved in gen-
erating motivational valence and translating motivation 
into behavior. This motivational circuitry makes impor-
tant connections with the basal ganglia. Key structures 
of the motivational circuits are believed to be the nucleus 
accumbens, the ventral pallidum, and the ventral tegmen-
tal area. Levy et al. (11) suggest that apathy occurs when 
the cortex is functionally disconnected from key limbic 
input and Mayeux et al. (12) suggest that bradyphrenia 
arises from neuronal depletion of the locus ceruleus.

Apathy syndromes have been described in a range of 
neurologic disorders that provide a glimpse of the local-
ization of motivation in the brain. In addition to PD, 
apathy is a common feature of basal ganglia disorders 
including progressive supranuclear palsy, Huntington’s 
disease, Wilson’s disease, carbon monoxide poison-
ing, dementia pugilistica, and lacunar stroke (13, 14). 
Diminished motivation ranging from apathy to akinetic 

mutism arises from prefrontal syndromes following 
lesions of the mesiofrontal cortex and its connections to 
the anterior cingulate cortex. These syndromes result from 
trauma, meningioma, hydrocephalus, and aneurysm or 
stroke affecting the anterior cerebral circulation. Lesions 
of the dorsolateral frontal region related to frontotempo-
ral dementia, AD, alcoholic dementia, tumor, or subdural 
hematoma give rise to diminished cognitive flexibility, con-
crete thinking, perseveration, and impersistence, resulting 
in amotivational behavior. In an imaging study of patients 
with Alzheimer’s disease (AD) using single photon emission 
computed tomography (SPECT), the presence of apathy 
was correlated with decreased right temporoparietal perfu-
sion, whereas loss of insight was correlated with decreased 
right temporooccipital perfusion (15).

Cerebral infarction of the posterior limb of the 
internal capsule has been associated with apathy, psychic 
akinesia, motor neglect, and akinetic mutism (16, 17). 
Starkstein et al. (16) described neural pathways between 
the internal pallidum and the pedunculopontine nucleus 
with relays in the posterior limb of the internal capsule 
and the substantia nigra; these may result in bradyphrenia 
and apathy. Thalamic infarction has also been associated 
with motivational disorders (13).

Neuropathology of the deep white matter—including 
subcortical encephalomalacia, human immunodeficiency 
virus, multiple sclerosis, diffuse axonal injury, radiation 
injury, and postanoxic encephalopathy—may result in 
behavioral changes including amotivation (13). In par-
ticular, subcortical encephalomalacia is increasingly rec-
ognized as a significant factor in late-onset depression 
(18) and is likely to also be an important cause of apathy 
in the elderly. Injury to the limbic system related to herpes 
simplex encephalitis, anoxic encephalopathy, and carbon 
monoxide is also associated with amotivational states.

The prefrontal cortex is instrumental in real-life 
decision making. Individuals with damage to the prefron-
tal cortex fail to act according to their understanding of 
the consequences of their actions and thus appear oblivi-
ous to the future (19). Apathy and amotivation may be 
reflections of an underactivated approach system. The left 
prefrontal cortex may play a role in setting positive goals; 
when this region is underactivated or dysfunctional, apa-
thy is likely to occur (20). Data from position emission 
tomography (PET) and functional magnetic resonance 
imaging (fMRI) indicate lateralization of cerebral hemi-
spheric functions of goal-directed behavior. Functional 
imaging demonstrates an association between positive 
goal attainment and activity in the left prefrontal cortex. 
In general, the left prefrontal cortex is associated with 
positive, expansive, and optimistic emotions, whereas the 
right prefrontal cortex is associated with more negative 
and withdrawn behaviors (21, 22).

Levy et al. (23) operationally define apathy as “the 
quantitative reduction of self-generated voluntary and 
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purposeful behavior.” They describe 3 subgroups of apa-
thy syndromes based on different anatomic correlates and 
mechanisms: (a) emotional-affective deficits, (b) cognitive 
deficits, and (c) deficits of autoactivation. Recent stud-
ies suggest that emotional-affective apathy (inability to 
assimilate emotional signals to predict ongoing and future 
behaviors) occurs when there is a disruption of the orbital-
medial prefrontal cortex. Cognitive apathy occurs when 
there is a lesion in the lateral prefrontal cortex or a defect 
in its striatal input from the dorsal portion of the head 
of the caudate nuclei. Cognitive apathy is a dysexecutive 
syndrome consisting of decreased goal-directed behaviors 
such as planning, rule finding, and utilizing working mem-
ory. Finally, autoactivation deficits appear with lesions 
in the basal ganglia, especially the associative and limbic 
territories, including the globus pallidus and deep frontal 
white matter. Autoactivation deficits are also referred to 
as athymhormia, a deficit in initiation and activation of 
behavior. Hypotheses are emerging about which of these 
subtypes best describes apathy in PD, but the exact mecha-
nism remains unclear (24).

Anatomic correlates for apathy in PD have been 
investigated by studying outcomes of surgical proce-
dures to treat PD. Merello et al. (25) compared neu-
ropsychiatric symptoms that emerged after lesioning 
the bilateral globus pallidus (GPi) to a combination of 
a unilateral GPi lesion with contralateral GPi stimula-
tion. Bilateral posteroventral pallidotomy induced both 
profound depression and apathy in 3 patients, resulting 
in discontinuation of this protocol prior to completion 
of the study. Although the authors did not use an apathy 
scale to make this assessment, they described “severe loss 
of initiative, motivation, and motor drive” that persisted 
for 3 months following the procedure. Conversely, an 
increase in the frequency or severity of apathy was not 
seen in patients with a combination of unilateral GPi 
lesion and contralateral stimulation. Schupbach, et al. 
(26) found that stimulation of the subthalamic nucleus 
(STN) significantly improved motor disability in PD but 
did not improve apathy. In contrast, when Cxernecki 
et al. (27) directly compared apathy scales in PD patients 
treated with bilateral STN stimulation with 23 patients 
undergoing long-term treatment with levodopa, apathy 
scores improved to the same degree in both groups of 
patients following surgical or medical treatment.

Goerendt et al. (28) used PET to compare reward 
processing in 9 healthy adults and 9 PD patients. Monetary
rewards of varying magnitudes were offered and brain 
activation patterns recorded. In healthy adults, reward 
magnitude correlated with increased activity (by measure 
of regional cerebral blood flow) in the rhinal cortex, the 
orbital and medial prefrontal cortices, and the thalamus. 
However, in PD patients, increased activity was seen only 
in the cerebellar vermis. Two distinct motivational systems 
in the brain have been described: the dopamine-dependent

cortico-striatal-thalamocortical circuits and the dopamine-
independent brainstem pedunculopontine tegmental nucleus, 
which has strong interconnections to the cerebellum (29, 
30). Parkinson’s patients may utilize the latter circuit when 
the former has been damaged. These new PET findings 
provide evidence for a compensatory cerebellar recruitment 
controlling motivation in PD patients with damage to the 
cortico-striatal-thalamocortical circuit.

Dopamine is the principal neurotransmitter of goal-
directed behavior, modulating motivation, arousal, motor 
response, and sensorimotor integration (10). There is abun-
dant evidence of the impact of dopaminergic input on goal-
directed behavior, including the effects of amphetamines, 
which initially give rise to enhanced focus and motivation; 
with chronic use, however, they later result in stereotyped 
behaviors. Chronic administration of neuroleptic drugs 
is often associated with apathetic behavior. Parkinson’s 
patients frequently describe improved arousal and motiva-
tion with the use of dopaminergic medications; this is not 
solely explained by the antiparkinsonian motor response. 
A number of other neurotransmitters modify dopamine’s 
effects on motivation including N-methyl-D-aspartate, 
AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid), neurotensin, and substance P as well as ago-
nists of the nicotinic and opioid receptors. Cholinergic and 
serotonergic pathways also play a neuromodulatory role 
in the motivational circuitry. A rare dominantly inherited 
syndrome of apathy, central hypoventilation, and parkin-
sonism is characterized by deficiencies of multiple neu-
rotransmitters including dopamine, serotonin, glutamate, 
and gamma-aminobutyric acid (GABA), with severe neu-
ronal loss and gliosis of the substantia nigra (31).

APATHY AND PERSONALITY

Another approach to understanding apathy and its asso-
ciation with PD is derived from theories of personality. 
Cloninger’s theory describes 3 heritable major dimensions 
of personality: novelty seeking, harm avoidance, and 
reward dependence (32). Novelty seeking is believed to 
be modulated by dopamine and is associated with behav-
ioral activation, exploratory behavior, and avoidance of 
monotony. Harm avoidance is believed to be determined 
by serotonergic activity and reward dependence by norepi-
nephrine. Scientific evidence of dopamine’s role in novelty-
seeking behavior includes the reduction of spontaneous 
investigatory behavior of animals following  dopamine-
depleting lesions (33), increased novelty-induced
motor activity following dopamine microinjection in the 
ventral pallidum and nucleus accumbens (34), and the 
appearance of self-stimulation behavior secondary to elec-
trode placement in the dopaminergic pathways (35, 36).

When Cloninger’s Tridimensional Personality Ques-
tionnaire (TPQ) was administered to patients with PD, 
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they showed significantly reduced novelty-seeking behav-
ior as compared with a group of age- and disability-matched 
rheumatologic and orthopedic patients (37, 38). There 
was no significant difference between patient groups 
on the harm-avoidance or reward-dependence ratings. 
These results confirm the notion of a discrete set of per-
sonality traits associated with PD patients that has been 
commonly described as rigid, serious, cautious, and intro-
verted (39–41). Speculation that these personality traits 
precede the diagnosis of PD led Menza et al. (37) to repeat 
a questionnaire asking the PD patient and spouse to com-
plete the questions as they would have 20 years ago. The 
PD patients persisted in scoring lower on novelty seeking 
based on the premorbid ratings. Novelty-seeking behav-
iors were negatively correlated with advanced age, in 
agreement with the TPQ normative data indicating that 
the total novelty-seeking score declined 1 point per decade 
(42). This finding is consistent with the common observa-
tion of increased passivity and amotivation among the 
elderly and may be related to the reduction of dopaminer-
gic tone with advancing age. Two studies demonstrated an 
intriguing association between novelty-seeking behavior 
and the dopamine D4 receptor alleles (43, 44), whereas 2 
follow-up studies failed to replicate these results (45, 46).

APATHY VERSUS DEPRESSION

Apathy has often been viewed as a feature of depression. 
Criteria for depression—including poor concentration, 
difficulty making decisions, low self-esteem, markedly 
diminished interest, and feelings of hopelessness and 
fatigue—overlap with loss of motivation (47). It is unclear 
whether apathy can be clearly differentiated from depres-
sion and whether this distinction holds clinical relevance.

Marin et al. (14, 48) explored the ability to dis-
criminate between apathy and depression by rating 5 
patient subgroups [healthy elderly adults and patients 
with left hemispheric stroke, right hemispheric stroke, 
AD, and major depression] with both the Apathy Evalu-
ation Scale and the Hamilton Rating Scale for Depres-
sion. The results suggest that the relationship between 
apathy and depression varies according to diagnosis. 
Mean apathy scores were significantly higher in patients 
with right hemispheric stroke, AD, and major depres-
sion than in the healthy elderly. Elevated apathy scores 
were associated with low depression scores in AD, high 
depression scores in major depression, and intermedi-
ate depression scores in right hemispheric stroke. The 
prevalence of apathy ranged from 73% in AD, 53% in 
major depression, 32% in right hemispheric stroke, 22% 
in left hemispheric stroke, to 7% in normal subjects. The 
prevalence of an apathy syndrome, characterized by high 
apathy and low depression, was 55% in AD and 23% in 
right hemispheric stroke. Between-group differences in 

education and income were not correlated with apathy 
scores. The authors suggest that the discriminability of 
apathy and depression between these 6 groups suggests 
possible differences in mechanisms and management.

Syndromes of high apathy with relatively low 
depression were also described in frontotemporal demen-
tia and progressive supranuclear palsy using the Neuro-
psychiatric Inventory (NPI)(49, 50). This scale measures 
frequency and severity of 10 symptom subgroups: agita-
tion, anxiety, apathy, delusions, depression, disinhibition, 
euphoria, hallucinations, irritability, and abnormal motor 
activity. Levy et al. (11) used this scale to study apathy 
and depression in 154 patients with 5 different neurode-
generative disorders: PD, AD, frontotemporal dementia, 
Huntington’s disease, and progressive supranuclear palsy. 
The prevalence of apathy (with and without depression) 
was extremely high in nearly all the patient subgroups: 
91% in progressive supranuclear palsy, 90% in fronto-
temporal dementia, 80% in AD, 59% in Huntington’s 
disease, and 33% in PD. It should be noted that this 
sample of PD patients had relatively higher functional sta-
tus and relatively less cognitive impairment than the other 
patient subgroups. In progressive supranuclear palsy, AD, 
and frontotemporal dementia, the severity of apathy was 
disproportionately high as compared with the severity of 
depression, whereas the severity of apathy and depression 
were similar in the PD and Huntington’s disease patients. 
Apathy, but not depression, correlated with increased 
cognitive impairment in the patients with PD and AD 
but not in those with progressive supranuclear palsy or 
Huntington’s disease. There was no correlation between 
the presence of apathy and depression in the total sample, 
and the authors concluded that apathy and depression 
are distinct behavioral syndromes.

Comorbidity between apathy and depression poses 
a conundrum: how to reconcile the presence of one dis-
order characterized by blunted emotion and flattening of 
affect (apathy) with a disorder that is often characterized 
by considerable emotional distress (depression). Level of 
insight may be one factor determining the association of 
apathy with depression.

Ott et al. (15) studied apathy and loss of insight in 
AD patients, a disorder characterized by high apathy and 
low depression. Apathy was measured with the Apathy 
Evaluation Scale and awareness of dementia with the 
Clinical Insight Rating Scale. The presence of problem 
behaviors that cause distress to the caregiver was mea-
sured with the Dementia Behavior Disturbance Scale. 
Increased apathy was highly correlated with loss of insight 
(P � .005) but not with general cognitive impairment. 
Problem behaviors were highly correlated with apathy 
(P � .005) but not with level of insight or level of cognitive 
impairment. These results suggest that the presence of apa-
thy may increase the likelihood of caregiver distress. This 
may ‘‘ring a bell’’ for clinicians caring for patients with PD, 
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who frequently hear the concerns of caregivers who are less 
prone to complain about motor symptoms than to report 
that the patient ‘‘no longer wants to do anything.’’

Additional studies have been performed in the past 
several years specifically addressing the relationship 
between apathy and depression in PD. Aarsland et al. 
(51) evaluated the distribution of neuropsychiatric symp-
toms present in PD patients using the NPI. The highest 
mean scores on the NPI were found for depression, hal-
lucinations, and apathy. Hallucinations clustered with 
delusions and irritability, while apathy clustered with 
anxiety. Sixteen percent of the patients exhibited symp-
toms of apathy, and of these, 4.3% showed no evidence 
of depression while the remainder had positive scores on 
the depression subscale. However, no direct comparison 
between severity of depressive symptoms and apathy in 
these individuals was made.

Isella et al. (52) used the geriatric depression scale 
(GDS) (13) and the AES to assess the prevalence of apathy 
and depression in PD and found no correlation between 
the severity of apathy and depression. The overall preva-
lence of apathy in PD was 43%, consistent with other 
studies reporting a prevalence of about 42% (3, 8, 9). 
Kirsch-Darrow et al. (53, 54) compared severity of apathy 
and depression in patients with PD to those in patients 
with dystonia using the AES, BDI, and Centers for Epi-
demiologic Studies-Depression Scale. The frequency of 
apathy was 51% in PD patients compared to 20% in 
the dystonia group. In addition, 28% of PD patients had 
apathy without depression, while all dystonic patients 
with apathy also exhibited depressive symptoms. The 
findings of these studies indicate that apathy is a com-
mon nonmotor symptom in PD and that its severity is 
independent of depressive symptoms.

APATHY AND COGNITIVE DYSFUNCTION

The prevalence of dementia in PD is approximately 40% 
according to several population-based studies defined 
according to the criteria of the Diagnostic and Statistical
Manual of Mental Disorders, fourth edition (DSM-
IV), with the most prominent cognitive deficits found 
in visuospatial tasks and executive function (55–57). 
The incidence of dementia in PD increases with age, 
such that PD patients below age 50 have almost no 
chance of developing dementia, while patients above 
age 80 have a greater than 60% chance (58). Isella et al. 
(52) administered the Unified Parkinson’s Disease 
Rating Scale (UPDRS) to a group of PD patients as well 
as an abridged form (14 items) of the AES and a broad 
neuropsychological battery. They found a direct cor-
relation between apathy and executive dysfunction (3, 
57). The severity of apathy correlated with performance 
on the Stroop test (51), a “willed action” test of verbal 

fluency (59), the Wisconsin card sorting test, and the 
Cambridge Cognitive Examination CAMCOG, a brief 
neuropsychological battery designed to measure cogni-
tive function (60).

Researchers have investigated whether depression 
or apathy correlates more closely with the level of cogni-
tive dysfunction in PD. Kuzis et al. (61) found that AD 
patients with high levels of apathy but not depression 
had greater cognitive dysfunction. Aarsland et al. (62) 
compared neuropsychiatric differences between patients 
with AD and those with PD with dementia (PDD). They 
used the NPI and found that the most common psychi-
atric symptoms in PDD patients were depression and 
hallucinations, while apathy and aberrant motor behav-
ior (repetitive activities) were most common in the AD 
patients. However, among the PDD patients with abnor-
malities in the NPI, apathy and aberrant motor behavior 
were greater than among those with AD. This indicates 
that although apathy is less common in PDD than AD, 
it is more severe in PD when dementia is present. A sur-
prising finding in this study was that apathy correlated 
negatively with disease stage in PDD. Possible explana-
tions include early frontal impairment in PD (63), a shift 
from early dopaminergic deficits to later cholinergic defi-
cits (64), or difficulty in assessing the degree of apathy 
as parkinsonism becomes more severe. Gibb et al. (65) 
studied the anatomic correlates of PDD and reported that 
degeneration of the ventral tegmental area is often found 
in PDD with apathy.

APATHY IN MEDICAL, NEUROLOGIC, 
AND PSYCHIATRIC DISORDERS

Apathy poses a problem in many medical conditions (13, 
66). Endocrinopathies including hypothyroidism (67), 
Cushing’s syndrome (68), and Addison’s disease (69) 
may be associated with amotivational states that can be 
difficult to distinguish from primary behavioral disor-
ders. Human immunodeficiency virus (HIV) is associated 
with cognitive dysfunction and impaired motivation in 
the AIDS-dementia complex (70). Fatigue, depression, 
and amotivation are significant parts of chronic fatigue 
syndrome (71). Depression and apathy are commonly 
observed as components of the negative symptoms 
of schizophrenia (59, 72). Impaired motivation often 
accompanies substance abuse and is an adverse effect 
of many prescription drugs. Administration of sedatives, 
catecholamine-depleting drugs (reserpine, tetrabena-
zine), and dopamine receptor antagonists (neuroleptics) 
may result in apathy. Chronic alcoholism and long-term 
marijuana usage may be associated with amotivational 
states (73, 74).

In addition to PD, neurologic disorders associated 
with apathy include cerebrovascular disease, dementia, 



18 • APATHY AND AMOTIVATION 195

traumatic brain injury, and sleep disorder. Starkstein 
et al. (16) evaluated 80 patients within 10 days of cere-
bral infarction with a battery of tests measuring apathy, 
depression, anxiety, cognitive function, and physical 
impairment. Apathy was seen in 22.5% of the patients, 
half of whom had both apathy and depression. Patients 
with apathy were older, had more cognitive dysfunction, 
and experienced more disability. The subgroup with 
mixed apathy and depression had the greatest disability. 
Neither lesion size nor side correlated with the presence 
of apathy or depression; however, patients with apathy 
had a higher frequency of lesions of the posterior limb 
of the internal capsule.

Traumatic brain injury frequently results in damage 
to the prefrontal region and the deep white matter tracts. 
It is not surprising that amotivation is a significant compo-
nent of the behavioral syndrome that follows closed head 
injury. Kant et al. (75) found that 71% of these patients 
exhibited apathy. Sleep disorders such as obstructive sleep 
apnea are also accompanied by amotivation, along with 
excessive daytime sleepiness and irritability (76).

RECOGNITION OF APATHY 
AND AMOTIVATION

Nonpsychiatrists require a high index of suspicion to 
recognize behavioral disorders during routine office 
visits. Depression has a much higher profile than the 
symptoms of apathy and amotivation, yet when the 
physician’s recognition of depression is compared to 
standardized testing, the physician has a mean diag-
nostic accuracy of only 30% to 40% (77–80). Shulman 
et al. (81) studied the diagnostic accuracy of the treat-
ing neurologist for the detection of depression, anxiety, 
fatigue, or sleep disturbance in patients with PD. The 
neurologist’s impression following a routine office visit 
was compared to the patient’s performance on the Beck 
Depression Inventory, Beck Anxiety Inventory, Fatigue 
Severity Scale, and Pittsburgh Sleep Quality Inventory. 
The neurologist’s diagnostic accuracy was 35% for 
depression, 42% for anxiety, 25% for fatigue, and 60% 
for sleep disturbance.

In the absence of clinical studies, one can speculate 
that physician awareness and diagnostic accuracy are 
likely to be lower for apathy than depression. The patient 
suffering from apathy is unlikely to spontaneously report 
this problem to a physician. Indeed, the patient’s insight 
into the changes in his or her behavior may be impaired 
as well. The patient’s spouse is likely to be an important 
source of information about changes in motivation. The 
training of physicians has tended to emphasize disorders 
of emotion over disorders of motivation (2). Recogni-
tion of behavioral symptoms is also affected by the time 
constraints of the office visit, preoccupation of the phy-

sician with the medical pathology, and the physician’s 
general level of comfort with discussion and treatment 
of behavioral symptoms.

Amotivation is more likely to be observed in patients 
with other comorbid behavioral symptoms. Covington 
(82) conceptualized a feedback loop in which behavioral 
and organic symptoms—along with inactivity, loss, and 
deconditioning—act synergistically to increase suffering 
and disability (Figure 18-1). In a study of the comorbid-
ity of nonmotor symptoms in PD (including depression, 
anxiety, fatigue, sleep disturbance, and sensory symp-
toms), 60% of patients were found to have 2 or more 
nonmotor disorders and 25% had 4 or more (83). The 
index of suspicion for comorbid behavioral disorders 
such as apathy should be increased when other nonmo-
tor symptoms are identified.

The failure to recognize the emergence of an amoti-
vational state may lead to misattribution of the patient’s 
behavior as lazy, uncaring, self-centered, or as evidence of 
cognitive impairment (84). Family members may become 
resentful and angry as the patient becomes increasingly 
withdrawn. Health professionals may find the care of 
the apathetic patient unrewarding, since the patient is 
likely to be more passive, less interested in his or her 
condition, and less compliant. It is common for both the 
health care staff and family to lose sight of the fact that 
behavioral symptoms including apathy, depression, and 
anxiety are often endogenous to the organic pathology 
of the disorder rather than evidence of maladjustment or 
‘‘being difficult.’’

FIGURE 18-1

The interrelationships between disease severity and behav-
ioral symptoms generate a vicious cycle of increasing symptom 
severity and loss of function.
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In particular, the phenomenology of parkinsonism 
contributes to the nonrecognition of behavioral symp-
toms. How can the clinician differentiate PD signs and 
symptoms of masking of facial expression, akinesia, brad-
yphrenia, stooping of posture, hypophonia, and cognitive 
dysfunction from the common clinical signs of apathy and 
depression (Table 18-2)? Focused interviewing skills are 
critical in improving the detection of behavioral symp-
toms in all patients, especially patients with extrapyrami-
dal disorders. Straightforward questions such as ‘‘What 
do you do for fun?’’ or ‘‘What do you enjoy doing these 
days?’’ to assess anhedonia or apathy are deceptively 
simple yet often neglected (85).

In some situations family members will be reassured 
simply to learn that facial masking is a common symp-
tom in patients with PD or that apathy is a common 
behavioral manifestation. At a conference for patients 
with PD, when the topic of coping with PD was under 
discussion, a gentleman with PD volunteered that he fre-
quently tells new acquaintances that the blankness of his 
face does not mean that he is not interested in what they 
are saying. Perhaps as clinicians we have neglected the 
simple approach of explaining to the patient and family 
the variety of motor and behavioral symptoms in PD and 
the manner in which they may interfere with communica-
tion and social interaction.

THE MANAGEMENT OF APATHY 
AND AMOTIVATION

The evidence-base for the clinical management of apathy 
comprises mainly case reports rather than methodologi-
cally sound clinical trials. It is important to note poten-
tial ‘‘ethical pitfalls’’ in the care of patients with apathy 
(54, 86). Such patients may be less likely to question 
recommendations from the physician; passive compli-
ance is not equivalent to informed consent. Thorough 
discussion of the rationale and goals of therapy with the 
patient and family, as well as careful documentation, 
is important to alleviate concerns that the patient was 
not informed.

Early attempts to treat apathy involved the use 
of methylphenidate in demented or depressed elderly 
patients. Amphetamines are still occasionally prescribed 
by physicians for symptoms of amotivation and/or 
fatigue, with inconsistent results (87–90), and case 
reports continue to illustrate efficacy in PD patients. In 
2002, Chatterjee et al. (91) described an 82-year-old man 
with PD and comorbid depression and apathy whose 
depression responded to paroxetine 20 mg/day, although 
apathy persisted. Methylphenidate 5 mg twice a day was 
added, and within a week, his family reported improved 
interest and motivation. Aureil et al. (92) studied 22 PD 
patients given a single daily dose of 20 mg of methylphe-
nidate and reported a significant increase in attention 
but no improvement in cognitive function. Dopami-
nergic agents including levodopa, dopamine agonists, 
selegiline, and amantadine have all been reported to be 
effective for apathy in selected cases (84, 93, 94).

Rational pharmacotherapy for apathy rests on the 
traditional foundation of accurate recognition and diag-
nosis as well as exclusion of reversible medical, phar-
macologic, or psychosocial factors. A review of case 
reports of pharmacologic treatment of apathy yields a 
number of general observations. Among the dopaminer-
gic agents, dopamine receptor agonists are reported to 
be the most effective in treating apathy. The therapeutic 
dose range used in patients without PD is variable but 
has often been fairly high (bromocriptine: mean 10 mg/d, 
range 2.5 to 60 mg/d, pergolide mean 3 mg/d, range 1 
to 5 mg/d) (84). Pramipexole has been suggested to have 
particular efficacy for depression and apathy (95), but 
this has not been adequately studied. It has been observed 
that apathy uncomplicated by cognitive dysfunction 
tends to respond better to pharmacotherapy. This may 
in part be related to the increased risk of drug-induced 
adverse effects in patients with cognitive dysfunction.

In PD, apathy should be considered along with the 
parkinsonian symptoms that may respond to dopami-
nergic therapy. If apathy persists when the motor symp-
toms are adequately treated, introduction of a dopamine 
agonist or elevation of the dosages of the dopaminergic 
medications should be considered. In patients with AD, 

TABLE 18-2
Apathy and Amotivation in Parkinson’s Disease

APATHY/AMOTIVATION SIGNS/SYMPTOMS PARKINSON’S DISEASE

Indifference Absence of facial animation Masked facial expression
Lack of effort Paucity of body language Bradykinesia
Flat affect Monotone speech Hypophonia
Passivity Reduced spontaneous speech Cognitive dysfunction
Withdrawn behavior Reduced socialization Bradyphrenia

Reduced interest in hobbies
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apathy may contribute to poor cognitive performance; 
the cholinesterase inhibitor tacrine has been reported to 
improve motivation in these patients (96, 97). Adverse 
hepatic effects have limited its general use, especially 
with the other safer drugs currently available in that 
class. A study measuring treatment response to galan-
tamine with flourodeoxyglucose 18F PET in AD revealed 
a patient subgroup whose apathy improved in associa-
tion with a change of metabolism in the right ventral 
putamen (98). Multiple studies also have shown that 
rivastigmine improves apathy in patients with dementia 
with Lewy bodies (DLB) and in PDD (99–105).

Memantine is an N-methyl-D-aspartate (NMDA) 
receptor antagonist that is now in use in treating dementia 
in AD, DLB and PDD. While several recent studies have 
shown that memantine provides no significant benefit in 
the treatment of depression in AD or PDD, no specific 
studies have addressed its efficacy in treating apathy (94, 
106, 107). Patients with mixed apathy and depression 
may benefit from combined therapy with dopaminergic 
and antidepressant medication. Theoretically, antidepres-
sants with stimulant properties (bupropion, protryptil-
line, venlafaxine, sertraline) are indicated, although little 
data is available to corroborate this recommendation.

Low testosterone levels correlate with the severity 
of apathy in PD patients (108). Based on these find-
ings, Okun et al. (109) treated 10 PD patients with 
daily transdermal testosterone gel and found a signifi-
cant improvement in libido, energy, and enjoyment after 
1 and 3 months of treatment. A placeo-controlled trial, 
however, was negative (110).

APATHY AND LIVING WITH 
CHRONIC ILLNESS

Both aging and chronic illness may have profound effects 
on an individual’s perception of control, competency, 
and autonomy. While self-determination depends upon 
the belief that outcomes are controllable, amotivation 
is associated with a perceived disconnection of behav-
ior from outcomes (111). Vallerand et al. studied the 
relationship between level of motivation and quality of 
life in elderly nursing home residents. Intact intrinsic 
motivation was correlated with increased self-esteem, 
satisfaction with life, fulfillment, feelings of control, and 
less depression. Conversely, the presence of amotiva-
tion was correlated with reduced self-esteem, decreased 
satisfaction with life, the perception of loss of control, 
and reduced general health status. This vicious cycle of 
organic illness, depression, apathy, and helplessness 
(see Figure 18-1) is often intractable to medical interven-
tion even when other disabling symptoms are relieved.

Patients with chronic disability from nonneuro-
logic causes such as osteoarthritis have also been found 

to have high levels of apathy and depression. When 
osteoarthritis and PD patients with similar levels of dis-
ability were directly compared to determine whether 
apathy in PD is a response to disability alone (60), PD 
patients had higher levels of apathy that did not cor-
relate with their level of disability.

Motivational status is an important determinant of 
successful adjustment to stressful life events and illness. 
Patients with self-determination and motivation are more 
likely to deal with health problems in a more constructive 
manner. It is instructive to observe the common behav-
iors of PD patients with and without apathy syndromes. 
Patients with intact motivation are more likely to be pro-
active, searching out current information about medical 
and surgical interventions as well as new clinical research 
opportunities. These patients are more likely to expect to 
be consulted regarding clinical decision making and will 
often provide more detailed historical information. They 
may follow instructions more reliably and will often pro-
vide better feedback regarding their response to therapy. 
The motivated patient is more likely to seek out specialty 
consultation, to practice preventive medicine, and to make 
lifestyle choices regarding exercise, nutrition, and stress 
management that are designed to enhance their feelings of 
well-being. Conversely, the consequences of amotivation 
on self-management, lifestyle, socialization, family inter-
action, and community involvement are likely to result in 
a greater loss of functional status (112). Increased scrutiny 
of the relationships between apathy, disease severity, and 
quality of life may indeed identify apathy as a ‘‘red flag’’ 
associated with a poorer prognosis. 

CONCLUSION

The determinants of an individual’s motivational ten-
dencies are likely to be a combination of factors: intrin-
sic personality traits (heredity), experiential learning 
(environment), and acquired conditions such as PD. 
Motivational behavior is an ongoing construct, continu-
ously being remodeled by all of these influences. Clinical 
research studies are needed to identify effective therapies 
for apathy and amotivation associated with PD. Both 
pharmacologic and nonpharmacologic interventions are 
likely to be effective.

Management styles that foster autonomy and choice 
may accentuate the individual’s sense of personal responsi-
bility and control, while authoritative styles may promote 
passivity and a sense of incompetence. The expectation of 
a person’s active role in his or her daily management and 
long-range decision making preserves dignity and a sense 
of self. As we become increasingly aware of the factors 
that determine quality of life, we are likely to discover 
that restoration of motor function is only one facet of 
restoring quality of life for patients with PD.
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Impulse-control Disorders

europsychiatric symptoms are 
varied and common in Parkinson’s 
disease (PD) and include depressive, 
psychotic, and anxiety disorders; 

cognitive deficits; apathy; and fluctuations in mood and 
anxiety. The pathophysiology may be related to the pri-
mary underlying pathology or to secondary issues such 
as compensatory mechanisms, treatments (medical and 
surgical), unrelated comorbid disorders, or underly-
ing individual (hereditary, biological, or psychological) 
vulnerabilities.

A set of behaviors characterized by their repetitive 
and reward- or motivation-based natures—which are 
presumed to be related to aberrant or excessive dopami-
nergic stimulation—have recently been recognized in PD. 
These behaviors include pathologic gambling (PG) (1–7), 
hypersexuality (HS) (2, 8, 9), compulsive shopping (CS) 
(2, 8), compulsive eating (10), hobbyism, punding (11, 12), 
and compulsive medication use (13, 14). Hypersexual-
ity has been described in PD patients since the 1970s 
(9). Although punding had been recognized with psy-
chostimulant abuse since the 1970s, it was first reported 
in PD by Friedman in 1994 (11). This was followed by 
compulsive medication use, reported by Giovannoni et al. 
in 2000 (13) and pathological gambling by Molina et al. 
in 2000 (6). These disorders commonly occur without 
subjective distress, are frequently hidden or unnoticed by 
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patients and family members, and can have potentially 
devastating consequences.

The literature on these behaviors in PD—including 
definitions, epidemiology, potential pathophysiology, and 
management—is reviewed.

DEFINITION AND CLASSIFICATIONS

Impulsive behaviors encompass repetitive actions, with or 
without urges, and with associated negative consequences. 
From a clinical perspective, the inclusion of consequences 
in the definition allows for differentiation of pathologic 
behavior. However, from a pathophysiologic perspective, 
subsyndromal inconsequential forms can also occur.

Pathologic gambling is defined as impaired con-
trol over gambling urges resulting in marked negative 
consequences. It is classified within the Impulse-Control 
Disorders in the fourth edition of the Diagnostic and 
Statistical Manual of Mental Disorders (DSM-IV) (15). 
The definition includes criteria central to substance use 
disorders including states of tolerance and withdrawal, 
thus suggesting a “behavioral addiction.” A subsyndro-
mal form of problem gambling that fulfills fewer crite-
ria than PG has also been described. Hypersexuality is 
defined as atypical or excessive sexual behaviors resulting 
in negative consequences and is classified under both the 

N
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Impulse-Control Disorders (excessive) and Paraphilias 
(atypical) in the DSM-IV (15). A working definition of 
HS has been put forward by Voon et al (8). Compulsive 
shopping, as defined by McElroy et al., includes mal-
adaptive shopping behaviors that result in negative con-
sequences (16). Compulsive eating in PD was defined in 
a case series on PD by Nirenberg et al. as “an uncon-
trollable consumption of a larger amount of food than 
normal in excess of that necessary to alleviate hunger” 
(10). A more stringent definition of Binge Eating Disorder 
can be found in the Research Diagnostic Criteria of the 
DSM-IV (15).

Punding is an intense fascination with complex, 
excessive, repetitive, non-goal-oriented behaviors. The 
behaviors include less complex acts such as shuffling 
papers, reordering bricks, or sorting handbags and more 
complex acts such as hobbyism (gardening, painting), 
writing (17), or excessive computer use (18). Punding 
behaviors are often related to an individual’s previous 
occupation or interests (i.e., prepotent habits) but can 
occur de novo. A video of punding can be viewed on 
line; the link is given in Evans et al. (12). Compulsive 
medication use in PD was initially known as “hedonis-
tic homeostatic dysregulation,” which was subsequently 
replaced with “dopamine dysregulation syndrome” (19). 
The diagnosis is defined as pathologic use of dopaminer-
gic medications by levodopa-responsive PD patients in 
excess of that required for motor response, with resultant 
medication-induced motor and behavioral side effects and 
dopaminergic withdrawal symptoms (13).

In the definition of these disorders, the DSM empha-
sizes that the behavior should not occur solely in the con-
text of hypomania or mania (15). Voon et al. found that 
DSM-defined medication-induced mania was robustly 
associated with PG (32). However, in contrast to the 
age of onset of bipolar disorder, the age of medication-
induced mania onset in PD was much later, without the 
commonly observed premorbid depression. Furthermore, 
the onset of mania occurred after the onset of PG. The 
authors suggest that medication-induced mania should be 
considered within this spectrum of medication-induced 
behaviors rather than as a separate disorder or a rule-
out diagnosis (32). Thus, rather than a pathophysiologic 
similarity to bipolar disorder, dopaminergic medication–
induced mania in PD may be part of the spectrum of 
behaviors, with dopamine dysregulation affecting path-
ways involved in mood, psychomotor speed, cognition, 
and approach behaviors.

There is much disagreement surrounding the clas-
sification of these behaviors. The behaviors likely exist 
on a spectrum and may be idiosyncratic to an individual’s 
susceptibility, hence complicating any classification by 
phenomenology. Classification within psychiatrically 
based categories—which include obsessive-compulsive 
behaviors, impulse control, or addiction processes—is 

complicated given the overlapping cognitive processes 
underlying these behaviors (20). Furthermore, which 
cognitive processes are dysregulated in these behaviors 
in PD is poorly understood. For instance, punding, which 
appears as disinhibited habitual behaviors, likely differs 
from but overlaps with PG, which has a more prominent 
reward or incentive component.

In this chapter, the terms impulse-control disorders
and repetitive behaviors are used; these terms are not 
intended to refer to underlying pathophysiology.

PREVALENCE

The term prevalence intimates prevalence rates either 
after medication initiation or sometime during the course 
of disease.

The prevalence of DSM-defined PG in PD in North 
American clinics has been reported between 2.6% and 7.6% 
(1–3) and is higher than in the general North American
population, where the lifetime prevalence of DSM-defined 
PG is 1.7% (21). In a study based in Italy, PG in PD (6.1%) 
was significantly more likely to occur than PG in patients 
attending general clinics (0.3%) (4). Similarly, in a study 
based in west Scotland, PG was observed in 4.4% of PD 
patients (5). In studies differentiating PG by medication 
subtype, whereas PG was observed in 2.6% to 4.4% of all 
PD patients, PG was observed in 7.2% to 8.0% of patients 
on dopamine agonists (1, 5).

The prevalence of HS in PD has been reported in two 
studies at approximately 2.5% (2, 8). The prevalence of CS 
in PD was reported at between 0.4% and 1.5% (2, 8), which 
is lower than the prevalence of CS in the general population, 
which is estimated at between 2% and 6% (22).

Determining the actual prevalence rates of impulse-
control disorders in PD may vary according to the method 
of ascertainment. Voon et al. reported the overall preva-
lence of PG, HS, or CS in PD patients at 5.9%, with a 
point prevalence of 4.2% (1, 8). The prevalence in those on 
levodopa treatment alone was 0.7%, whereas it was 13.5% 
in those on dopamine agonists (4). In these studies, PD 
patients were screened using patient-rated questionnaires 
(the South Oaks Gambling Screen, a clinician-designed
screening HS questionnaire, and Lejoyeux’s compulsive 
shopping questionnaire) (1, 8). PG was defined using 
DSM-IV criteria, HS using clinician-designed working 
diagnostic criteria, and CS using McElroy’s criteria (1, 4). 
Weintraub et al. reported similar prevalence rates of prob-
lem gambling, HS, and CS in patients with PD of 6.6%, 
with a point prevalence of 4.0% (2). The authors used 
systematic but unstructured clinical interview screening 
and diagnostic criteria based on the Minnesota Impulsive 
Disorders Interview (2). However, despite the screening 
and definitional differences, the prevalence rates of both 
studies were similar.
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Using a structured clinician-interview, Evans et al. 
reported a 14% point prevalence of punding in a ter-
tiary referral center based in the United Kingdom (12). 
In contrast, Miyasaki et al., using a patient-rated adapta-
tion of Evans’s questionnaire, found only a 1.4% point 
prevalence in a clinic with community-based referrals 
based in Canada (23). These differences were suggested 
to be related to the clinician- versus patient-rated ques-
tionnaires, the referral base, and the potential for the 
short-acting dopamine agonist apomorphine to accen-
tuate these behaviors owing to the greater availability 
and use of apomorphine in the United Kingdom than in 
Canada (23).

The prevalence of compulsive dopaminergic medica-
tion use has been reported at 3.4% to 4% in movement 
disorder clinics (13, 24).

PATHOPHYSIOLOGY

Background: Neuroanatomy and Theories 
of Addiction Processes

Although differences exist in the phenomenology of 
impulse-control disorders in PD, they are linked by their 
reward- or incentive-based and repetitive natures. The 
rewards may be learned (PG and CS), intrinsic (HS and 
compulsive eating), and/or drug-related (compulsive 
medication use).

The neuroanatomic regions implicated include the 
ventral tegmental area; its ventral striatal, limbic, and 
prefrontal cortical dopaminergic projections; and the dor-
sal striatum and associated frontostriatal circuitry. These 
regions are thought to be involved in impulse- control dis-
orders in the general population and may also be involved 
in the processes underlying addiction. There are several 
proposed theories on addiction that are not mutually 
exclusive and are relevant to these behaviors (for review, 
see Ref. 25). A discussion of the merits of these theories 
is not within the scope of this chapter. Although spe-
cific theories may have different relevance for the addic-
tions literature, they may also be relevant for the range 
of behaviors observed in PD. For instance, Everitt and 
Robbins suggest that drug-seeking actions, similar to hab-
its, start out as explicit but become implicit, automatic, 
or overlearned stimulus-response pathologic behaviors 
engaging the dorsal striatum. Koob et al. suggest that the 
negative hedonic tone secondary to neural sensitization 
and observed in drug withdrawal states plays a role in 
the compulsive drug abuse required to maintain homeo-
stasis. Alternatively, Robinson and Berridge suggest that 
drugs of abuse alter nucleus accumbens–related circuitry 
engaged in incentive processes (i.e., the process of “want-
ing” rather than the process of “liking,” as seen in reward 
or hedonic tone). Behavioral sensitization (i.e., an increase 

in behavioral drug effects with repeated exposure) occurs 
with psychostimulants, particularly with high or escalat-
ing doses and intermittent administration; it is associ-
ated with neuronal changes in the nucleus accumbens 
and prefrontal cortex. The compulsive pursuit of drugs 
(e.g., neutral stimuli such as drug cues becoming salient 
out of proportion with other stimuli) is suggested to 
occur through Pavlovian stimulus-stimulus associations 
and adaptations of accumbens-related circuitry. Finally, 
Jentsch and Taylor have suggested that aberrant function-
ing of the prefrontal cortex as observed in drug abuse 
may also be associated with loss of cognitive inhibitory 
control over “prepotent tendencies,” thus resulting in 
impulsive behaviors.

Associations with Dopaminergic Medications

In three studies systematically assessing medications asso-
ciated with PG, HS, and CS in PD, there was a robust 
association with the use of dopamine agonists as a class 
but not with any specific agonists (1, 2, 8). This obser-
vation neither rules in nor rules out an association with 
D3 receptors.

All of these behaviors can be but are not necessarily 
related to total dopamine agonist dose. In other words, 
using the regular dose range is sufficient to trigger these 
behaviors in susceptible individuals, but higher doses may 
be more likely to do so.

Pathologic Gambling. In two studies, PG was not 
associated with dopamine agonist dose or total levodopa 
equivalent dose (LED) (1, 4), whereas in a third study, 
PG was associated with higher pramipexole dose but not 
ropinorole or levodopa dose (5). This suggests that PG is 
not associated with levodopa dose per se and can be but 
is not necessarily associated with higher dopamine ago-
nist dose. That pramipexole is also more easily titrated 
to full therapeutic doses than ropinorole may also play a 
role in the initial observations of the association with PG 
in some of the earlier uncontrolled case series (26).

Hypersexuality. In contrast, HS was associated with 
higher total LED but not agonist dose, suggesting a 
role for total dopaminergic dose but not specifically 
for dopamine agonist dose (8). In a separate study, PG, 
HS, and CS assessed as a group were associated with 
higher LED (2).

Punding. The relationship between specific dopaminer-
gic medications and punding is less clear. In the study by 
Evans et al., punding was not associated with any specific 
medication subtype, but an association with high LED 
was noted (7). In this study, only patients with LED higher 
than 800 mg/d were assessed for punding. In contrast, the 
4 of 291 PD patients with punding identified by Miyasaki 
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et al. were on dopamine agonists and had a mean LED 
of 850 mg (range 450 to 1100 mg) (23). Although the 
medication status of PD patients with punding was not 
compared to those without punding, the study results 
suggest a potential role for dopamine agonists. However, 
a simple dopaminergic dose effect cannot be excluded.

Of interest, in a case report, punding was reported 
with the dopamine antagonist quetiapine in 2 PD patients, 
suggesting either a nondopaminergic role (given the rela-
tively high 5HT2A-receptor binding affinity of quetiapine) 
or that these behaviors occur outside of an optimal dopa-
minergic tone (27).

Compulsive Medication Use. Compulsive medication 
use is associated with high LED but not with oral dopa-
mine agonists per se (14). One case series has suggested an 
association with the short-acting agonist apomorphine, 
which is administered as intermittent subcutaneous injec-
tion (13). However, it should be noted that the associa-
tions of punding and compulsive medication use with 
higher LED may be secondary to the excessive medication 
use rather than causative of the behaviors.

How Are Dopaminergic Medications 
Associated with These Behaviors?

The administration of dopaminergic medications may be 
associated with aberrant behavior by (a) interference with 
the pattern of dopamine release and its normal physi-
ologic role as an error prediction or teaching signal (28, 29) 
or (b) stimulation of particular dopamine receptors, thus 
resulting in aberrant activity of implicated regions (26).

Several lines of evidence suggest that phasic release of 
dopamine from the ventral tegmental area to the nucleus 
accumbens occurs at the time of anticipation of reward 
and of receiving an unanticipated reward (i.e., reward 
prediction error) (28). Conversely, phasic suppression 
occurs when a reward is expected but not received. The 
magnitude of dopamine release varies with the magnitude 
of the reward. In contrast to phasic release, tonic dopa-
mine release occurs with anticipation of greatest reward 
uncertainty (i.e., when there is an equal probability or 
chance of either receiving or not receiving a reward) (29). 
This observation has been interpreted to suggest that 
anticipation of conditions of high uncertainty—as, for 
example, gambling—may itself be rewarding (29).

Treatment of PD with intermittent dopaminergic 
stimulation may lead to alterations or sensitization in the 
neural patterns due to the nonphysiologic stimulation of 
dopaminergic receptors. This is analogous to the patho-
physiology of motor fluctuations such as levodopa-induced 
dyskinesias, which occur in advanced PD. The neural 
mechanism underlying dyskinesia has been suggested 
to be related to the phasic stimulation of dopaminergic 
receptors within the “motor” striatum (putamen-caudate) 

(for review, see Ref. 57). In PD patients susceptible to 
impulse-control behaviors, similar changes may occur 
within the “limbic” or ventral striatum.

Levodopa and dopamine agonists have different 
pharmacologic properties that may result in differences 
in phasic versus tonic stimulation of dopamine receptors. 
Levodopa has a relatively short half-life as compared to 
orally acting dopamine agonists, and several pharmacoki-
netic and pharmacodynamic factors affect the availability 
of levodopa, thus potentially resulting in a phasic dopa-
minergic effect. In the healthy brain or early in the course 
of PD with still intact nigrostriatal terminals, levodopa 
is converted to dopamine in presynaptic dopaminergic 
nerve terminals. In this situation, dopamine can be nor-
mally stored in vesicles and released as required. Hence, 
levodopa administration may be more likely to mimic 
the physiologic role of dopamine. This is seen clinically 
in terms of the motoric effects of levodopa, with excel-
lent benefit on disability and long-lasting effect despite 
its relatively short half-life (58). However, with progres-
sion of PD and loss of presynaptic dopaminergic neurons 
and/or with excessive doses, levodopa is converted to 
dopamine in nondopaminergic neurons, with subsequent 
loss of normal storage and normal physiologic control 
of dopamine release. Hence, either excessive doses, 
appropriate doses in the context of impaired neuronal 
density, or postsynaptic dopamine receptor stimulation 
from dopamine agonists may result in loss of the normal 
physiologic pattern of dopamine activity. Thus impulse-
control disorders in PD may then result, as a person may 
anticipate a reward without the feedback teaching signal 
indicating the lack of reward. As such, the pathologic 
qualities of the behavior become apparent.

Alternatively, stimulation of specific dopamine recep-
tor subtypes may be associated with aberrant activity, 
which may account for the ability of dopamine agonists 
to induce impulse-control behaviors. For instance, the 
affinities of dopamine D3 receptor binding differ between 
clinically available dopamine agonists in addition to the 
relative ratio of binding affinities of dopamine D3/D1 
or D3/D2 (30). Unlike dopamine D1 or D2 receptors, 
D3 receptors are found predominantly in limbic regions 
and have been implicated in the addiction process. Dodds 
et al. suggest an association between pathologic gambling 
in PD patients and the use of the dopamine D3–preferring 
agonist pramipexole; however, other clinical studies have 
not confirmed this association (1, 2, 4).

Susceptibility

The lack of a consistent dose effect (1, 4) and occurrence 
of symptoms in only a subset of patients clearly suggests 
an underlying susceptibility. This susceptibility may be 
mediated by PD-related factors such as (a) the neurobiol-
ogy of PD (e.g., pathology and compensatory mechanisms 
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that may also modulate underlying temperamental traits 
or cognitive processes), (b) PD-specific medication prac-
tices, or (c) individual factors underlying the vulnerability 
to PG, addiction disorders, or impulse-control behaviors. 
The latter suggests that dopamine agonists used for non-
PD disorders (e.g. restless legs syndrome or depression) 
may also trigger these symptoms.

Parkinson’s Disease–Related Factors: Subgroups

Factors related to PD could result from the existence of 
subgroups of PD patients who have a greater risk for 
developing behavioral disorders. For instance, recurrent 
psychosis tends to occur more frequently in patients who 
have parkin gene mutations (31) and depression occurs 
more frequently in young-onset PD. Young onset PD 
may also be more likely to have a genetic cause. The 
susceptibility is presumably related to a different distribu-
tion and nature of pathology and, in turn, of medication 
response. Both PG and compulsive medication use are 
associated with younger PD onset (1, 14, 32) suggesting a 
potential role for selective vulnerability. However, this 
association may be confounded by the relatively greater 
use and higher doses of dopamine agonists used in young 
onset PD.

Parkinson’s Disease–Related Factors: 
General Neurobiology

Aberrant functioning secondary to PD pathology (e.g., 
neurodegeneration, alpha-synuclein deposition) or 
compensatory upregulation of relevant neuroanatomic 
networks may be implicated. The effect of PD pathol-
ogy and dopaminergic medications on dopaminergic 
tone may influence cognitive functions relevant to these 
behaviors. For instance, PD patients off medications have 
been demonstrated to be more sensitive to punishment 
learning, whereas those on medications are more sensi-
tive to reward learning (33). Impairments in cognitive 
flexibility (e.g., reversal learning, attentional set shift-
ing) have also been associated with PD or to medica-
tion administration (34). Which cognitive functions are 
relevant to these behaviors and how medications and 
PD affect them are not known, as medications can both 
enhance or impair cognitive function. In a study inves-
tigating working memory in PD patients, Mattay et al. 
suggested that dopamine influences working memory in 
a U-shaped curve (e.g., optimal dopamine tone) rather 
than in linear fashion. The “overdose” hypothesis sug-
gests that in PD patients, relatively preserved functions 
associated with the ventral striatum and ventral prefron-
tal cortex (e.g., reversal learning) may be more sensitive 
to overstimulation and impairment from dopaminergic 
medications compared to the dorsal striatum and dor-
solateral prefrontal cortical functions (e.g., attentional 

set shifting and working memory) (34). Untreated PD is 
associated with impairments in dorsolateral prefrontal 
cortical functioning (e.g., working memory) which are 
improved with dopaminergic medications.

However, an exclusive relationship to general  PD-
related neurobiology suggests that repetitive behaviors 
should be more common than they seem to be or that, 
as the disease progresses, the onset or severity of repeti-
tive behaviors may be mediated by disease markers such 
as stage, duration, or levodopa dose. We did not find an 
association between PG and disease markers, thus argu-
ing that PD-related neurobiology, rather than playing a 
primary role, may interact with individual vulnerabilities 
to increase susceptibility (32). A comparison of the dose-
adjusted prevalence rates of these behaviors between PD 
and an alternate disorder requiring dopamine agonists, 
such as restless legs syndrome, may help clarify the role 
of PD-related neurobiology.

A weak association between PG and right-sided PD 
onset (left hemispheric onset) was found, although this 
remains to be replicated (32).

Parkinson’s Disease–Related Factors: 
Medication Practices

Although PD is not the only disorder treated with dopa-
minergic drugs, the strategy for their use is unique, requir-
ing higher doses, diurnal administration of dopamine 
agonists, and concurrent levodopa use.

In one study, Voon et al. suggest that levodopa may 
play a priming role potentiating the onset of these behav-
iors (1). But a robust association of PG with dopamine 
agonists as an adjunct rather than as monotherapy was 
observed, although the data were limited by sample size 
and variation in agonist doses (1, 32). It was believed 
by the authors that exposure to pulsatile brain levels of 
dopamine due to levodopa administration prior to the 
initiation of dopamine agonists played a role in neuronal 
sensitization. However, these observations remain to be 
confirmed, since Grossett et al., in another study, did 
not find any differences in prevalence rates between PD 
patients who developed PG on a dopamine agonist as 
monotherapy or as an adjunct (5).

In keeping with the earlier discussion on dykinesias, 
Silveira-Moriyama et al. found that punding was associ-
ated with the need for more frequent interventions to 
reduce dyskinesias and with greater dyskinesia severity. 
These findings suggest that similarities in the underlying 
pathophysiology of neuronal sensitization of motor and 
behavioral systems (35).

Studies in normal rodents and primates suggest that 
pulsatile and chronic administration of psychostimulants 
results in psychomotor behaviors associated with func-
tional and anatomic changes in the ventral striatum and 
prefrontal cortex, which are presumed to underlie the 
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behavioral sensitization process. In MPTP (1-methyl 
4-phenyl 1,2,3,6-tetrahydropyridine)-lesioned marmosets 
repeated treatment with levodopa results in the develop-
ment of abnormal psychomimetic behaviors which have 
been proposed to represent psychosis (36). In this model, 
there is an association between dose of levodopa and 
production of these psychosis-like behaviors.

Preclinical studies in unilateral MPTP models of PD 
also suggest that levodopa administration may result in 
aberrant D3 receptor expression, which has been impli-
cated in sensitization processes and in the pathophysiology 
of dyskinesias (37). Exposure to levodopa may thus result 
in increased susceptibility to the potential of D3 agonists to 
induce repetitive behaviors. However, studies in the MPTP-
lesioned primate primed to express psychosis- and com-
pulsive-like behaviors with chronic levodopa demonstrated 
that there was no significant difference between the abil-
ity of equivalent doses of levodopa, pergolide, ropinirole, 
and pramipexole to induce compulsive-like behaviors (38). 
This suggests that dopamine D3–preferring agonists may 
be no more likely to induce compulsive-like behaviors than 
levodopa. However, whether this animal model represents 
the full spectrum of repetitive behaviors is not known.

INDIVIDUAL SUSCEPTIBILITY

Parkinson’s patients may be susceptible to the develop-
ment PG or other addiction disorders through underlying 
heritable temperamental traits (e.g., novelty or sensation 
seeking, impulsivity), cognitive processes (e.g., in tempo-
ral discounting, impulse control, risk taking, sensitivity 
to reward or punishment, reversal learning, set shifting), 
developmental aberrant neural networks (e.g., ventral 
or dorsal striatal, prefrontal cortex, and limbic regions), 
age, gender, or genetic polymorphisms.

For instance, PG in the general population is asso-
ciated with male gender, a history of substance abuse, 
higher impulsivity, and sensation-seeking traits (39). In 
addition, executive dysfunction focusing on impairments 
of response inhibition (a measure of the ability to inhibit 
prepotent or ongoing responses such as the Stroop inter-
ference task or stop signal task) and planning, decision 
making (Iowa Gambling Task), and higher delay dis-
counting rates (a measure of the extent of loss of value 
of outcomes when delayed or of the preference for a small 
immediate reward compared to a larger delayed reward) 
have been consistently demonstrated (40) (for review, 
see Ref. 41). Pathologic gambling has been associated 
with aberrant frontostriatal and limbic activity in imag-
ing studies, with decreased activity in the ventromedial 
prefrontal cortex during the Stroop interference task (42) 
and decreased activity in the ventral striatum to a forced-
choice win-versus-lose task (43). The latter study was 
suggested to reflect a lowered baseline hedonic tone to 

wins in PG patients compared to controls. Furthermore, 
PG in the general population has been associated with 
increased dopamine function as measured by reduced 
acoustic startle prepulse inhibition (44), increased dopa-
mine metabolites in the cerebrospinal fluid (45), and, 
in one study, the ability of amphetamine to prime the 
motivation to gamble in PG patients (46).

Several studies have since demonstrated that a 
diathesis in part underlies the expression of these behav-
iors with dopamine agonists in PD. In case-control studies 
by Weintraub et al. and Marsh et al., a premorbid history 
of impulse-control behaviors, depressed mood, increased 
irritability, disinhibition, and appetite disturbances 
were more common in patients with either PG, HS, 
or CS (2, 47). Similarly, in an uncontrolled case series, 
Nirenberg et al. found that PD patients with compulsive 
eating behaviors on dopamine agonists were likely to 
have premorbid histories of dysregulated eating behaviors 
or being overweight (10).

High novelty seeking is a heritable trait that has been 
associated with PG and substance-use disorders; it is char-
acterized by exploratory approach rather than avoidance 
behaviors, excitement with novel situations, impulsivity, 
and rapid decision making. Low novelty seeking has been 
variably but not consistently associated with PD and is 
characterized by a reflective, rigid, and slow-tempered 
temperament (48). Evans et al. found that PD subjects 
with lower sensation-seeking scores had lower rates of 
alcohol intake, smoking, and drug use. Thus the lower 
rates of smoking observed in epidemiologic studies of 
the PD population, rather than being causally related to 
PD, may be an effect of the PD-related lowered novelty-
seeking tone.

In keeping with the addictions literature, Evans et al. 
found that compulsive medication use in PD was indepen-
dently associated with novelty seeking, depression scores, 
alcohol intake, and earlier age of PD onset (14). In a 
PET imaging study using 11C raclopride (D2/3 receptor 
ligand), Evans et al. demonstrated increased dopamine 
release in the ventral striatum in response to levodopa 
challenge in PD patients with compulsive medication use 
(49). The baseline index of 11C raclopride binding was 
similar between the PD patients with and without com-
pulsive medication use. The authors suggest that this find-
ing supports Robinson and Berridge’s theory of neural 
sensitization leading to the behavior of compulsive drug 
seeking. Furthermore, the subjective “wanting” but not 
“liking” of levodopa was positively correlated with the 
degree of ventral striatal dopamine release. This obser-
vation was suggested to reflect an incentive salience for 
levodopa use rather than a pleasurable or reward-related 
quality (49).

Voon et al. found PG in PD to be independently asso-
ciated with elevated novelty-seeking traits, a personal or 
family history of alcohol use disorders, and earlier age 
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of PD onset (32). When studied with the use of a logistic 
regression model, these factors accounted for 62% of the 
variance. Impulsivity scores, particularly planning for long-
term consequences, were more weakly associated with PG. 
The data, albeit preliminary, suggest that novelty seeking 
may be more likely to be trait-related (i.e., to reflect an 
underlying heritable vulnerability), whereas the impulsivity 
scores may be more state-related (i.e., related to the pres-
ence of dopamine agonist or the state of active PG) (32). 
Parkinson’s patients without medication-induced repetitive 
behaviors (the control group) had novelty-seeking scores 
significantly lower than those of the general population. 
That the PD patients with PG had scores similar to those 
of the general population suggests that PD may modulate 
the heritable trait of novelty seeking. This observation 
includes those with expected high scores, in keeping with 
epidemiologic associations of PD with lowered risk-taking 
behaviors.

Voon et al. also found a weak association of PG 
with right-sided PD onset (left hemispheric onset); 
however, the implications are not clear. For instance, 
explanatory models include either the triggering of PG 
by aberrant dopamine receptor stimulation of the side 
with greater dysregulation due to pathology or post-
synaptic compensatory upregulation (left hemisphere) 
or excessive and imbalanced stimulation of the side 
with less pathology (right hemisphere). There is no 
clear association of PG in the general population with 
laterality. Alternatively, the association may be medi-
ated through mechanisms known to have a laterality 
effect. High novelty seeking has been associated with 
greater [18F]-dopa uptake in the left caudate, which 
correlates with presynaptic dopamine neuronal density 
(51), and decreased novelty seeking has been associated 
with left hemispheric PD onset (52). In other words, 
the degree of left hemispheric neuronal degeneration 
may correlate with novelty seeking. However, the subset 
of PD patients with the inherited trait of high novelty 
seeking who develop left hemispheric PD onset may 
have greater dysregulation of underlying processes and 
be more susceptible to the behavioral effects of dopa-
mine agonist stimulation. With respect to response inhi-
bition, the stop signal task has been associated with the 
right inferior frontal or ventrolateral prefrontal cortex, 
as demonstrated by lesion and imaging studies (53). 
However, a relationship to the findings observed is not 
clear.

In contrast to the studies on compulsive medica-
tion use and general PG, PG was not association with 
depression or male gender. However, that PG occurs at 
twice the rate in men compared to women in the general 
population (39) suggests that the negative findings may 
be related to sample size issues.

Hypersexuality in PD is more likely to be associated 
with younger-onset PD and with males (8).

SUBTHALAMIC STIMULATION

Witjas et al. reported on 2 PD patients who experienced 
severe compulsive medication use and underwent deep 
brain stimulation targeting the subthalamic nucleus (STN 
DBS). Both had good postoperative behavioral outcomes 
(54). One patient had transient postoperative episode of 
alcohol abuse. The latter case demonstrates the efficacy 
of marked decreases in medication dose immediately after 
surgery in well-selected patients with a younger age of 
PD onset, shorter PD duration, and high motivation. The 
mechanism was suggested to be related to the replacement 
of the pulsatile administration of high medication doses 
with continuous stimulation, with a resultant decrease in 
neuronal and behavioral sensitization.

Similarly, Ardouin et al. describe the results of a 
multicenter retrospective series of 7 PD patients with 
active PG prior to STN DBS (55). The PG symptoms 
either resolved immediately after treatment or over the 
course of months in parallel with the decrease in LED. 
The authors suggest that improvement may be related 
to decreased doses, the relative specificity of DBS com-
pared to medications for motor regions, the replacement 
of pulsatile stimulation with chronic stimulation, and 
to the actions of DBS targeting the STN (55). The last 
point is exemplified by STN lesion studies in rodent 
models of psychostimulant abuse (56). However, the 
behaviors can worsen in the early postoperative period, 
which suggests that caution be applied in the selection 
and postoperative management of these patients. In rela-
tion to this, we found in a recent multicenter retrospec-
tive study involving more than 5000 STN DBS patients 
with a history of impulse-control disorders or compul-
sive medication use indicating that these two disorders 
may actually be risk factors for postoperative suicide 
attempts (unpublished).

MANAGEMENT

Patients should be warned of the potential risks of these 
behaviors prior to initiation of treatment with dopa-
mine agonists. Identification of patients at greater risk to 
allow for closer follow-up would be an ideal component 
to the ongoing management of PD. Dopamine agonists 
as a class appear to be associated with PG, HS, and CS 
(1, 2), while higher medication dose can be but is not 
necessarily associated (1, 2, 4, 5, 8). With all behaviors, 
earlier age of PD onset is associated, although differences 
in medication practices may mediate this association 
(1, 2, 8, 14, 32). Current studies suggest that specific risk 
factors for PG may include a personal or family history of 
alcohol-use disorders and increased novelty-seeking traits 
(32), whereas impulsivity (32) or disinhibition (47) may 
be associated but is more likely state-related. Specific risk 



III • BEHAVIORAL AND PSYCHIATRIC MANIFESTATIONS208

factors for compulsive medication use include increased 
novelty seeking, alcohol use, and higher depression scores 
(14). Hypersexuality is associated with the male gender 
(8). Nonspecific associated factors include a premorbid 
history of these behaviors (2), depressed mood, irritability, 
and appetite disturbances (24).

The management of PG has been described only in 
anecdotal reports. In patients with compulsive medica-
tion use or those who are taking high doses, a decrease 
in medication dose may be sufficient. Decreasing, dis-
continuing, or switching to a different dopamine agonist 
is not consistently effective. Antidepressants have not 
been found to be useful in case reports. External con-
trols (e.g., external control of finances) and referrals for 
gambling treatment have been anecdotally reported to be 
useful in a proportion of patients. As discussed above, 
STN DBS may be an option for well-selected patients 
who are unable to tolerate medication changes (55). The 
patient should be warned of the risk of decompensa-
tion, and careful postoperative management should be 
instituted.

In subjects with compulsive medication use, man-
agement includes decreasing doses; external controls 

of doses; treatment of secondary psychotic, manic, or 
behavioral symptoms; and management of dopaminer-
gic depressive withdrawal symptoms. Multidisciplinary 
involvement may be necessary (13, 19). Relapse of patho-
logic dopaminergic drug use behaviors is not infrequent 
in these patients. Stimulation of the STN may also be an 
option for well-selected patients (54).

CONCLUSION

Impulse-control disorders and repetitive behaviors are not 
uncommon in PD and can be associated with significant 
psychosocial dysfunction. The study of these intriguing 
behaviors allows not only improved clinical management 
but also greater insight into a biologically mediated com-
plex behavioral model.
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Neuropathology

arkinson’s disease (PD) is character-
ized clinically by a motor syndrome 
featuring bradykinesia, tremor, 
rigidity and postural instability. 

In addition, nonmotor manifestations—including auto-
nomic, psychiatric and cognitive dysfunction—are being 
increasingly recognized as part of the wider clinical syn-
drome. The histopathology of PD is classically character-
ized by a loss of dopaminergic neurons in the substantia 
nigra (SN) that project to the striatum. For the most 
part, disorders that produce clinical parkinsonism share 
the common feature of nigrostriatal dopaminergic defi-
ciency even if they have different molecular pathologies. 
Neurons that degenerate in PD accumulate cytoplasmic 
inclusion bodies composed of �-synuclein (1), referred to 
as Lewy bodies (LBs). Other parkinsonian disorders, for 
the most part, are not associated with LBs. While LBs are 
the histologic hallmark of PD, they can be associated with 
a range of other clinical syndromes, such as dementia, 
psychosis, or dysautonomia. Moreover, their distribution 
in the central and peripheral nervous systems is more 
widespread than merely the SN. This chapter focuses 
on the pathology of PD and other disorders that cause 
clinical parkinsonism.

Dennis W. Dickson

NEUROPATHOLOGY OF 
PARKINSON’S DISEASE

Macroscopic Pathology

The external appearance of the brain in PD is often 
unremarkable, with mild frontal atrophy in some 
cases (Figure 20-1). There is no significant atrophy of 
the brainstem, which can be useful in the differen-
tial diagnosis of other parkinsonian disorders, such 
as progressive supranuclear palsy (PSP) and multiple 
system atrophy (MSA), where there is midbrain (PSP) 
or pontine (MSA) atrophy. When the brain is sectioned, 
the cortical ribbon, white matter, and basal ganglia are 
unremarkable. There may be mild ventricular enlarge-
ment, particularly of the frontal horn; in some cases, 
rust coloration of the globus pallidus may be noted. 
Sections of the brainstem usually reveal loss of the 
normally dark black pigment in the SN and locus ceru-
leus (LC) (Figure 20-1), pigmentation that correlates 
with neuronal cytoplasmic neuromelanin pigment that 
accumulates in an age-related manner. Loss of pigment 
correlates with neuronal loss and with the duration of 
parkinsonism.

P

20



IV •  PATHOLOGY AND NEUROCHEMISTRY214

Microscopic Pathology

The hallmark of any neurodegenerative disease is selective 
neuronal loss, and this is also true for PD. Neuronal loss 
in the SN is not uniform. The ventrolateral tier of neurons 
in the pars compacta (A9) is selectively vulnerable in all 

parkinsonian disorders. In contrast, there is evidence to 
suggest that dorsal tier neurons may be vulnerable to 
age-related neuronal loss (2), and the medial neuronal 
groups (e.g., ventral tegmental region or A10) may be 
lost in patients with dementia (3).

The mechanisms implicated in cell death in PD are 
not reviewed here, but they include both programmed 
cell death (apoptosis) and lysosome-mediated cell death 
(autophagy). Most of the evidence for these mechanisms 
is based on animal or cell culture models. There is little 
evidence for a particular type of neuronal death in human 
PD brains (4,5), and these cellular processes are pleio-
tropic in nature; for example, both protective and toxic 
effects have been attributed to autophagy (6).

In addition to the SN and LC, neuronal loss is read-
ily apparent in the basal nucleus of Meynert (nbM) and 
dorsal motor nucleus of the vagus (DMN) (Figure 20-2). 
In all of these regions neuronal loss is accompanied by LBs 
as well as �-synuclein immunoreactive neuritic processes 

FIGURE 20-1

The external appearance of the brain in PD reveals no signifi-
cant pathology on the lateral or medial surfaces. In contrast, 
transverse sections of the brainstem reveal pigment loss in the 
substantia nigra (SN, arrow) and locus ceruleus (LC, arrow). 
See color section following page 356.

FIGURE 20-2

The appearance of select nuclei in a patent with a long his-
tory of PD (b, d, and f) and in a clinically normal subject with 
incidental LBs (a, c, and e). Note severe neuronal loss in the 
basal nucleus of Meynert (b), substantia nigra (d), and dorsal 
motor nucleus of the vagus (f) in PD but corresponding normal 
neuronal populations in the case with incidental LBs. Inset in 
(d) shows a typical hyaline cytoplasmic LB, while the inset in 
(f) shows a similar-appearing inclusion in a cell process, a so-
called intraneuritic LB. See color section following page 356.
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(Figure 20-3). Some of these neuritic processes are appar-
ent with routine histologic stains, such as hematoxylin 
and eosin (H&E). Others are essentially invisible with 
routine histologic methods. The former are referred to 
as intraneuritic LBs, while the latter are referred to as 
Lewy neurites (LNs). In addition to the major nuclei that 
show neuronal loss and LBs, LNs are also detected in 
areas that are not vulnerable to classical LBs, such as 
the amygdala (7), hippocampus (8), and neocortex (9). 
Classic LBs have a hyaline appearance on H&E, while 
�-synuclein immunoreactive inclusions in less vulnerable 
neuronal populations, such as those of the amygdala and 
cortex, are pale-staining and poorly circumscribed. These 
lesions are referred to as “cortical LBs” (Figure 20-4) (10). A 
related pale-staining neuronal cytoplasmic inclusion found 
in pigmented brainstem neurons of the SN and LC is 
the “pale body” (11, 12). Evidence suggests that cortical 
LBs and pale bodies may be early cytologic alterations 
that precede the classic LB, so-called pre-LBs. In some 

cases with severe pathology, hyaline type inclusions con-
sistent with classic LBs can be detected in the amygdala 
and cortex, particularly the limbic cortex. While most 
of the �-synuclein immunoreactive cytopathology in PD 
is within neurons, careful inspection often reveals small 
�-synuclein immunoreactive glia, particularly in the mid-
brain and basal ganglia (13, 14).

Composition of Lewy Bodies and the Role of 
�-Synuclein in Parkinson’s Disease

At the ultrastructural level, LBs are composed of dense 
granular material and straight filaments approximately 
10 to 15 nm in diameter (15–17). Similar filaments can 
be created in the test tube with recombinant �-synuclein,
which is normally an unfolded and structureless protein 
(18, 19). This fact, as well as the immunolocalization 
of �-synuclein to the filaments in tissue sections sub-
jected to electron microscopy, indicates that the filaments 
in LBs are almost certainly derived from aggregates of 
�-synuclein that have an abnormal conformation. The 
presence of �-synuclein in cytoplasmic inclusions repre-
sents aberrant cytologic localization, since it is normally 
a protein enriched in presynaptic terminals. The factors 
that give rise to the abnormal conformation remain to be 
determined, but several posttranslational modifications—
including phosphorylation, truncation, and oxidative 
damage—are implicated (reviewed in Ref. 20). The com-
position of the dense granular material in LBs is unknown 

FIGURE 20-3

The same two cases and anatomic regions as in Figure 20-2, 
but in this case immunostained for �-synuclein. In both PD (b, 
d, and f) and a case with incidental LBs (a, c, and e) there are 
LBs and intraneuritic LBs in the vulnerable brain regions. In 
some regions (e.g., subtantia nigra), the LB density is greater in 
the incidental LB case than in PD, related to severe neuronal 
loss in PD. Insets in (a) show a cortical-type LBs in the basal 
nucleus of Meynert and in (c) a classic brainstem-type LB in 
the substanta nigra. See color section following page 356.

FIGURE 20-4

The same two cases from Figures 20-2 and 20-3 showing cortical-
type LBs immunostained for �-synuclein. There are many LBs in 
the amygdala in PD (d) and sparse LBs in the case with incidental 
LBs (c), but in the association cortices there are sparse LBs in PD 
(b) but none in the case with incidental LBs (a). In DLB and in PD 
with dementia, the number of cortical LBs in association cortices 
is greatly increased. See color section following page 356.



IV •  PATHOLOGY AND NEUROCHEMISTRY216

but perhaps related to other components that immuno-
histochemical studies have shown to be present in LBs. 
Antibodies to neurofilament (21), ubiquitin (22), and the 
ubiquitin-binding protein p62 (23) are among the most 
consistently detected proteins in LBs. A subset (�50%) of 
LBs and LNs shows immunoreactivity with antibodies to 
the microtubule protein tau (24), which is the molecular 
determinant of neurofibrillary tangles (NFTs), inclusions 
found in Alzheimer’s disease and other disorders (“tauop-
athies”) (25). Many other antibodies that inconsistently 
label LBs have been reported (Table 20-1) (26). LNs and 
intraneuritic LBs have the same immunoreactivity pro-
file as LBs. Biochemical studies of purified LBs indicate 
that they contain a mixture of proteins, with the most 
abundant being neurofilament (27, 28) and �-synuclein
(29).

�-Synuclein is a 140–amino acid protein with an esti-
mated molecular weight of 19 kDa that is highly enriched 
in presynaptic terminals throughout the central nervous sys-
tem (20, 30). It shares homology with two other proteins, 

	- and -synuclein. In the nervous system, 	-synuclein but not 
-synuclein is expressed (31). Sequence analysis reveals 3 pro-
tein domains in �-synuclein; (a) a highly conserved amino-
terminal region (where all known mutations that cause 
PD reside), which may have lipid-binding apolipoprotein-
like properties and an �-helical secondary structure (32); 
(b) an internal hydrophobic domain that is critical for 
self-aggregation and fibril formation (33); and (c) a car-
boxyl-terminal acidic region rich in glutamate and aspartate 
residues and also the site of phosphorylation (34). In solu-
tion, �-synuclein is a natively unfolded protein, but it is more 
structured when it binds lipids (35). In LBs and LNs as well 
as other in glial inclusions, it assumes a 	-sheet structure 
similar to that of amyloid (18), a structural change associ-
ated with increased propensity of �-synuclein to aggre-
gate. In contrast to �-synuclein, 	-synuclein has sequence 
differences in the hydrophobic domain that make it inca-
pable of aggregating (33). In fact, when expressed simul-
taneously, 	-synuclein may have antiaggregating effects 
on �-synuclein (36).

The known mutations in the coding region of the 
gene for �-synuclein are associated with the generation 
of �-synuclein species that have greater toxicity than 
wild-type �-synuclein (37, 38); however, there are other 
mutations [e.g., gene multiplications (39, 40)] that do 
not alter the sequence but rather lead to overexpression of 
�-synuclein. How excessive �-synuclein leads to toxicity 
remains to be determined, but protein aggregation is likely 
critical (41). In sporadic PD, defective protein degradation 
may lead to increases in the concentration of �-synuclein to 
critical levels that favor aggregation within the cell. Both 
proteasomal and nonproteasomal [e.g., calpain (42)] 
pathways may be involved in the proteolysis of �-synuclein, 
and there is evidence to suggest that proteasomal func-
tions may be impaired in PD (43). Truncated species of 
�-synuclein are increased in PD compared to normals 
(44). The proteasomal pathway is of interest because it 
interfaces with protein ubiquitination, and pathologic 
�-synuclein is ubiquitinated. Thus, deficiencies in the 
ubiquitin-proteasomal processing of �-synuclein may 
lead to its accumulation to critical levels that lead to 
aggregation.

The normal function of �-synuclein is unknown, but 
structural analysis suggests that it may have chaperone 
properties. It shares sequence homology with the family 
of 14-3-3 chaperone molecules (45) and may modulate 
of the activity of tyrosine hydroxylase, the rate-limited 
enzyme in dopamine synthesis (46). It has also been sug-
gested to play a role in synaptic vesicle trafficking in 
dopaminergic neurons (47). It undergoes phosphoryla-
tion, and phosphorylated forms are enriched in LBs (34), 
but whether phosphorylation is critical to lesion forma-
tion remains unknown. The physiologic function of phos-
phorylation and the kinases responsible are not known 
with certainty. While aggregated forms of �-synuclein 

TABLE 20-1
Lewy Body Composition

Consistent and reproducible in many studies
�-Synuclein
Ubiquitin
P62 (ubiquitin-binding protein)
Neurofilament

Inconsistent or positive in a limited number of studies
Proteolysis and stress proteins

Ubiquitin–C-terminal hydrolase
Multicatalytic proteinase
Heat-shock proteins (HSP70, HSP90)
CHIP
�B-Crystallin

Protein kinases
Lrrk2 (dardarin)
G protein–coupled protein kinase 
Calcium-calmodulin–dependent kinase II 

Neuronal proteins
Synphilin
Microtubule associated protein tau
Tubulin
Tropomyosin
Tyrosine hydroxylase
Calbindin
	-Amyloid precursor protein
Gelsolin-related amyloid protein
Glutathione S-transferase

Inflammatory molecules
Complement factors
�2-Macroglobulin
Immunoglobulins

Source: Adapted from Pollanen et al. (26). With permission.
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may be toxic to neurons, there is evidence to suggest that 
normal �-synuclein may have neuroprotective proper-
ties (48). In cell culture studies, �-synuclein expression 
is associated with a more differentiated state and relative 
resistance to apoptotic stimuli (49).

Other Microscopic Features of 
Parkinson’s Disease

Accompanying neuronal degeneration and neuronal loss 
in all neurodegenerative disorders are reactive changes in 
astrocytes and microglia. Microglia express markers of acti-
vation such as the class II major histocompatibility antigen 
HLA-DR (50). There may occasionally be evidence in the 
SN and LC of phagocytosis of neurons by microglia, a term 
referred to as neuronophagia (Figure 20-5). Furthermore, a 
hallmark of neuronal loss in the SN and LC is the presence 
of neuromelanin pigment in the cytoplasm of microglia. In 
patients with very long disease duration, even this pigment is 
lost as microglia migrate to blood vessels and exit the brain 
along with the neuromelanin pigment they carry. Additional 
findings that are common in the SN but not in other areas 
vulnerable to neurodegeneration are axonal spheroids and 
hemosiderin granules. Eosinophilic intranuclear inclusions, 
so-called Marinesco bodies, are also common in the SN. 
While they can be found in normal elderly brains, there is 
at least one study suggesting that they may be associated 
with dopaminergic pathology (51).

Neurochemistry of Parkinson’s Disease 
(See Chapter 21)

Neuronal loss in PD is not limited to dopaminergic neu-
rons of the SN but also affects cholinergic neurons in the 
basal nucleus of Meynert (52, 53) and the pedunculopontine 
nucleus (54), noradrenergic neurons in the LC (55, 56) and 
serotonergic neurons of the raphe nuclei (57). It is clear that 
neurochemical deficits in PD include not only dopamine 

but also noradrenalin, serotonin, and acetylcholine. Other 
neurotransmitter deficits, including deficits in glutamater-
gic neurons in the cortex and hypothalamic neuropeptides 
[reviewed in Ref. 58)], may also be important with respect 
to nonmotor manifestations of PD.

Staging Schemes for Parkinson’s Disease

Braak and co-workers have recently proposed a new 
pathologic staging system for PD (59) (Table 20-2). In 
this scheme, pathology in the DMN, LC, and anterior 
olfactory nucleus occurs early in the course of disease, 
while SN involvement is at midstage (stage 3). In later 
stages, as pathology ascends, cortical areas are affected, 
with limbic regions affected before multimodal associa-
tion and primary cortices. The pathology at endstage is 
similar to that in LB dementia (60). The Braak staging 
system has been derived from autopsy studies of normals 
and of patients with disorders associated with LBs (61). 
However, not all disorders associated with LBs appear 
to fit the scheme. In a large cross-sectional study of 904 
brains, Parkkinen and coworkers used �-synuclein immu-
nohistochemistry to study the frequency and distribu-
tion of LBs in non-PD brains (62, 63). Several patients 
had LBs in the SN without involvement of the DMN, a 
finding also noted by Jellinger (64). The stage at which 
autonomic ganglia are affected is unknown, but involve-
ment of the spinal cord’s intermediolateral column has 
been addressed in a recent study, which suggests that the 
spinal cord becomes involved after the DMN but before the 
SN (65). The stage at which the basal ganglia are affected 
has not been addressed systematically, but it is probably 
a late manifestation (66).

It is increasingly recognized that LBs are frequent 
in the setting of advanced Alzheimer’s disease (AD) (67) 
and that the most common location for LBs in AD is the 
amygdala (68, 69). In a cross-sectional study of AD, LBs 
were almost completely limited to the amygdala in about 
15% to 20% of the cases (70). Most of these did not 
have brainstem pathology, including the DMN. Thus, LBs 

FIGURE 20-5

Neuronophagia in the substantia nigra in PD can be detected 
with H&E stain and with immunohistochemistry for major 
histocompatibility antigen HLA-DR to detect activated 
microglia. Note that in addition to clusters of pigment-laden 
macrophages (a) there is more widespread microglial activa-
tion in the substantia nigra in PD (b).

TABLE 20-2
Proposed Staging of PD

Stage 0 Peripheral autonomic nerves and ganglia
Stage 1 Olfactory nucleus, dorsal motor nucleus of the 

vagus
Stage 2 Locus ceruleus
Stage 3 Substantia nigra
Stage 4 Basal forebrain and amygdala
Stage 5 Limbic cortices
Stage 6 Multimodal association and primary cortices

Source: Adapted from Braak et al. (59). With permission.
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found in the setting of advanced AD represent the most 
common exception to the Braak staging scheme (61). It 
has also been shown that brainstem involvement may be 
minimal in some cases of diffuse LB disease, particularly 
in patients who present with dementia and minimal or no 
parkinsonism (66). This form of LB disease also appears 
to have a different pattern of disease progression than 
that described for PD.

Clinical Features of Various Stages of 
Parkinson’s Disease

If the staging scheme proposed by Braak is correct, non-
motor, nondopaminergic symptoms should precede motor 
symptoms (71, 72). In particular, one might predict that 
early PD may be characterized by autonomic dysfunction, 
olfactory dysfunction, sleep disorder, and depression, given 
the role that lower brainstem monoaminergic nuclei as well 
as spinal and enteric ganglia have in these processes (71). 
It is of interest that epidemiologic studies indicate that 
autonomic symptoms may precede clinical PD by as much 
as 12 years (73). One might speculate that the pathology 
responsible for this syndrome involves LB formation in 
autonomic nuclei of the lower brainstem and spinal cord 
as well as the enteric plexus (74). Epidemiologic studies 
also suggest that a history of anxiety and depression or 
both may precede PD (75), possibly related to norepineph-
rine deficiencies due to involvement of the LC. Another 
clinical syndrome that may be a harbinger of PD is rapid-
eye-movement behavior disorder (RBD), a condition that 
appears a number of years before PD (76). The RBD syn-
drome appears to have its anatomic origins within lower 
brainstem nuclei (77), which are consistently affected in PD. 
Olfactory dysfunction is common in PD (78) and may 
precede overt motor symptoms (79). The later stages of PD 
are associated with the involvement of limbic cortices and 
multimodal association and finally unimodal association 
and primary cortices. These later stages may be character-
ized largely by cognitive and psychiatric features similar to 
those found in dementia with LB (DLB) (80).

LEWY BODY DISORDERS OTHER THAN 
PARKINSON’S DISEASE

Incidental Lewy Bodies

LBs can be found in the brains of about 10% of normal 
elderly individuals over 65 years of age (15). These cases 
may represent the earliest stages of PD; the distribution 
of LBs and development of nonmotor clinical manifesta-
tions (e.g., RBD) in some cases would seem to favor this 
argument (63–65, 81–84). In particular, such cases have 
LBs, albeit in small numbers and not accompanied by 
neuronal loss or gliosis, in brain regions that are vulnerable

to PD pathology (Figures 20-1, 20-2, and 20-3). Given 
the lack of overt parkinsonism, such cases have been 
referred to as being “incidental” (15). It remains to be 
determined whether these individuals, who may or may 
not have nonmotor prodromal features of PD, would 
eventually progress to PD.

Pure Autonomic Failure

With renewed interest in the involvement of the auto-
nomic nervous system in PD and prodromal PD (74), 
it is of note that some individuals with pure autonomic 
failure have LB pathology at autopsy (85). These cases 
show LBs in brain and autonomic ganglia and LNs in 
sympathetic nerve fibers in epicardium and periadrenal 
tissues (86). While adrenal medullary chromaffin cells 
accumulate inclusion bodies resembling LBs in PD asso-
ciated with autonomic dysfunction, these inclusions are 
not composed of �-synuclein (87).

Dementia with Lewy Bodies

Dementia with Lewy bodies (DLB) is a clinicopathologic 
entity with a specific constellation of clinical features, includ-
ing cognitive impairment, visual hallucinations, fluctuating 
cognition, and spontaneous extrapyramidal signs occurring 
within a year of the onset (80). Other common clinical fea-
tures are RBD, severe neuroleptic sensitivity, and reduced 
striatal dopamine transporter activity on functional neuroim-
aging (80). The initial neuropathologic criteria for DLB were 
the presence of LBs in the brain of a patient with a clinical 
history of dementia (88), but these criteria were not rigorous 
and led to poor clinicopathologic correlations, since LBs are 
also common in AD, which produces a dementia syndrome 
that differs from the DLB syndrome. A refinement of the 
criteria has emphasized that the likelihood of DLB is directly 
related to the severity of LB accumulation and inversely 
related to the severity of AD pathology  (Table 20-3) (88). 
Severity of LB pathology is based upon the the distribution 
of brainstem-predominant LBs, LBs in mostly limbic corti-
ces, and LBs in multimodal association cortices. Severity of 
AD type pathology is assessed with widely used methods 
to score the density of cortical plaques and the topography 
of neurofibrillary degeneration incorporated in the criteria 
of the National Institutes on Aging (89). This revision of 
neuropathologic criteria was based upon prevailing evidence 
that the more AD type pathology, the less likely the patient 
would present with the DLB clinical syndrome even if there 
were diffuse cortical LBs (90). Validation of the new neuro-
pathologic criteria remains to be demonstrated.

Dementia in Parkinson’s Disease

Pathologic findings considered to account for dementia 
in PD include severe pathology in monoaminergic and 
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cholinergic nuclei that project to the cortex, producing 
a “subcortical dementia” (39%), coexistent Alzheimer’s 
disease (29%), and diffuse cortical LBs (26%) (91). The 
basal forebrain cholinergic system is implicated in demen-
tia in PD. Neuronal loss occurs in the basal nucleus of 
Meynert in PD, but it is even worse in PD with dementia 
(52, 53). Cholinergic deficits are common in PD (92), and 
they may contribute to dementia in those patients who 
do not have concurrent AD or cortical LBs.

While virtually every PD brain has a few cortical 
LBs, they are usually neither widespread nor numerous. 
Several recent studies have shown, however, that cortical 
LBs are numerous and widespread in PD with dementia 
(93–95) and that the density of cortical LBs and LNs, 
especially in medial temporal lobe structures (96), cor-
relates with the severity of dementia. There are exceptions 
to this rule, with occasional reports of patients with many 
LBs who were cognitively normal (62).

Neuropathology of Familial Parkinson’s Disease

Mutations in the gene for �-synuclein (SNCA) cause 
autosomal dominant, early onset PD (40, 97–99). The 
pathology in cases with SNCA mutations is characterized 
by LBs, with many cases showing widespread diffuse LBs. 
Limbic system pathology is particularly severely affected 
and hippocampal neuritic pathology and neuronal loss 
in CA2 sector is often marked (Figure 20-6) (100). Glial 
inclusions similar to those in MSA are found in some 
cases (Figure 20-6) (100).

The most common genetic basis for late-onset auto-
somal dominant PD is a mutation in LRRK2, a gene 
on chromosome 12 (101, 102). Most cases are clinically 
indistinguishable from typical sporadic PD, with late age 
of disease onset as well as the presence of resting tremor,
asymmetry, levodopa responsiveness, and potential for 

motor complications (101, 103). The most common 
mutation is G2019S, and autopsy studies suggest that 
the most cases with LRRK2 mutations and PD have LB 
pathology (104). There are rare individuals with PSP-like 
tau pathology (105) or nonspecific neurodegeneration in 
the SN (106).

Mutations in the gene for parkin (PRKN) on chromo-
some 6 cause autosomal recessive juvenile-onset PD (107); 
in most cases of this disorder the SN degeneration is not 
associated with LBs. However, there are only a few autopsy 
reports based on individuals who have had parkinson-
ism for decades (108). LBs have been reported in several 
individuals with compound heterozygous PRKN muta-
tions (109, 110), but it is unclear whether these are linked 
to the disease or are incidental findings. There are also 
reports of tau pathology in some cases (111), but the sig-
nificance of this finding awaits analysis of additional cases 
and also may be an aging-associated change.

In addition to SNCA, LRRK2, and PRKN, there are 
about 10 other genetic assignments for familial PD (112). 
Description of neuropathology is lacking for almost all 
of these familial PD disorders.

Mutations in the tau gene (MAPT) have been dis-
covered in some forms of frontotemporal dementia, and 
some of these kindreds have prominent parkinsonism 
as part of the clinical syndrome, most often with fea-
tures similar to those of PSP or CBD (113). The accepted 
term for this disorder is FTDP-17 (114). For this reason, 
MAPT is sometimes included among the genes respon-
sible for parkinsonism. These cases do not have LBs but 
rather NFTs. Recently, another gene causing FTDP-17 
has been found to be progranulin (PGRN) (115). More 
than half the patients with the PGRN mutation also have 
parkinsonism (116), which suggests that PGRN should
be added to the list of PD genes. These cases have nonspe-
cific degeneration in the SN and striatum associated with 

TABLE 20-3
Proposed Neuropathologic Criteria for Dementia with Lewy Bodies

   ALZHEIMER TYPE PATHOLOGY

NIA-REAGAN NIA-REAGAN NIA-REAGAN

  LOW INTERMEDIATE HIGH

Lewy Body-type pathology Brainstem-predominant Low Low Low
Limbic (transitional) High Intermediate Low
Diffuse neocortical High High Intermediate

The likelihood that the observed pathologic findings are associated with the DLB clinical syndrome (i.e., dementia with visual halluci-
nations, spontaneous parkinsonism, fluctuations, and RBD) is related to the severity of LB pathology as assessed by the distribution of LBs 
(152) and inversely related to the severity of the Alzheimer-type pathology as assessed by the NIA-Reagan criteria (89).

Source: From McKeith et al. (151). With permission.
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ubiquitin-immunoreactive neuronal inclusions but not LBs. 
There is also evidence to suggest that glucocerebrosidase 
mutations, which cause Gaucher’s disease, may be associ-
ated with parkinsonism, and autopsy studies in these indi-
viduals show findings typical of PD, including LBs (117).

Neuropathology of Parkinson’s Disease 
Associated with Neurotoxins

While environmental exposures almost certainly play 
a role as a risk factor for PD, there are few examples 
where the neuropathology has been described in obvi-

ous environmental cases. The exception is 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), a byproduct 
of illicit synthesis of meperidine (118). Individuals who 
are exposed to MPTP develop parkinsonism with many 
features similar to those of sporadic PD. Autopsy studies 
reveal selective neuronal loss in the SN but no LBs (118). 
Systemic administration of MPTP to monkeys induces 
parkinsonism with neuronal loss in both SN and LC. 
Some neurons have eosinophilic cytoplasmic inclusions 
that resemble LBs (119, 120). Another environmental 
toxin that has been used to produce animal models of 
PD is rotenone; it also has been shown to be associated 
with neuronal inclusions that resemble LBs (121). There 
are no known human cases with pathologically confirmed 
PD due to rotenone toxicity.

OTHER PARKINSONIAN DISORDERS

Multiple System Atrophy

Multiple system atrophy (MSA) is a nonheritable neu-
rodegenerative disease characterized by parkinsonism, 
cerebellar ataxia, and autonomic failure, a syndrome 
complex first recognized by Oppenheimer, who noted 
the overlapping pathology of sporadic olivopontocer-
ebellar atrophy, Shy-Drager syndrome, and striatonigral 
degeneration (122). Depending upon the predominant 
signs and symptoms, MSA is now subdivided into MSA-C 
for those with predominant degeneration in cerebellar 
circuitry and ataxia and MSA-P for those with predomi-
nant degeneration in the basal ganglia with parkinsonism 
(123). Despite the different clinical presentations, there 
is extensive pathologic overlap in MSA-C and MSA-P, 
particularly at the microscopic level.

The MSA-P brain macroscopically shows atrophy 
and discoloration of the posterolateral putamen and loss of 
pigment in the ventrolateral substantia nigra (Figure 20-7). 
In MSA-C, there is atrophy with neuronal loss and 
gliosis in pontine base, inferior olive, and cerebellum 
(Figure 20-7). The histopathologic findings include neu-
ronal loss, gliosis, and microvacuolation of the affected 
areas. In the striatum there is often prominent accumula-
tion of brown granular pigment. Lantos and coworkers 
first described glial (oligodendroglial) cytoplasmic inclu-
sions (GCIs) in MSA (124). GCIs can be detected with 
silver stains, in particular the Gallyas silver stain, but are 
best seen with antibodies to �-synuclein and ubiquitin, 
where they appear as flame- or sickle-shaped inclusions 
in oligodendrocytes (Figure 20-8). At the ultrastructural 
level, GCIs are non-membrane-bound cytoplasmic inclu-
sions composed of coated filaments 10 to 20 nm in diam-
eter similar to the filaments in LBs (125). Biochemical 
studies of �-synuclein in MSA reveal alterations similar 
to those in PD. In particular, �-synuclein has unusual 

FIGURE 20-6

Familial PD due to mutations in the SNCA gene. In cases with 
A53T mutation there is often severe neuronal loss and gliosis 
in CA2 sector of the hippocampus (a) and many �-synuclein
immunoreactive neuritic processes in the same region (b). 
In brainstem nuclei such as the locus ceruleus (c and d), 
many of the LBs are intraneuritic and readily visible with 
H&E stain (c) but more clearly seen with �-synuclein immu-
nohistochemistry (d). In cases with SCNA gene triplication 
(Iowa kindred), �-synuclein immunohistochemistry reveals 
glial inclusions (e) and many cortical LBs (d) consistent with 
diffuse LB disease.
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solubility properties and is associated with high-molecular-
weight forms that may represent posttranslationally 
modified (e.g., ubiquitinated) or aggregated forms of 
�-synuclein with evidence of ubiquitination (126).

While most inclusions in MSA are in oligodendrog-
lial cells, certain neuronal populations are vulnerable to 
neuronal cytoplasmic and nuclear inclusions, particularly 
those in the pontine base, inferior olive, and putamen. 
A few of the neuronal inclusions in MSA resemble LBs 
in PD, but their anatomical distribution is distinct from 
neuronal populations vulnerable to LBs. Some neurons 
have intranuclear �-synuclein-immunoreactive inclu-
sions (Figure 20-8) (125). Interestingly, �-synuclein-
immunoreactive glial lesions have also been reported in 
PD, mostly in midbrain and basal ganglia (13, 14). Glial 
pathology may be particularly striking in early-onset 
familial PD (Figure 20-6) (100), suggesting that MSA 
and LB disease are part of a pathologic spectrum.

Progressive Supranuclear Palsy

PSP is a common cause of levodopa-nonresponsive par-
kinsonism. One of the earliest clinical features of PSP 
is unexplained falls. Eventually most patients with PSP 
develop postural instability, vertical gaze paresis, nuchal 
and axial rigidity, and dysarthria. Despite many differ-
ences in clinical presentation, it is not uncommon for an 
individual to carry a diagnosis of PD for years before a 
correct diagnosis of PSP is made (127, 128). It has been 
suggested that only with longitudinal evaluation is it pos-
sible to accurately differentiate PD from other parkinso-
nian disorders (127). It has recently been suggested that 
a subset of cases of pathologically confirmed PSP have 
parkinsonism with many similarities to PD, so-called PSP-
P (129).

Macroscopically, the brain in PSP usually has mild 
frontal and more marked midbrain atrophy (Figure 20-9). 
The latter is uncommon in PD. The substantia nigra 
invariably shows depigmentation and the subthalamic 
nucleus is smaller than expected. The superior cerebel-
lar peduncle is often atrophic (Figure 20-9) (130). This 
finding is useful in differential diagnosis, since it is not 
seen in PD or MSA. Microscopic findings include neu-
ronal loss and fibrillary gliosis of the globus pallidus, 
subthalamic nucleus, and substantia nigra (Figure 20-
10). Other regions that are affected include striatum, 
diencephalon, and brainstem. Silver stains or immu-
nostaining for tau reveal NFTs and glial lesions. The 
distribution of pathology is highly characteristic and 
permits differentiation of PSP from other disorders 
associated with tau-immunoreactive neuronal inclusions 
(i.e., tauopathies) (131). The brainstem regions that are 
affected include the superior colliculus, periaqueductal 
gray matter, oculomotor nuclei, locus ceruleus, pontine 
nuclei, pontine tegmentum, vestibular nuclei, medullary 
tegmentum, and inferior olives. The cerebellar dentate 
nucleus is also frequently affected. Spinal cord involve-
ment is common, where neuronal inclusions can be found 
in anterior horn and intermediolateral cells.

FIGURE 20-7

In MSA, the external appearance of the brain reveals atrophy 
of the pontine base (pons, arrow), making the trigeminal nerve 
(arrow) more prominent than usual on transverse sections 
of the pons. The midbrain has marked pigment loss in the 
substantia nigra (SN, arrow); the posterior putamen (arrow) 
is atrophic and has a brownish-red discoloration.

FIGURE 20-8

Microscopic findings in MSA include neuronal loss and glio-
sis in the putamen (a) associated with brown granular pig-
ment (iron pigment, arrow). The fiber tracts in the putamen 
have numerous glial cytoplasmic inclusions (GCI) with �-synu-
clein immunohistochemistry (b). In the pontine base (c and d) 
�-synuclein immunohistochemistry reveals neuronal cytoplasmic 
inclusions (arrow in c) and neurons with intranuclear inclusions 
(arrow in d). Note also neuritic cell processes in vicinity of neurons 
with cytoplasmic inclusions. See color section following page 356.
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In addition to NFTs, the pathology of PSP is also 
characterized by tau pathology in astrocytes (“tufted 
astrocytes”) and oligodendroglia (“coiled bodies”) (Fig-
ure 20-10). These glial lesions are distinct from the GCIs 
of MSA and the sparse glial lesions detected in PD not 
only based upon their immunoreactivity with tau but also 
on their morphology.

Corticobasal Degeneration

Corticobasal degeneration (CBD) is only rarely mis-
taken for PD due to characteristic focal cortical signs 
that constitute the clinical hallmark of this disorder (132, 
133). Common clinical presentations include progressive 
asymmetric rigidity and apraxia, progressive aphasia, and 
progressive frontal lobe dementia (134, 135). Most cases 
also have some degree of parkinsonism, with bradykine-
sia, rigidity, dystonia, and myoclonus, which are more 
common than tremor. Given the prominent cortical find-
ings on clinical evaluations, it is not surprising that gross 
examination of the brain often reveals focal cortical atro-
phy that may be asymmetric (Figure 20-11). Atrophy is 
often most marked in the superior frontal gyrus, parasag-
ittal pre- and post-central gyri, and the superior parietal 
lobule. The brainstem does not have gross atrophy, as in 
PSP, but pigment loss is common in the substantia nigra. 
In contrast to PSP, the superior cerebellar peduncle and 
the subthalamic nucleus are grossly normal (136).

Microscopic examination reveals neuronal loss, 
spongiosis, gliosis, and usually many achromatic or bal-
looned neurons (Figure 20-12). Ballooned neurons are 
swollen and vacuolated neurons found in middle and 

FIGURE 20-9

In PSP, the most remarkable change on gross examination 
is atrophy of the midbrain, with flattening of the tectal plate 
(tectum, arrow). The midbrain has marked pigment loss in 
the substantia nigra (SN, arrow), and the superior cerebellar 
peduncle (SCP, arrow) in the rostral pons is atrophic. The 
subthalamic nucleus (STN, double arrows) is atrophic and 
has slight brownish discoloration.

FIGURE 20-10

Microscopic examination of PSP reveals neuronal loss and 
gliosis in the subthalamic nucleus (a) with globose NFTs in 
residual neurons (arrow). The same region immunostained 
for tau protein reveals not only NFTs but also many neuritic 
processes. A characteristic tau-immunoreactive astrocytic 
lesion in PSP is the tufted astrocyte (c), as seen in the motor 
cortex and striatum. The white matter in diencephalic tracts 
has characteristic oligodendroglial “coiled bodies” (d). See 
color section following page 356.

FIGURE 20-11

In CBD. the gross findings are notable for circumscribed cor-
tical atrophy affecting the parasagittal superior frontal gyrus 
(SFG, arrow) as well as the superior parietal lobule. On coro-
nal sections, the cortical ribbon in the superior frontal gyrus 
(SFG) is thinned, and there is enlargement of the frontal horn 
of the lateral ventricle. The midbrain has pigment loss in the 
substantia nigra (SN, arrow) as well as a rust-like pigment 
that is variably present in the globus pallidus.
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lower cortical layers, which are variably positive with 
silver stains and tau immunohistochemistry but intensely 
stained with immunohistochemistry for alpha-B-crystallin, 
a small heat-shock protein, and for neurofilaments (137). 
Cortical neurons in affected areas have pleomorphic 
tau-immunoreactive lesions. In addition, the neuropil of 
CBD invariably contains a large number of thread-like tau-
immunoreactive processes (Figure 20-12). They are usually 
profuse in both gray and white matter. This latter feature 
is an important attribute of CBD and a useful feature in 
differentiating it from other disorders (137). The most 
characteristic tau-immunoreactive lesion in the cortex 
in CBD is an annular cluster of short, stubby processes 
with fuzzy outlines that represent tau accumulation in distal 
processes of astrocytes. These lesions have been referred to 
as “astrocytic plaques” (Figure 20-12) (138). Astrocytic 
plaques differ from the tufted astrocytes seen in PSP, and 
the two lesions do not coexist in the same brain (139).

In addition to cortical pathology, deep gray  matter
is consistently affected in CBD. The globus pallidus and 
putamen show mild neuronal loss with gliosis. Thalamic 
nuclei may also be affected. The SN usually shows mod-

erate to severe neuronal loss with extraneuronal neu-
romelanin, gliosis, and tau immunoreactive neuronal 
lesions (“corticobasal bodies”). In contrast to PSP, where 
neurons in the pontine base almost always have at least 
a few NFTs, the pontine base is largely free of NFTs in 
CBD (136).

Guamanian Parkinson-Dementia Complex

Parkinson-dementia complex (PDC) has a number of 
features that overlap with PSP (140,141); it is common 
in the native Chamorro population of Guam and in 
the Kii Peninsula of Japan (142). The gross findings in 
PDC are notable for cortical atrophy affecting especially 
the medial temporal lobe as well as atrophy of the hip-
pocampus and the tegmentum of the rostral brainstem 
(Figure 20-13). These areas typically have neuronal loss 
and gliosis with many NFTs in residual neurons; extra-
cellular NFTs are also numerous (Figure 20-14) (143). 
In the cortex, NFTs show a different laminar distribu-
tion from that seen in AD, with more NFTs in superficial 
cortical layers in Guamanian PDC and in lower cortical 
layers in AD (144). The SN and LC have neuronal loss 
and NFTs (Figure 20-14). The basal nucleus and large 
neurons in the striatum are also vulnerable to NFTs. Bio-
chemically and morphologically, NFTs in Guamanian 
PDC, like those in postencephalitic parkinsonism, are 
indistinguishable from those in AD (145, 146).

Postencephalitic Parkinsonism

Parkinsonism following encephalitis lethargica during 
the influenza pandemic between 1916 and 1926, known 

FIGURE 20-12

Microscopic examination of the cortex in CBD reveals swollen 
achromatic neurons, also known as “ballooned neurons” (a). 
The tau immunostain reveals pleomorphic neuronal inclusions 
in the cortex (b) and subcortical regions that only occasionally 
resemble well-formed NFTs. A characteristic tau-immunoreactive 
astrocytic lesion is the astrocytic plaque (c); such plaques are 
often most numerous in the cortex and striatum. The white matter 
in the telencephalon has numerous thread-like processes but few 
or no coiled bodies (d). See color section following page 356.

FIGURE 20-13

In Guamanian Parkinson-dementia complex, gross examination 
reveals medial temporal lobe atrophy due to severe hippocampal 
pathology (hippocampus, arrow) on coronal sections. There is 
also moderate ventricular enlargement. The midbrain has severe 
pigment loss in the substantia nigra (SN, arrow).
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as postencephalitic parkinsonism (PEP), is almost never 
detected today (147). Most cases considered to have 
PEP on pathologic examination actually have PSP 
(148). The pathology in PEP is characterized by NFTs 
in cortex, basal ganglia, thalamus, hypothalamus, sub-
stantia nigra, brainstem tegmentum, and cerebellar den-
tate nucleus. The distribution of the pathology overlaps 
with that of PSP. PEP can be differentiated from PSP by 
biochemical characterization of the tau protein (149) 
and electron microscopy (150), which show that the 
NFTs are similar to those in AD and different from 
those in PSP.
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FIGURE 20-14

Microscopic examination of the SN in Guamanian Parkinson-
dementia complex (a and b) reveals severe neuronal loss 
and gliosis with NFTs (arrow) in the few residual neurons. 
The tau immunostain with an antibody specific to 3R tau 
reveals a NFT in the SN (b). In the hippocampus (c and d) 
there are numerous NFTs, most of which are extracellular 
(c, Bielschowsky silver stain). The tau immunostain using an 
antibody specific to 3R tau reveals many extracellular NFTs 
in the hippocampus (d).
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ANATOMY OF THE BASAL GANGLIA AND 
RELATED CIRCUITS

The motor features of Parkinson’s disease (PD) result from 
altered functions of the basal ganglia (see Chapter 22). 
The basal ganglia include the caudate nucleus and puta-
men (collectively referred to as the striatum), the globus 
pallidus [pars interna and pars externa (Gpi and Gpe)], 
the subthalamic nucleus (STN), and the substantia nigra 
[pars reticulata and pars compacta (SNr and SNc)] (1). 
Other structures that are integrated into the basal ganglia 
circuitry and play an important role in extrapyramidal 
motor function include the premotor cortex, primary 
motor cortex, and thalamus. A somatotopic organiza-
tion of motor function exists within this circuitry (2) 
(Figure 21-1).

The principal afferents to the basal ganglia arising 
from extrinsic neuronal groups include projections from 
the neocortex to the caudate and putamen, from the 
thalamus to the striatum, from the locus ceruleus to the 
SN, and from the raphe nuclei to the striatum and SN. 
The principal efferent pathways from the basal ganglia to 
external neuronal groups project from the Gpi and SNr 
to the thalamus and from the SNr to the superior col-
liculus, brainstem reticular formation, and spinal cord. 
Intrinsic connections between basal ganglia structures 
include projections from the striatum to both segments of 

Jose Martin Rabey
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the globus pallidus and reciprocal connections between 
the SN and the striatum. In addition, the STN receives 
afferents from the Gpe and projects to both the Gpi 
and the SNr (3). The principal intrinsic and extrinsic 
connections of the nerve cell groups that comprise the 
basal ganglia and their neurotransmitters are depicted 
in Figure 21-2.

The input to the putamen from the neocortex is 
excitatory, with glutamate as the neurotransmitter. The 
putamen, in turn, projects to the Gpi via the “direct’’ and 
“indirect’’ pathways. The direct pathway from the puta-
men to the Gpi involves the neurotransmitters gamma-
aminobutyric acid (GABA)–substance P (Sub P) and is 
considered to be primarily inhibitory in nature. The indi-
rect pathway is more complex and involves 2 other nuclei, 
the Gpe and STN. The primary projection from the puta-
men to the Gpe via GABA-enkephalin neurons and the 
secondary projection from the Gpe to the STN via GABA 
neurons are both inhibitory in nature. The tertiary projec-
tion from the STN to the Gpi is excitatory and involves 
glutamatergic neurons. The output from the Gpi to the 
thalamus occurs via inhibitory GABAergic neurons. The 
thalamus, in turn, projects to the cortex via excitatory 
glutamatergic neurons (4). Dopaminergic neurons from 
the SNc project to the putamen, leading to excitation of 
D1 receptors on the striatal output neurons. These are 
the origin of the direct pathway as well as inhibition of 
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D2 receptors on the striatal output neurons of the indi-
rect pathway to Gpe; thus they modulate activity in both 
pathways (see Figure 21-2).

DOPAMINERGIC SYSTEMS

Several dopaminergic pathways have been identified in the 
central nervous system. One of the most important het-
erogeneous populations of dopaminergic cells is located 

in the midbrain (it is estimated that in humans there are 
about 450,000 cells on each side of the brainstem) (5–7). 
On the basis of retrograde tracing techniques (8), the 
dopaminergic systems that have been identified include 
the following:

1. Ultrashort systems such as the interplexiform 
amacrine-like neurons located in the outer plexiform 
layers of the retina and the periglomerular dopamine 
(DA) cells of the olfactory bulb

FIGURE 21-1

Schematic presentation of extrapyramidal motor system. Pallido-thalamo-cortical and cerebello-thalamo-cortical pathways in 
heavy lines. Also shown in heavy lines are inputs to globus pallidus from the striatum and the putamen and the pallido-
subthalamo-pallidal loop. MC, motor cortex; PM, premotor cortex; PF, prefrontal cortex; PTO, parieto-temporo-occipital asso-
ciation cortex; GP, globus pallidus; SN, substantia nigra AQ, dopaminergic cells comprising substantia nigra compacta; STN, 
subthalamic nucleus; RN red nucleus; VP ventral pallidus; VTH ventral tegmental area; Cbll, cerebellum. 
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2. Intermediate-length systems
a. The tuberoinfundibular DA cells that project 

from the arcuate and periventricular nuclei to 
the intermediate lobe of the hypophysis and the 
median eminence (the tuberoinfundibular dopa-
minergic system)

b. The incertohypothalamic neurons that link the 
dorsal and posterior hypothalamus with the dorsal 
anterior hypothalamus and lateral septal nuclei

c. The medullary periventricular group, which 
includes those DA cells in the dorsal motor 
nucleus of the vagus, the nucleus tractus soli-
tarius, and the cells dispersed in the tegmental 
radiation of the periaqueductal gray matter

3. Long-length systems, which include the long projec-
tions linking the ventral tegmental and SN dopami-
nergic cells with three principal sets of target nuclei
a. The neostriatum (caudate nucleus and putamen)
b. The limbic cortex (medial prefrontal, cingulate, 

and entorhinal areas)
c. Other limbic structures (septum, olfactory tuber-

cle, nucleus accumbens septi, amygdala complex, 
and piriform cortex)

The first of the long-length systems is referred to as the 
nigrostriatal dopaminergic system and the latter two are 
the mesocortical and mesolimbic dopaminergic systems, 
respectively.

FIGURE 21-2

Neurochemical anatomy of the neostriatum. 
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DOPAMINE METABOLISM

The conversion of L-tyrosine to L-dihydroxyphenylala-
nine (L-dopa) by the enzyme tyrosine hydroxylase (TH) 
is the rate-limiting step in DA synthesis. Dopa is sub-
sequently converted to DA by the enzyme L-aromatic 
amino acid decarboxylase (LAAD) (Figure 21-3).

Several endogenous mechanisms that involve modu-
lation of the TH activity have been identified for the 
regulation of DA synthesis. DA and other catecholamines 
act as end-product inhibitors of TH by competing with 
the cofactor tetrahydrobiopterin (BH-4) for its bind-
ing site on the enzyme. The availability of BH-4 also 
plays a role in the regulation of TH activity. TH exists in 
2 kinetic forms that exhibit different affinities for BH-4. 
The conversion of TH from the low- to high-affinity 
form involves phosphorylation of the enzyme. Presyn-
aptic DA receptors also modulate TH activity. These 
receptors (autoreceptors) are activated by DA released 
from the nerve terminals, resulting in feedback inhibi-
tion of DA synthesis. DA synthesis also depends on the 
rate of impulse flow in the nigrostriatal pathway. During 
increased impulse flow, TH activity is increased primar-
ily through kinetic activation of TH, which increases its 

affinity for BH-4 and decreases its affinity for the normal 
end-product inhibitor DA.

DOPAMINE, NEUROMELANIN, AND 
TYROSINE HYDROXYLASE

Once synthesized, DA is sequestered in storage vesicles. 
The membrane of these vesicles contains a high-affinity, 
energy-dependent (Na�-pump), carrier-mediated trans-
port system that concentrates DA within the vesicles. 
The release of DA from the vesicles at synaptic terminals 
occurs by a Ca2�-dependent mechanism. DA released into 
the synaptic cleft can interact with specific membrane-
bound, cell surface receptors (DA receptors) on a post-
synaptic neuron (postsynaptic heteroreceptors) or on the 
same neuron from which it is released (autoreceptors). DA 
released into the synaptic cleft is inactivated primarily by 
a high-affinity, stereospecific, carrier-mediated reuptake 
process (dopamine transporter). The membrane carrier is 
capable of transporting DA in either direction, depending 
on the existing concentration gradient. The DA transporter 
plays an important physiologic role in the inactivation and 
recycling of DA released into the synaptic cleft.

FIGURE 21-3

Diagram of a dopaminergic terminal. TYR, tyrosine; DOPA, 3, 4-dihydroxyphenylalanine; DA, dopamine; TH, tyrosine hydroxy-
lase; DD, dopa-decarboxylase; V, vesicles; REL, release; RUPT, reuptake; PRE REC, presynaptic receptor; PFR, presynaptic 
feedback regulation; DOPAC, 3, 4-dihydroxphenylacetic acid; MAO, monoamine oxidase. 
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Considering that platelets are a relatively good 
peripheral model for the study of catecholaminergic cells, 
Rabey et al. (9) studied DA incorporation by platelet 
granules in PD patients. DA incorporation into the plate-
let granules was found to be altered in naive PD patients 
and partially improved after treatment with levodopa.

After its reuptake into nerve terminals, DA is inacti-
vated by enzymatic conversion to dihydroxyphenylacetic 
acid (DOPAC) by the action of monoamine oxidase, type B 
(MAO-B), located within the mitochondria. Released DA 
that diffuses out of the synapse is converted to homova-
nillic acid (HVA) outside the neuron by the sequential 
action of catechol-O-methyltransferase (COMT) and 
MAO; both enzymes are located primarily in glial cells. 
The principal metabolite of DA in humans is HVA in its 
free form, which results from the deamination and 3-O-
methylation of DA and the 3-O-methylation of DOPAC 
at an extraneuronal site (5).

Since the levels of L-tyrosine in the brain are rela-
tively high (above the Km for tyrosine hydroxylase), it 
is not feasible to increase DA synthesis in the brain by 
increasing the availability of L-tyrosine. The activity of 
LAAD in dopaminergic neurons is very high under normal 
conditions and, as a result, levodopa levels in the brain 
are negligible. LAAD is also present in nondopaminergic

neurons such as serotonergic neurons (5). Exogenous 
levodopa is converted to DA within dopaminergic neu-
rons by LAAD; the activity of LAAD in DA terminals 
within the striatum remains relatively high in PD.

Exogenous levodopa is transported across the endo-
thelial cells of cerebral vessels (the blood-brain barrier) 
into the brain by the L-transport system for neutral amino 
acids. The L-system is stereospecific, bidirectional, satu-
rable, and competitively inhibited. The L-system is also 
involved in the transport of other L-neutral amino acids 
including phenylalanine, tyrosine, tryptophan, leucine, iso-
leucine, methionine, valine, and histadine. Blockade of the 
motor effects of levodopa by the ingestion of proteins con-
taining these other amino acids is thought to occur at the 
blood-brain barrier by competitive inhibition (10, 11).

The existence of morphologic changes in the SN, 
consisting primarily of neuronal loss combined with 
decreased neuromelanin, had already been described in 
PD in the first half of the twentieth century (12, 13). In 
1957, DA was discovered to be a neurotransmitter in the 
brain by Carlsson et al. (14, 15), who applied a newly 
developed histofluorescence method. This finding was 
important for the future isolation of DA in human post-
mortem brains (16) and for the identification of the loss 
of DA in the striatum in PD (16) (Table 21-1). Shortly 

TABLE 21-1
DA and HVA Concentration in Selected Brain Regions in Parkinsonian Patients and Controls 

DA HVA DA/HVA

Putamen†   
Controls 5.06 � 0.39 (17) 4.92 � 0.32 (16) 1.03
PD patients 0.14 � 0.13 (3) 0.54 � 0.13 (3) 0.26

Caudate nucleus†    
Controls 4.06 � 0.47 (18) 2.92 � 0.37 (19) 1.39
PD patients  0.2 � 0.19 (3) 1.19 � 0.10 (3) 0.17

Nucleus accumbens‡   
Controls 3.79 � 0.82 (8) 4.38 � 0.64 (8) 0.86
PD patients 1.61 � 0.28 (4) 3.13 � 0.13 (3) 0.51

Parolfactory gyrus‡   
Controls 0.35 � 0.09 (4) 0.98 (2) 0.35
PD patients � 0.03 (2)  

Lateral hypothalamus¶   
Controls  0.51 � 0.08 (4) 1.96 � 0.28 (3) 0.26
PD patients � 0.03 (2) 1.03 � 0.23 (3) 

Substantia nigra§¶   
Controls 0.46 � (13) 2.32 (7) 0.20
PD patients 0.07 (10) 0.41 (9) 0.17

*Results are expressed as mean � SEM; numbers of cases are in parentheses.
†Ref. 22.
‡Ref. 122.
§Ref. 121.
¶Ref. 123.
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after that discovery, Birkmayer and Hornykiewicz (18, 19) 
reported that intravenous DOPA (the racemic mixture 
of L-and D-dopa),the amino acid precursor of DA, was 
able to substantially reduce the symptoms of PD. Mono-
amine oxidase (MAO) inhibitors intensified the effects, 
and later D-dopa (the dextrorotatory isomer) and 
5-hydroxytryptophan (5-HTP) were found to be ineffective. 
Together, these findings demonstrated that DA was the 
primary neurotransmitter in the nigrostriatal tract, and 
they gave a clearer picture about the biochemical charac-
teristics of PD as a disease of dopamine depletion.

A link between the vulnerability of nigral neu-
rons and their prominent pigmentation, although long 
suspected, was not proven until Hirsch et al. (20) per-
formed a quantitative analysis of neuromelanin-containing
neurons in the midbrain in control and PD brains. He 
and his colleagues demonstrated that DA-containing cell 
groups in the normal human midbrain differ markedly 
from each other in the percentage of neuromelanin con-
tained in the neurons. In addition, they showed a signifi-
cant positive correlation between the cell loss in different 
brainstem nuclei and the percentage of neuromelanin-
containing neurons normally present in those nuclei. 
They also demonstrated that in PD there was a rela-
tive sparing of nonpigmented neurons compared to 

pigmented neurons within each cell group. This evidence 
suggested a “selective vulnerability of the neuromelanin-
pigmented subpopulation of DA-containing mesence-
phalic neurons in PD” (20).

The loss of dopaminergic neurons in the nigrostria-
tal pathway follows an identifiable topographic pattern: 
the decrease of DA is greater in the rostral than caudal 
striatum (21), and the putamen is more severely affected 
than the caudate nucleus (17). This finding is thought to 
be related to the fact that cell loss is more severe in the 
caudal and internal portions of the SN that preferentially 
project to the putamen.

The degree of neuronal loss in the SN corre-
lates with the loss of activity of TH in the striatum 
(Table 21-2) (22, 23). These changes are associated with 
a marked decrease in the DA and its metabolites, DOPAC 
and HVA, in the striatum. The loss of DA is more pro-
nounced than that of HVA (23). It is generally considered 
that DA loss in the striatum must be reduced by about 
70% to 80% before PD motor symptoms (akinesia, rigid-
ity, rest tremor) become apparent.

The loss of TH activity is one of the most prominent 
pathologic and neurochemical findings in PD. Because TH 
is highly localized in catecholamine neurons, it is often 
utilized as a specific marker for DA neurons. Biochemical 

TABLE 21-2
Enzyme Activities in Selected Brain Areas from Parkinsonian Patients and Controls*

 TYROSINE  DOPA CATECHOL-0- MONOAMINE

 HYDROXYLASE  DECARBOXYLASE METHYLTRANSFERASE OXIDASE

BRAIN REGION (TH) (DDC) (COMT) (MAO)

TH: (nmol/CO2/30 min/100 mg protein); DDC: (nmol/CO2/2 hr/100 mg protein); COMT: (nmol/NMN/hr 
100 mg protein); MAO: (nmol/PPA/30 min/100 mg protein).

*Results are expressed as mean � SEM; numbers of cases shown in parentheses.
†Differs from control P � 0.02.
‡Differs from control P � 0.01.
Source: Birkmayer and Hornykiewicz (18). With permission.

Putamen
Control
PD patients

Caudate nucleus
Control
PD patients

Substantia nigra 
Control
PD patients

Frontal cortex 
Control
PD patients 

Hypothalamus
Control
PD patients

17.4 � 2.4 (3)
3.1 � 1.2 (3)†

18.7 � 2.0 (3)
3.2 � 0.5 (2)†

17.4 (1)
6.1 � 1.5 (3)

3.7 (2)
2.5 � 0.2 (3)

4.4 (2)
2.7 (2)

432 � 109 (18)
32 � 7 (13)‡

364 � 95 (19)
54 � 14 (13)‡

549 � 294 (15)
21 � 6 (10)

32 � 4 (6)
10 � 2 (3)†

149 � 53 (9)
63 � 17 (5)

24.1 � 2.5 (11)
19.8 � 3.7 (9)

25.4 � 2.8 (10)
17.8 � 3.8 (9)

26.4 � 4.7 (5)
21.7 � 10.2 (9)

24.1 � 4.4 (9)
28.7 � 4.1 (7)

29.4 � 4.5 (3)

1520 � 127 (11)
1648 � 128 (10)

1726 � 149 (10)
1742 � 197 (10)

1828 � 200 (5)
1477 � 284 (4)
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analysis and immunocytochemistry with TH have shown 
a substantial loss of TH staining in the ventral tegmental 
area (VTA) and in the nucleus paranigralis as well as the 
SN (25–27).

PROTEIN SYNTHESIS

In PD, a disturbance in protein synthesis in the SN and 
locus ceruleus has been demonstrated (28) and histologic 
studies indicate that this may be an important component 
in its pathogenesis (29). The loss of TH activity seems to 
be due to reduced TH protein synthesis. The hypothesis 
suggesting a role for TH in the pathophysiology of PD 
is supported by the findings indicating that TH antisera 
stain Lewy bodies in catecholaminergic neurons (30).

Cyclic adenosine monophosphate (cAMP)–dependent
protein kinase activity is reduced in the brains of patients 
with PD (31). Moreover, TH synthesis measured in the 
putamen from PD patients shows supersensitivity to 
stimulation by this cAMP-dependent protein kinase in 
vitro (32). These findings and the increase in histones H1, 
H2B, and H4 in the SN but not in the striatum and fron-
tal cortex indicate disturbances in protein phosphoryla-
tion and protein synthesis in that region. It appears that 
degeneration of dopaminergic neurons is connected to a 
reduction in the transcription rate, as indicated by the 
increase in histones (33). It also seems likely that pro-
tein synthesis in the central nervous system is influenced 
by synaptic activity—that is, the stimulatory capacity 
of adenylate cyclase–dependent processes. Functional 
disturbances at the synaptic level are thought to cause 
changes in the conformation of chromatin and a reduc-
tion in the transcription rate and RNA content, with 
changes in the ratio of RNA to DNA (34). These pro-
cesses show an age-dependent decline, with increased 
vulnerability over time.

LEVODOPA TOXICITY TO 
AMINERGIC NEURONS

Dopamine-replacement therapy with the precursor 
levodopa is highly effective in ameliorating the motor 
signs and symptoms in the early stages of PD and in 
improving the quality of life and survival of treated 
patients. Moreover, it provides superior benefit to all 
other currently available therapies. (35).

However, over recent decades a substantial literature 
has suggested that levodopa may be toxic to aminergic 
cells in vitro (36–38). The most common explanation 
for this phenomenon is that levodopa augments oxi-
dative stress via the production of quinones, hydrogen 
peroxide, and oxyradicals. Evidence of the existence of 
oxidative stress in the SN includes a reduction of reduced 

glutathione, increased levels of malondialdehyde and lipid
hydroperoxides, oxidative DNA and protein damage, 
oxidative (nitrative) modifications of �-synuclein, and 
reduced mitochondrial complex I activity. Moreover, the 
rotenone and 1-methyl-4-phenyl-1,2,3,6-tetrahydropiridine 
(MPTP) animal models of PD appear to be derived from 
oxidative stress (39–41). Because the dopaminergic neu-
rons in patients with PD are already under stressful con-
ditions, which apparently contribute to neuronal death, 
enhancement of oxyradical formation through levodopa 
therapy would enhance the derangement of these neu-
rons. The main criticism of these conclusions is that in 
a majority of these in vitro studies, investigations were 
conducted under conditions not typically exhibited “in 
vivo”. For example, the concentrations of levodopa used 
were higher than the peak plasma or brain concentrations 
observed in treated PD patients (42). In addition, glial 
cells, whose high concentration of antioxidants and tro-
phic factors combats the effect of reactive oxygen species, 
were absent from the culture system. To address these 
issues, in vitro experiments were repeated, using concen-
trations of levodopa found in vivo and in the presence of 
glial cells. The data reported from these studies (43–45) 
showed the opposite effect: levodopa was not toxic; but 
in the presence of glial cells, the dopaminergic neurons 
were actually protected by levodopa.

To further examine this issue of levodopa toxicity a 
recent clinical trial (ELLDOPA) made a direct compari-
son between the rate of PD progression in those patients 
treated with levodopa (150, 300, or 600 mg/day) and 
those given placebo (46). From a clinical perspective, this 
study showed that levodopa does not hasten the progres-
sion of PD. As expected, the smaller doses of levodopa 
provided less clinical benefit than the higher doses. 
However, the higher dose (600 mg/day) was associated 
with the onset of dyskinesias in 16% of patients, one of 
the fundamental limitations associated with traditional 
levodopa therapy. Moreover, results of neuroimaging 
studies [using B-CIT putaminal uptake by single photon 
emission computed tomography (SPECT)] indicated that 
levodopa treatment was associated with a greater rate 
of decline in dopamine binding than seen in the placebo 
group, a possible biomarker of nigrostriatal function. 
The question of this being related to levodopa toxicity 
or a long term pharmacological effect of the drug still 
needs to be elucidated.

The overall question of possible toxic effects of 
levodopa on the dopaminergic system remains unresolved 
(47). Two additional studies examining the effects of 
dopamine agonists versus levodopa in which functional 
neuroimaging techniques were utilized addressed the ques-
tion further. Both pramipexole vs. levodopa (CALM-PD) 
and ropinirole vs. levodopa (REAL-PD) suggested that 
levodopa could accelerate the demise of dopaminergic 
neurons. In the CALM-PD (48) study, researchers used 
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SPECT to examine striatal dopamine transporter (DAT) 
activity (B-CIT uptake) as a marker for intact striatal 
dopaminergic nerve terminals. In this 4-year study. it was 
found that the groups assigned to early levodopa showed 
a more rapid rate of decline of beta CIT uptake compared 
with early pramipexole treatment. On the other hand, the 
results of this study also showed that levodopa was more 
effective than pramipexole in reducing the clinical signs 
of PD (49). Similar results were shown in the REAL-PET 
trial, which used positron emission tomography (PET) 
to look at putaminal 18F accumulation as a marker for 
functional dopaminergic terminals. This study showed 
a more rapid rate of reduction of 18F accumulation in 
patients who were initially treated with levodopa vs. rop-
inirole (50) but a better clinical response with levodopa. 
The main criticism raised concerning these studies is that 
there was no placebo group in either one. As a conse-
quence, it can be inferred that dopamine agonists slow the 
progression of PD, levodopa accelerates the progression 
of PD, or both. Another unresolved question is whether 
levodopa or dopamine agonists have direct pharmaco-
logic effects on DAT or L-aromatic amino acid (dopa) 
decarboxylase, which may confound the interpretation 
of the results. As a consequence of these criticisms, we 
must interpret studies that use imaging markers to docu-
ment neuroprotection with caution until these issues are 
resolved (51, 52).

Neurologists who support using levodopa as first-
line therapy argue that is inappropriate to withhold 
the most potent symptomatic treatment for PD in the 
absence of human studies supporting the toxic levodopa 
theory (53, 54).

DOPAMINE METABOLITES

The metabolites of DA (DOPAC and HVA) are decreased 
in the SN and the striatum in PD (22, 24, 55). However, 
they are reduced to a lesser degree than DA itself (56). This 
may in part be explained by two hypotheses: (a) Postmor-
tem, DA diffuses from its storage sites and is subsequently 
catabolized by endogenous enzymes that are still active. 
MAO-A and MAO-B activity (the latter more specific for 
DA) and COMT activity are not affected by the disease 
(see Table 21-2). These enzymes are located primarily out-
side dopaminergic neurons. (b) There is an increase in the 
turnover of DA in surviving neurons (57).

Compensatory changes in dopaminergic neuro-
transmission in remaining Nissl cells with functional 
overactivity have been described. The ratio of HVA 
(concentration) to DA (content) (HVA/DA ratio) can be 
used as an index of the presynaptic activity of the surviv-
ing dopaminergic neurons. The level of HVA has been 
considered to be a good measure of the amount of DA 
released, and the density of the DA terminals is indicated 

by the DA content. Thus the HVA/DA ratio provides 
an index of the rate of DA turnover in the remaining 
dopaminergic nerve terminals. This has been confirmed 
by experimental lesions in animals. Partial nigral lesions 
in animals do not produce a significant change in the 
HVA/DA ratio; with lesions of 70% to 85%, changes 
in the release of DA from surviving dopaminergic nerve 
terminals are able to compensate functionally for the 
derangement. When lesions exceed 90%, surviving pre-
synaptic DA neurons cannot compensate and DA recep-
tors become hypersensitive and a change in behavioral 
response is observed (58, 59).

In PD, the HVA/DA ratio is significantly increased 
in the putamen, caudate nucleus, and nucleus accum-
bens but not in the hippocampus and frontal cortex (see 
Table 21-1). These findings suggest that the lesions of the 
mesocortical pathway are not severe enough to induce 
compensatory changes in DA turnover. Alternatively, 
DA neurons that project to the cortex and hippocampus, 
compared to the nigral DA neurons, lack the capability to 
increase their synthesis and turnover of DA (60).

LEVODOPA AND HOMOCYSTEINE

Elevated plasma homocysteine is an independent risk 
factor for systemic vascular diseases (including cardiac, 
cerebral, and peripheral vascular diseases and venous 
thrombosis) (61), cognitive impairment, and dementia 
(62, 63).

Several factors influence total homocysteine plasma 
levels. The most important are age, gender, caffeine intake, 
smoking, and poor vitamin B status.

Some drugs may also increase homocysteine concen-
tration in the blood. Levodopa interferes with the metabo-
lism of homocysteine as a consumer of methyl-groups in 
the transmethylation reaction (Figure 21-4). The enzyme 
COMT plays the key role, and S-adenosylmethionine 
serves as the methyl donor. When given with decarboxyl-
ase inhibitor, most of the levodopa is COMT-methylated 
to 3-OMD, thus increasing the level of homocysteine after 
the hydrolysis of S-adenosylhomocysteine (Figure 21-4). 
As a result, elevated levels of homocysteine have been 
found in PD patients treated with levodopa (64, 65). 
The clinical impact of the elevated homocysteine in PD 
patients is unknown. In many of these studies, the levels, 
though elevated when compared to controls, were still in 
the normal range.

It has been shown that the addition of entacapone, 
an effective COMT peripheral inhibitor, to levodopa, 
effectively reduces homocysteine levels in PD patients 
(66, 67).These findings may play a promising role in 
successfully controlling levodopa-induced hyperhomo-
cysteinemia and in reducing the risk for diseases prob-
ably linked to it.
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DOPAMINE RECEPTORS

Five distinct types of DA receptors (see Chapter 23) have 
been identified (68). They are classified into a D1-family 
(D1 and D5 receptors) and a D2-family (D2, D3, and 
D4 receptors) based on similarities in their structural and 
pharmacologic properties. The dopamine receptors con-
sist of a polypeptide chain of 387 to 477 amino acids with 
variable carbohydrate chains and an overall size range of 
90 to 120 kDa. They belong to the G protein–coupled 
receptor family with 7 transmembrane domains and 
G-protein coupling sites in the third cytoplasmic loop (see 
Figure 23-1). The subtypes of dopamine receptors differ 

in their extracellular and intracellular loops but are highly 
homologous in their transmembrane domains. The third 
cytoplasmic loop is short in the dopamine receptors, which 
belong to the D1-family and long in those that belong to 
the D2-family. The D1-family of dopamine receptors with 
a short third loop are coupled to stimulatory G proteins 
(Gs), which activate adenylate cyclase. The D2-family of 
dopamine receptors with a long third loop are coupled 
to Gi or Go proteins, which inhibit adenylate cyclase or 
are inactive, respectively, and to Gq proteins that couple 
with phospholipase C. As a general biochemical property, 
the D1-family of receptors stimulate adenylate cyclase, 
leading to an increase in the formation of cAMP, whereas 

FIGURE 21-4

Pathway showing the effect of levodopa in homocysteine synthesis.
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the D2-family of dopamine receptors either inhibit adenyl-
ate cyclase (D2 receptor) or do not modify its activity 
(D3 and D4 receptors). The effects of the D2 receptor on 
second-messenger systems are complex and include an 
increase in phosphatidyl inositol metabolism, the release 
of arachnidonic acid, and the activation of K� channels
in addition to the inhibition of adenylate cyclase.

The genes that code for the 5 subtypes of DA recep-
tors are located on different chromosomes: D1 receptor 
at 5q34–35, D2 receptor at 11q22–23, D3 receptor at 
3q13.3, and D4 and D5 receptors at 4p16. The genes 
that code for the D1-family of dopamine receptors have 
no introns, in contrast to the genes for the D2-family of 
receptors, which possess introns in their coding regions: 
the D2 receptor gene has 6 introns; the D3 receptor gene 
has 5 introns; and, the D4 receptor gene has 4 introns.

D1 receptors are present on striatal GABA-Sub P 
output neurons (which project to the Gpi and SNr—the 
“direct pathway”) and at terminal regions of neurons in 
the SN. In contrast, D2 receptors are present on striatal 
GABA-enkephalin output neurons (which project to the 
Gpe—the “indirect pathway”) and on DA neurons of 
the SNc (autoreceptors). The D1 and D2 receptors are 
the most abundant subtypes in the striatum; D3 receptors 
are expressed at low levels and D4 receptors at very low 
levels in the striatum (see Figure 23-2). Most of the DA 
receptors in the SNc are of the D2 subtype with a small 
number of the D3 subtype. All 5 subtypes of dopamine 
receptors are expressed in the cortex with a greater num-
ber of D4 and D5 receptors than of D3 receptors. The 
D3 receptor has the highest affinity (nM range) for the 
natural ligand DA.

D1 and D2 receptors are thought to play a central 
role in the motor disturbances in PD. The number of D2 
receptors in the striatum has been found to be increased 
in the early stages of PD, while the number of D1 recep-
tors remains unchanged in this disease. DA generated 
from exogenous levodopa acts at all of the DA receptor 
subtypes (69, 70).

DOPAMINE TRANSPORTER

Dopamine transporters terminate dopaminergic neuro-
transmission by actively pumping extracellular DA back 
into the presynaptic nerve terminal (NaCand Cl-dependent) 
(71, 72). DA uptake is accomplished by a membrane car-
rier that is capable of transporting DA in either direction, 
depending on the concentration gradient.

A complementary DNA encoding a rat DA trans-
porter (DAT) has been isolated with high sequence 
homology with the previously cloned norepinephrine 
and gamma-aminobutyric acid transporters. DAT is a 
619–amino acid protein with 12 hydrophobic putative 
membrane-spanning domains and is a member of the 

family of Na/Cl-dependent plasma membrane transport-
ers. Using the energy provided by the Na gradient gener-
ated by the Na/K-transporting ATPase, DAT recaptures 
DA soon after its release, modulating its concentration in 
the synapse and its time-dependent interaction with both 
pre-and postsynaptic DA receptors (73).

Studies of the binding of tritiated alpha-dihydrotetra-
benazine ([3H] TBZOH) (a specific ligand for the vesicular 
monoamine transporter) in the striatum in postmortem 
brains from 49 controls and 57 PD patients suggested 
that parkinsonian symptoms appear when the degenera-
tion of the striatal dopamine terminals is greater than 
50% of normal innervation (74). The expression of the 
DA transporter messenger RNA (mRNA) assessed by in 
situ hybridization in individual pigmented neurons of the 
SNc in sections of the midbrain from 7 PD and 7 control 
brains showed that DA transporter mRNA expression in 
surviving SNc neurons was only 57% of normal control 
levels in PD (75). The authors speculate that the decrease 
in the level of DA transporter mRNA expression in the 
remaining neurons in the SNc of PD patients reflected 
neuronal dysfunction. They add, “conceivably it might 
also reflect differential vulnerability of those neurons that 
initially expressed higher levels of DA transporter to the 
insult of parkinsonism” (75).

DOPAMINE-MEDIATED REGULATION OF 
STRIATAL NEURONS

Although D1 and D2 receptors can have opposite effects 
on adenylate cyclase activity, it is clear that the physi-
ologic significance of their interaction is more complex 
(5). Electrophysiologic experiments have suggested that 
D1 receptor activation is required for full postsynaptic 
expression of D2 effects. The interaction of the D1 recep-
tor with other neurotransmitter systems is still not com-
pletely clear. The phosphoprotein DARPP-32(dopamine 
and cAMP–regulated phosphoprotein of 32 kDa), plays 
a key role in the biology of neurons under the influence 
of DA (Figure 21-5). By acting on the D1 receptors, DA 
stimulates adenylyl cyclase via a G protein to increase 
cAMP formation and the activity of cAMP-dependent 
protein kinase (protein kinase A, PKA) leads to phophor-
ylation of DARPP-32 on a single threonin residue. Pho-
phorylation converts this phosphoprotein into a potent 
inhibitor of protein phosphatase-1.

At least 2 intracellular pathways that decrease 
DARPP-32 phophorylation are involved in the modula-
tion of dopamine signaling via D2 receptors. One mecha-
nism involves inhibition of adenylyl cyclase, a decrease in 
cAMP, a decrease in the activity of PKA, and a decrease 
in DARPP32 phosphorylation. The other D2-mediated 
effect involves an increase in intracellular calcium and 
activation of calcineurin. One of the actions of calcineurin 
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is to dephosphorylate DARPP-32 and this relieves the 
inhibition of protein phosphatase-1.

Striationigral neurons receive glutamate input from 
the cerebral cortex as well as a rich dopamine inner-
vation from the substantia nigra. Glutamate stimulates 
N-methyl-d-aspartate (NMDA) receptors, resulting in a 
large influx of calcium (see Figure 21-5). Thus, in this 
system, stimulation of NMDA receptors also results in 
activation of calcineurin and enhanced dephosphoryla-
tion of DARPP-32, producing an effect very similar to 
the stimulation of D2 receptors.

The physiologic action of DA is thought to be inhibi-
tory in the striatum based on its effect on the firing fre-
quency of dopamine-receptive neurons. Thus apparently DA 
applied iontophoretically in vivo or bath-applied DA in vitro 
predominantly decreases spontaneous or intracellular cur-
rent, elicited firing frequency of striatal spiny neurons. This 
inhibition is probably mediated postsynaptically and occurs 
independently of membrane depolarization or hyperpolar-
ization by D2 and D1 receptor agonists, respectively (7).

In addition, DA receptors exert a regulatory influ-
ence over glutamate-mediated “tone” in the striatum. 

Thus activation of D2 receptors on cortical afferent ter-
minals reduces cortically elicited excitatory postsynaptic 
potentials (ESPSs) recorded in spiny neurons (7). There 
is also evidence that D1-receptor agonists can attenu-
ate glutamate-mediated transmission indirectly via the 
release of adenosine from postsynaptic neurons result-
ing in trans-synaptic feedback suppression of glutamate-
mediated transmission (7).

It is known that D1- or D2-receptor agonists applied 
alone or simultaneously typically produce a reduction in 
membrane excitability of striatal spiny neurons. However, 
it appears that the D1 receptor-agonist–induced decrease 
in excitability can be reversed to a facilitation of spiking 
upon subsequent administration of D2 receptor agonist. 
Thus the response produced by the combined stimulation 
of D1- and D2-receptor agonists is dependent on the tem-
poral sequence of agonist administration. This type of D1 
receptor–dependent modulation of D2 receptor–mediated 
excitation is absent in slices taken from the DARPP-32 
knockout mice, which suggests involvement of a G protein–
mediated response via the cAMP-protein kinase cascade. 
One possible explanation to this finding might be that 

FIGURE 21-5

Proposed pathway by which dopamine and glutamate may regulate phosphorylation of the protein DARPP-32 in 
striatal cells.
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D2-receptor activation can reverse the phophorylation 
of DARPP-32 proteins caused by D1-receptor activation, 
which decrease the inhibitory influence of this signaling 
pathway on spiny-neuron activity.(see Figure 21-5) (7).

NIGROSTRIATAL DOPAMINE SYSTEM AND 
PARKINSONIAN SYMPTOMS

Deficiency of DA in the striatum plays a major role in 
the development of motor symptoms of PD. However, 
it is unclear whether all of these symptoms result from 
DA deficiency alone or if other neurotransmitters are 
involved. A strong correlation has been demonstrated 
between the severity of akinesia, decrease in striatal DA, 
and degree of neuronal loss in the SN (24). Moreover, 
akinesia has been found to be more severe on the side of 
the body contralateral to the greatest degree of neuronal 
loss in the SN (24). Furthermore, this correlation has been 
demonstrated on 18Fluorodopa PET (76). DA depletion 
may influences tremor but may not do so in isolation. 
Monkeys exhibiting rest tremor must have combined 
lesions of the nigrostriatal DA system and the rubro-
olivocerebellar rubral loop (77). The role of the derange-
ment of DA systems in the occurrence of rigidity is less 
clear (78). Rigidity is thought to result from hyperactive 
alpha motoneurons of supraspinal origin. The freezing 
gait appears to be, for the most part, unrelated to DA loss. 
It occurs randomly and does not respond to dopaminergic 
therapy. Later onset postural instability is another non-
dopaminergic feaure that appears to be at least partially 
related to other transmitters.

OTHER NEUROTRANSMITTERS AND 
RECEPTORS

Other brainstem nuclei (locus ceruleus, raphe nuclei, 
nucleus basalis of Meynert) are affected in PD (79–82); 
these nuclei are the origin of the noradrenergic, seroto-
nergic, and cholinergic systems, respectively.

Noradrenergic Systems

Two ascending noradrenergic pathways have been 
identified in the rat: a dorsal system originating in the 
locus ceruleus and projecting to the neocortex and the 
limbic forebrain (amygdala, septum, hippocampus) and 
a ventral system extending from the lower brainstem to 
the hypothalamus and the nucleus interstitialis terminalis. 
A descending noradrenergic pathway innervates the spinal 
cord (83). In human brain, the highest levels of norepineph-
rine (NE) are found in the nucleus accumbens and hypo-
thalamus, with low levels in the cortex and undetectable
amounts in the striatum, suggesting a similar organization 
in the rat and human brain (84).

In PD, the level of NE is reduced in the locus ceruleus, 
and this is associated with a loss of pigmented neurons and 
the formation of Lewy body inclusions. Moreover, NE con-
centrations in the neocortex, nucleus accumbens, amygdala, 
and hippocampus are 40% to 70% lower than normal 
(85, 86). In limbic regions, the level of the major metabolite 
of NE, 3-methoxy-4-hydroxyphenylglycol (MHPG), is also 
reduced (86). These changes taken together suggest that the 
dorsal NE system degenerates in PD.

Nagatsu et al. (87) reported a reduction in MHPG 
and dopamine beta-hydroxylase (DBH) activity (the 
enzyme that converts DA to NE in noradrenergic neu-
rons) in the cerebrospinal fluid (CSF) of PD patients, 
suggesting a more general noradrenergic deficiency.

It has been hypothesized that depressive features 
commonly observed in PD patients may be related to a 
central NE deficiency (88). This is supported by the find-
ing that administration of NE reuptake blockers (89, 90) 
improves depression in some of these patients. This finding 
requires further study.

It has been postulated that NE might impact on 
the motor system through a dual effect, indirectly via 
the modulation of the activity of dopaminergic cells (91) 
and directly. For example, freezing episodes have been 
attributed directly to a deficiency of NE. This was initially 
corroborated by reports that freezing was alleviated by 
the administration of dihydroxyphenylserine (DOPS), a 
specific precursor of NE (92). However, this observation 
has not been replicated.

Serotonergic Systems

Two major serotonergic systems exist in the central ner-
vous system: an ascending pathway from the mesence-
phalic raphe nuclei to the forebrain and a descending 
pathway from the pontine raphe nuclei to the spinal cord 
(93). The highest concentrations of serotonin (5HT) and 
its metabolite, 5-hydroxyindole acetic acid (5-HIAA), are 
found in the SN, striatum, amygdala, and spinal cord. The 
levels are lower in the neocortex and hippocampus (94).

In PD, 5HT concentrations are reduced in the basal 
ganglia, hipppocampus, cerebral cortex, lumbar spinal 
cord, and hypothalamus (72). These biochemical changes 
are not uniformly distributed, reflecting selective dam-
age to some cell groups in the raphe nuclei (72). In the 
caudate nucleus and frontal cortex, 5HT itself (a marker 
of serotonergic nerve terminals) is reduced more than 
5-HIAA (a marker of 5HT metabolism). The increase in 
the 5-HIAA /5HT ratio probably reflects a compensatory 
increase in the turnover of 5HT in surviving serotonergic 
neurons, similar to that seen with DA.

Although DA transmission in both the SN and the 
striatum are known to be under the inhibitory control 
of ascending serotonergic systems, at the present time 
there is no evidence of a relationship between the motor 
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symptoms of parkinsonism and the changes in the sero-
tonergic systems. However, some reports suggest that 
low 5HT levels might play a role in the occurrence of 
depression in PD. Lower levels of 5-HIAA were found 
in the CSF of PD patients with depression compared to 
that seen in subjects without depression (95).

Cholinergic Systems

The cholinergic system can be divided into groups of short 
neurons intrinsic to particular brain regions (i.e., basal 
ganglia and cortex) and long fiber systems extending 
from the brainstem and basal forebrain to subcortical 
and cortical regions. In the striatum, acetylcholine (ACh) 
is released predominantly by the large spiny interneurons. 
The principal cholinergic fibers projecting to forebrain 
areas (olfactory bulb, hippocampus, amygdala, thalamus, 
cortex) emanate from large neurons with long axons from 
several locations. The fibers innervating the neocortex 
originate mainly in the substantia innominata, in par-
ticular the nucleus basalis of Meynert, but there is also 
input from the mesencephalic nuclei (pedunculopontine 
nucleus). The fibers innervating the hippocampus are 
located in the septum (96).

Studies in animals indicate that the nigrostriatal 
dopaminergic neurons make synapses with cholinergic 
interneurons in the striatum, inhibiting their activity (97–
99). Choline acetyltransferase (CAT), a marker of cholin-
ergic neurons, does not seem to be affected in PD (100). 
Therefore, it is generally accepted that the striatal cholin-
ergic neurons are released from the inhibitory influence of 
dopaminergic neurons in PD and, as a consequence, are 
hyperactive. The effects of degeneration of the nigrostriatal 
dopaminergic projection neurons would be counterbal-
anced by the use of anticholinergic drugs. This was demon-
strated long ago in clinical practice. The therapeutic effects 
of muscarinic receptor antagonists in PD are thought to be 
due to inhibition of M1 receptor–mediated excitation of 
striatal GABA-enkephalin neurons (which project via the 
indirect pathway to the Gpe) and of M4 receptor–mediated 
inhibition of GABA–Sub P neurons (which project via the 
direct pathway to the Gpi and SNr) (101).

Several studies have demonstrated severe neuronal 
loss and subnormal CAT activity in the substantia innomi-
nata (especially the nucleus basalis of Meynert) in PD, 
supporting the contention that the innominatocortical 
cholinergic system is deranged in PD associated with cog-
nitive impairment (102, 103). More intriguing is the fact 
that a diffuse cortical cholinergic deficiency has also been 
found in PD patients without mental deterioration (mainly 
in the frontal and occipital lobes) (103, 104). This fact sug-
gests that degeneration of subcortical cholinergic systems 
might precede the appearance of intellectual impairment 
in PD. Subnormal levels of CAT activity have also been 
described in the septohippocampal cholinergic system and 

in the pedunculpontine nucleus (105). The significance 
of this diffuse degeneration of cholinergic neurons in the 
basal forebrain in PD is not clearly understood.

Gabaergic Systems

Long GABAergic striatopallidal, striatonigral, pallidotha-
lamic pathways, and intrinsic striatal GABAergic neu-
rons have been identified using an assay that measures 
the activity of the GABA-synthesizing enzyme glutamate 
decarboxylase (GAD) (106) (see Figures 21-1 and 21-2).

Although some studies have been inconclusive 
regarding the integrity of GABAergic systems in PD 
(107–109); others, using brain samples that were care-
fully matched for age and pre- and postmortem condi-
tions, have found no significant changes in the content 
of GABA in brain of PD (110).

The critical issue concerning the GABAergic system 
is whether GABA turnover is altered, and if so, in which 
neuronal groups. It would be unlikely, however, that up- 
or downregulation of GABA activity might occur as a 
consequence of DA depletion in the striatum.

Adenosine A2A Receptor

The adenosine A2A receptor, 1 of 4 cloned adenosine 
receptors, is a member of the G protein–coupled receptor 
family; when activated, it stimulates adenylate cyclase. It is 
highly concentrated in the striatum; it colocalizes with D2 
receptors on striatal GABA-enkephalin output neurons 
and is present on striatal cholinergic interneurons. The 
adenosine A2A receptor is thought to modulate the neuro-
nal activity of striatal GABA-enkephalin output neurons, 
which project to the Gpe via the indirect pathway. Striatal 
GABA-enkephalin neurons are excited by inputs from cor-
tical glutamatergic neurons and cholinergic interneurons 
and inhibited by inputs from nigral dopaminergic neurons 
via D2 receptors and recurrent neurons and collaterals via 
GABA receptors. Antagonism at the adenosine A2A recep-
tor is thought to result in a decrease in the stimulation of 
GABA-enkephalin output neurons by striatal cholinergic 
interneurons and an increase in the GABA-mediated recur-
rent inhibition of these neurons. Antagonist activity at 
adenosine A2A receptors in the striatum might effectively 
compensate for the lack of dopamine-mediated inhibition 
of these neurons in PD (111).

Neuropeptides

The distribution of neuropeptides in the brain is het-
erogeneous. Cholecystokinin-8 (CCK-8) and vasointes-
tinal peptide (VIP) are most abundant in cortical areas, 
whereas methionine (Met) and leucine (Leu) enkephalins, 
Substance P, and thyrotropin-releasing factor (TRH) are 
most abundant in the basal ganglia (112). Subnormal 
concentrations of various neuropeptides have been reported 



IV • PATHOLOGY AND NEUROCHEMISTRY240

in various brain regions in PD using radioimmunoassay (RIA) 
methods. These changes have not always been confirmed 
by immunocytochemical techniques (113). The role of these 
peptides in the symptomatology of PD is not clear.

Hokfelt et al. (114) reported that CCK-8 is colocal-
ized with DA in dopaminergic neurons in the SNc and 
the VTA. The level of CCK-8 in the SNc has been found 
to be decreased by 30% in PD subjects. However, normal 
levels of CCK-8 have been found (115) in the caudate 
nucleus, putamen, amygdala, cerebral cortex, and hippo-
campus using RIA methods. The decrease in CCK-8 in the 
SN might result from selective degeneration of CCK-8–
containing neurons or of CCK8 afferent fibers of unknown 
origin. The functional consequences of the nigral CCK-8 
deficiency are not known. This peptide apparently has an 
excitatory effect on nigral dopaminergic neurons (116). 
However, CCK-8 has also been shown to decrease DA 
release in the striatum (117).

Mauborgne et al. (118) reported reduced Substance P 
levels in the basal ganglia in PD based on the RIA method 
(3). Grafe et al. (119), using an immunocytochemical tech-
nique, did not confirm these findings. If confirmed, the 
observed decrease in Substance P concentrations might 
indicate a change in the turnover rate due to the loss of 
regulatory input from depaminergic cell loss rather than 
the primary loss of Substance P–containing neurons.

The highest concentration of dynorphin in the 
brain is found in the SN (120). Its levels are unchanged 
in PD (120).

Met-enkephalin levels are reduced by 70% in the 
SN and VTA and by 30 to 40% in the putamen and 
globus pallidus in PD. They are similar to controls in the 
nucleus accumbens, caudate nucleus, amygdala, cerebral 
cortex, and hippocampus (121, 122). If Met-enkephalin 
modulates the activity of DA neurons in the SN, changes 
in its levels might influence the turnover of DA at the cell 
body level. In PD, Leu-enkephalin levels are reduced by 
30% to 40% in the putamen and the globus pallidus. 
However, in the SN and VTA, the concentrations of this 
peptide are similar to control values (122).

Somatostatin levels in the basal ganglia of PD patients 
are similar to those of control subjects (123). However, in 
demented PD subjects, somatostatin levels are reduced in 
the frontal cortex, entorhinal cortex, and hippocampus 
when compared to nondemented PD patients.

At present there are not enough data to support the 
hypothesis that an alteration in the concentration of neuro-
peptides plays a primary role in the pathogenesis of PD.

LEWY BODIES

The chemical composition of the Lewy body is complex. 
The classic cytoplasmic, eosinophilic inclusions found in 
brainstem nuclei are composed mainly of neurofilament 

proteins and ubiquitin. In addition to all three molecular 
forms of neurofilament proteins (NF-H; NF-M; NF-L) in 
both the phosphorylated and nonphosphorylated state, 
Lewy bodies have been found to contain protein kinases 
(Ca2�-calmodulin-dependent protein kinase II), high-
molecular-weight microtubule-associated proteins and 
tubulin, ubiquitin carboxyl terminal hydrolase (PGP-9), 
gelsolin, and amyloid precursor protein. Cortical Lewy 
bodies are distinct in containing alpha-B-crystalline and 
tropomysin (124). In addition, it has been discovered that 
Lewy bodies also contain �-synuclein (58).

THE EFFECT OF GENES ON THE 
DEVELOPMENT AND SURVIVAL OF 

DOPAMINERGIC CELLS

The primary cause and pathogenesis of PD are still 
unknown, although various genetic and environmental 
factors have been implicated (125). Genetic factors have 
been discovered by the study of families with PD. Caus-
ative genes now include �-synuclein gene on 4q21-q23 
(126), a parkin gene on 6q (1), and others (127, 128). 
Several reports have also focused on susceptibility poly-
morphisms of genes that influence neurotransmitter or 
receptor function (129, 130).

The Nurr1 gene, a member of the nuclear receptor 
superfamily, is of special interest because it is critical 
for the development and maintenance of the midbrain 
dopaminergic cells (131–133). The Nurr1 gene is highly 
expressed in dopaminergic neurons of the midbrain and 
can activate or enhance the transcription of tyrosine 
hydroxylase (134) and expression of dopamine trans-
porter (135). The reduced Nurr1 expression resulting 
from a natural aging process or a genetic defect increases 
the vulnerability of midbrain dopaminergic neurons 
(135). Knockout of the gene results in agenesis of nigral 
dopaminergic neurons; in addition, increased MPTP-
induced neurotoxicity is observed in heterogeneous 
knockout mice (136).

The human Nurr1 (NOT) gene maps to chromo-
some 2q22-23 and is approximately 8.3 kb long, con-
sisting of 8 exons and 7 introns. The current findings 
based on investigation of the human Nurr1 gene suggest 
that a variant of the gene may be associated with PD 
(134). Moreover, very recently it was shown that homo-
zygote polymorphism of 7048G7049 in intron 6 of the 
Nurr1 gene is associated with typical PD (137).

CONCLUSIONS

With the increasing age of the general population, the prev-
alence of PD is steadily rising. In fact, it is estimated that 
by the year 2040, neurodegenerative diseases (Parkinson’s 
disease, dementia, and motor neuron disease) will surpass 
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cancer as the second most common cause of death among 
the elderly (138).

Currently there is no consensus on the probable 
cause of PD. Many investigations discount the possibil-
ity that idiopathic sporadic PD has an inherited basis as 
the primary cause. As a contributory factor, however, 
it is considered that genetic factors perhaps play a key 
role in conjunction with other elements (multifactorial 
hypothesis).

Nevertheless, despite the tremendous body of infor-
mation that has accumulated over the past several years 
as the result of advances in biochemical techniques, the 
pathophysiology of PD is still not understood. The selec-
tive loss of dopaminergic cells in the nigrostriatal system 
explains part of the motor symptomatology, but a number 
of features of the disease are apparently not related to 

the deficiency of DA in the striatum. For example, the 
midline symptoms of the disease (speech, postural sta-
bility, and freezing gait) are not responsive to treatment 
with exogenous levodopa. Moreover, other ascending 
neurotransmitter systems are also damaged in PD: the 
noradrenergic ceruleocortical, the serotonergic projec-
tions from the raphe nuclei, as well as the dopaminergic 
mesocorticolimbic, innominatocortical, and septohippo-
campal cholinergic systems. Alterations in the integrity 
of these systems would be expected to contribute to the 
disruption of circuits responsible for the motor and cogni-
tive features of PD. The application of the new methods of 
molecular biology together with new biochemical (PET, 
SPECT, MRS) and functional (fMRI) neuroimaging tech-
niques will undoubtedly lead to a better understanding of 
the pathophysiology of PD in the coming decade.

References

1. Anthoney TR. Neuroanatomy and the Neurologic Exam. Boca Raton, FL: Ann Arbor 
Press/CRC Press, 1994:106–109.

2. Cote L, Crutcher MD. The basal ganglia. In: Kandel E, Schwartz JH, Thomas MG (eds). 
Principles of Neural Science, 3rd ed. New York: Elsevier, 1991:647–659.

3. Alexander GE, Crutcher MD. Functional architecture of basal ganglia circuits: Neural 
substrates of parallel processing. Trends Neurosci 1990; 13:266–271.

4. De Long MR. Primates models of movement disorders of basal ganglia origin. Trends
Neurosci 1990; 13:231–285.

5. Cooper JR, Bloom FE, Roth RH. Dopamine. In: Cooper JR, Bloom FE, Roth RH (eds). 
The Biochemical Basis of Neuropharmacology, 8th ed. New York: Oxford University 
Press, 2003:225–270.

6. Lang AE, Lozano AM. Parkinson’s disease. First of two parts. N Engl J Med 1998; 
339:1044–1053.

7. Onn SP, West AR, Grace AA. Dopamine-mediated regulation of striatal neuronal and 
network interactions. Trends Neurosci 2000; 23(10 Suppl):S48–S56.

8. Björklund A, Lindvall O. Dopamine-containing systems in the CNS. In: Björklund A, 
Hökfelt T (eds). Handbook of Chemical Neuroanatomy. Vol 2: Clinical Transmitters 
in the CNS. Amsterdam: Elsevier, 1984:55–122.

9. Rabey JM, Shabtai H, Graff E, et al. (3H) Dopamine uptake by platelet storage granules 
in Parkinson’s disease. Life Sci 1993; 53:1753–1761.

10. Cancilla PA, Bready J, Berliner J. Brain endothelial–astrocyte interactions. In: Pardridge 
WM (eds). The Blood-Brain Barrier; Cellular and Molecular Biology. New York: Raven 
Press, 1993:25–46.

11. Eriksson R, Graneros A, Linde A, et al. “On-off’’ phenomenon in Parkinson’s disease: 
Relationship between dopa and other large neutral amino acids in plasma. Neurology
1988; 38:1245–1248.

12. Tretiakoff C. Contribution à l’Étude de l’Anatomie Pathologique du Locus Niger. Thesis, 
University of Paris, 1919.

13. Hassler R. Zur Pathologie der Paralysis agitans und des postenzephalitischen Parkinsonism. 
J Psychol Neurol (Lpz) 1938; 48:387–476.

14. Carlsson A, Lindquist M, Magnusson T. 3-4 dihydroxyphenylalanine and 5-hydroxy-
tryptophan as reserpine antagonists. Nature (Lond) 1957; 180:1200.

15. Carlsson A, Lindquist M, Magnusson T, et al. On the presence of 3-hydroxy-tyramine 
in brain. Science1958; 127:471.

16. Sano I, Gamo T, Kakimoto Y, et al. Distribution of catechol compounds in human brain. 
Biochem Biophys Acta 1959; 32:586–587.

17. Ehringer H, Hornykiewicz O. Verteilung von Noradrenalin und Dopamin im Gehirn 
des Menschen und ihr Verhalten bei Erkrankungen des extrapyramidalen Systems. Wien 
Klin Wschr 1960; 38:1236–1239.

18. Birkmayer W, Hornykiewicz O. Der L-3-4-Dioxyphenylalanin (D-dopa). Effeckt bei 
Parkinson Akinese. Wien Klin Wschr 1961; 73:787–788.

19. Birkmayer W, Hornykiewicz O. Der L-Dioxyphenylalanin (L-dopa). Effekt beim 
Parkinson-Syndrom des Menschen. Arch Psychiatr Nervenkr 1962; 203:560–574.

20. Hirsch E, Graybiel AM, Javoy-Agid A. Melanized dopaminergic neurons are dif-
ferentially suceptible to degeneration in Parkinson’s disease. Nature 1988; 334:
345–348.

21. Fahn S, Libsch IR, Cuttler RW. Monoamines in the human neostriatum. Topographic 
distribution in normals and in Parkinson’s disease and their role in akinesia, rigidity, 
chorea and tremor. J Neurol Sci 1971; 14:427–455.

22. Lloyd KG, Davidson L, Hornykiewicz O. The neurochemistry of Parkinson’s disease: 
Effect of L-dopa therapy. J Pharmacol Exp Ther 1975; 195:453–464.

23. Riederer P, Rausch WD, Birkmayer W, et al. CNS modulation of adrenal tyrosine 
hydroxylase in Parkinson’s disease and metabolic encephalophathies. J Neural Transm 
(Suppl) 1978; 14:121.

24. Bernheimer H, Birkmayer W, Hornykiewicz O, et al. Brain dopamine and the syndromes 
of Parkinson’s and Huntington’s: Clinical morphological and neurochemical correlation. 
J Neurol Sci 1973; 20:415–455.

25. Riederer P, Wuketich S. Time course of nigrostriatal degeneration in Parkinson’s disease. 
J Neural Transm1976; 38:277–301.

26. Nakashima S, Kumanishi T, Ikuta F. Immunohistochemistry on tyrosine hydroxylase in 
the substantia nigra of human autopsied cases. Brain Nerve 1983; 35:1023–1029.

27. Pearson J, Goldstein M, Markey K, et al. Human brain catecholamine neuronal anatomy 
as indicated by immunocytochemistry with antibodies to tyrosine hydroxylase. Neurosci-
ence 1983; 8:3–32.

28. Issidorides MR, Mytilineou C, Whetsell WO, et al. Protein-rich cytoplasmic bodies of 
substantia nigra and locus coeruleus. Arch Neurol 1978; 35:633–637.

29. Jacob H. Klinische Neuropathologie des Parkinsonismus. In: Ganshirt H (ed). Patho-
physiologie, Klinik und Therapie des Parkinsonismus. Basel: Roche, 1983:5–18.

30. Nakashima S, Ikuta F. Tyrosine hydroxylase proteins in Lewy bodies of Parkinsonism 
and senile brain. J Neurol Sci 1984; 66:91–96.

31. Kato T, Nagatsu T, Iizuka R, et al. Cyclic AMP-dependent protein kinase activity in 
human brain: Values in parkinsonism. Biochem Med 1979; 21:141.

32. Rausch WD, Hirata Y, Nagatsu T, et al. Human brain tyrosine hydroxylase; In vitro 
effects of iron and phosphorylating agents in the CNS of controls, Parkinson’s disease 
and schizophrenia. J Neurochem 1988; 50:202–208.

33. Crapper-Mc Lachlan DR, Bebon U. Models for the study of pathological neural aging. 
In: Terry RD, Bolis CL, Toffano G (eds.). Neural Aging and Its Implications in Human 
Neurological Pathology. Vol 18: Aging. New York: Raven Press, 1982:61–71.

34. Ringborg U. Composition of RNA in neurons of rat hippocampus at different ages. 
Brain Res 1966; 2:296–298.

35. Miyasaki JM, Martin W, Suchowersky O, et al. Practice parameter: Initiation of treat-
ment for Parkinson’s disease: An evidence based review. Neurology 2002; 58:11–17.

36. Fahn S. Levodopa-induced neurotoxicity: Does it represent a problem for the treatment 
of Parkinson’s disease? CNS Drugs 1997; 8:376–393.

37. Mena MA, Pardo B, Casarejos MJ, et al. Neurotoxicity of levodopa on catecholamine-
rich neurons. Mov Disord 1992; 7:23–31.

38. Mytilineou C, Han SK, Cohen G. Toxic and protective effects of L-dopa on mesence-
phalic cell cultures. J Neurochem 1993; 61:1470–1478.

39. Dauer W, Przedborski S .Parkinson’s disease: Mechanisms and models. Neuron 2003;
39:889–909.

40. Vila M, Przedborski S. Targeting programmed cell death in neurodegenretative disease. 
Nat Rerv Neurosci 2003; 4:365–375.

41. Fahn S, Sulzer D. Neurodegeneration and neuroprotection in Parkinson disease. Neu-
ronRx 2004; 1:139–154.

42. Olanow CW, Gauger LL, Cedarbaum JM. Temporal relationships between plasma and 
cerebrospinal fluid phamacokinetics of levodopa and clinical effect in Parkinson’s disease. 
Ann Neurol 1991; 29:556–559.

43. Desagher S, Glowinski J. Astrocytes protect neurons from hydrogen peroxide toxicity. 
J Neurosci 1996; 16:2553–2562.

44. Langeveld CH, Jongelenen CA, Schepens E, et al. Cultured rat striatal and cortical astro-
cytes protect mesencephalic dopaminergic neurons against hydrogen peroxide toxicity 
independent of their effect on neuronal development. Neurosci Lett 1995; 192:13–16.



IV • PATHOLOGY AND NEUROCHEMISTRY242

45. Mena MA, Casarejos MJ, Carazo A, et al. Glia conditioned medium protects fetal rat 
midbrain neurons in culture from L-dopa toxicity. Neuroreport 1996; 7:441–445.

46. Fahn S, Oakes D, Shoulson I, et al. Levodopa and the progression of Parkinson’s disease. 
N Engl J Med 2004; 351:2498–2508.

47. Schapira AH, Olanow CW. Neuroprotection in Parkinson’s disease: Mysteries, myths, 
and misconceptions. JAMA 2004; 291:358–364.

48. Parkinson Study Group .Dopamine transporter brain imaging to assess the effects of prami-
pexole vs levodopa in Parkinson’s disease progression. JAMA 2002; 287:1653–1661.

49. Parkinson Study Group. Pramipexole vs levodopa as initial treatment for Parkinson 
disease. A 4 year randomized controlled trial. Arch Neurol 2004; 61:1044–1053.

50. Whone AL, Watts RL, Stoessl AJ, et al. Slower progression of Parkinson’s disease with 
ropinirole versus levodopa: The REAL-PET study. Ann Neurol 2003; 4:93–101.

51. Morrish PK, Sawle GV, Brooks D. An [F-18]dopa-PET and clinical study of the rate of 
progression in Parkinson’s disease. Brain 1996; 119:585–591.

52. Marek K, Jennings D, Seibyl J. Do dopamine agonists or levodopa modify Parkinson’s 
disease progression? Eur J Neurol 2002; 9(Suppl 3):15–22.

53. Agid Y. Levodopa: is toxicity a myth? Neurology 1998; 50:858–863.
54. Weiner WJ. The initial treatment of Parkinson’s disease should begin with levodopa. 

Mov Disord 1999; 14:716–724.
55. Bokobza B, Ruberg M, Scatton B, et al. (3H) spiper-one binding, dopamine and HVA 

concentrations in Parkinson’s disease and supranuclear palsy. Europ J Pharmacol 1984;
99:167–175.

56. Scatton B, Monfort JC, Javoy-Agid F, et al. Neurochemistry of monoaminergic neurons 
in Parkinson’s disease. In: Alan R (ed). Catecholamines: Neuropharmacology and Central 
Nervous System. Therapeutic Aspects. New York: Liss, 1984:43– 52.

57. Hornykiewicz O. Compensatory biochemical changes at the striatal dopamine synapse 
in Parkinson’s disease. Limitations of L-dopa therapy. Adv Neurol 1979; 24:275–281.

58. Melamed E, Hefti F, Wurtman RJ. Compensatory mechanism in the nigrostriatal dopa-
minergic system in Parkinson’s disease studies in an animal model. Israel J Med Sci 1982;
18:159–163.

59. Creese I, Snyder SH. Nigrostriatal lesions enhance striatal (3H) apomorphine and (3H) 
spiroperidol binding. Eur J Pharmacol 1979; 56:277–281.

60. Javoy-Agid F, Ruberg M, Taquet H, et al. Biochemical neuropathology of Parkinson’s 
disease. Adv Neurol 1984; 40:189–198.

61. Boushey CJ, Beresford SA, Omena GS, et al. A quantitative assessment of plasma homo-
cysteine as a risk factor for vascular disease. JAMA 1995; 274:1049–1057.

62. Seshadri S, Beiser A, Selhub J, et al. Plasma homocysteine as a risk factor for dementia 
and Alzheimer’s disease. N Engl J Med 2002; 346:476–483.

63. Morris MS. Homocysteine and Alzheimer’s disease. Lancet Neurol 2003; 2:425–428.
64. Miller JW, Selhub J, Nadeau MR, et al. Effect of L-dopa on plasma homocysteine in 

PD patients: Relationship to B-vitamin status. Neurology 2003; 60:1125–1129.
65. Rogers JD, Sanchez-Suffon A, Frol AB, et al. Elevated plasma homocysteine levels in 

patients treated with levodopa: Association with vascular disease. Arch Neurol 2003;
60:59–64.

66. Valkovic P, Benetin J, Blazicek P, et al. Reduced plasma homocysteine levels in levodopa/
entacapone treated Parkinson patients. Parkinsonism Relat Disord 2005; 11:253–256.

67. Lamberti P, Zoccolella S, Iliceto G, et al. Effects of levodopa and COMT inhibitors on 
plasma homocysteine in Parkinson’s disease patients. Mov Disord 2005; 20:69–72.

68. Ogawa N. Molecular and chemical neuropharmacology of dopamine receptor subtypes. 
Acta Med Okayama 1995; 49:1–11.

69. Sokoloff P, Schwartz JC. Novel dopamine receptors half a decade later. Trends Pharmacol 
Sci 1995; 16:270–275.

70. Meador-Woodruff JH. Neuroanatomy of dopamine receptor gene expression: Potential sub-
strates for neuropsychiatric illness. Clin Neuropharmacol 1995; 18(Suppl 1):S14–S24.

71. Horn AS. Dopamine uptake: A review of progress in the last decade. Prog Neurobiol 
1990; 34:397–400.

72. Iversen LL. Role of transmitter uptake mechanisms in synaptic neurotransmission. 
Br J Pharmacol 1971; 41:571–591.

73. Giros B, Caron MG. Molecular characterization of the dopamine transporter. TIPS 
1993; 14:43–49.

74. Scherman D, Desnos C, Darchen F, et al. Striatal dopamine deficiency in Parkinson’s 
disease: Role of aging. Ann Neurol 1989; 26:551–557.

75. Uhl G, Walther D, Mash D, et al. Dopamine transporter messenger RNA in Parkinson’s 
disease and control substantia nigra neurons. Ann Neurol 1994; 35:494–498.

76. Vingerhoets FJ, Schulzer M, Calne DB, Snow BJ. Which clinical sign of Parkinson’s 
disease best reflects the nigrostriatal lesion? Ann Neurol 1997; 41:58–64.

77. Jenner P, Marsden CD. Neurochemical basis of parkinsonian tremor. In: Findley LJ, 
Capildeo R (eds). Movement Disorders: Tremor. London: Macmillan, 1984:305–319.

78. Ellenbroeck B, Schwarcz M, Sontag KH, et al. Muscular rigidity and delineation of a 
dopamine-specific neostriatal subregion: Tonic EMG activity in rats. Brain Res 1985;
345:132–140.

79. Jellinger K. Pathology of parkinsonism. In: Fahn S, Marsden CD, Jenner P, et al. (eds). 
Recent Development in Parkinson’s Disease. New York: Raven Press, 1986:33–66.

80. Hornykiewicz O. Die topische Lokalization und das Verhalten von Noradrenalin und 
Dopamin (3-Hydroxytyramin) in der Substantia nigra des normalen und parkinsonkran-
ken Menschen. Wien Klin Wochenschr 1963; 75:309–312.

81. Price KS, Farley U, Hornykiewicz O. Neurochemistry of Parkinson’s disease. Rela-
tion between striatal and limbic dopamine. Adv Biochem Psychopharmacol 1978; 19:
293–300.

82. Bernheimer H, Hornykiewicz O. Herabgesetzte Konzentration der Homovaillinsaure 
im Gehirn von parkinsonkranken Menschen als Ausdruck der Storung des zentralen 
Dopaminestroffwechsels. Klin Wochenschr 1965; 43:711–715.

83. Lindvall O, Björklund A. Organization of catecholamine neurons in the rat central 
nervous system. In: Iversen LI, Iversen SD, Snyder SH (eds). Handbook of Psychophar-
macology. Vol. 9. New York: Plenum Press, 1978:139–231.

84. Farley IJ, Hornykiewicz O. Noradrenaline in subcortical brain regions of patients with 
Parkinson’s disease and control subjects. In: Birkmayer W, Hornykiewicz O, (eds). 
Advances in Parkinsonism. Basel: Roche, 1976:178–185.

85. Scatton B, Javoy-Agid F, Rouquier L, et al. Reduction of cortical dopamine, noradrenaline, 
serotonin and their metabolites in Parkinson’s disease. Brain Res 1983; 275:321–328.

86. Riederer P, Birkmayer W, Seeman D, et al. Brain-noradrenaline and 3-methoxy-hydroxy-
phenylglycol in Parkinson’s syndrome. J Neural Transm 1977; 41:241–251.

87. Nagatsu T, Wakui Y, Kato TJ, et al. Dopamine beta-hydroxylase activity in cerebrospinal 
fluid of parkinsonian patients. Biomed Res 1982; 3:395–398.

88. Mayeaux R, Williams JBW, Stern Y, et al. Depression and Parkinson’s disease. Adv 
Neurol 1984; 40:241–250.

89. Strang RR. Imipramine in the treatment of parkinsonism: A double-blind placebo study. 
Br J Med 1965; 2:33–34.

90. Anderson J, Aabro E, Gulman N, et al. Antidepressant treatment of Parkinson’s disease. 
Acta Neurol Scand 1980; 62:210–219.

91. Hornykiewicz O. Parkinson’s disease. In: Crow TJ (ed). Disorders of Neurohumoral 
Transmission. London: Academic Press, 1982:121–143.

92. Narabayashi H, Kondo T, Hayashi A, et al. L-threo-3, 4-Dyhydroxyphenylserine treat-
ment for akinesia and freezing of parkinsonism. Proc J Acad 1981; 3:395–398.
Björklund A, Lindvall O. Dopamine-containing systems in the CNS. In: Björklund A, 
Hökfelt T (eds). Handbook of Chemical Neuroanatomy. Vol 2: Clinical Transmitters 
in the CNS. Amsterdam: Elsevier, 1984:55–122.

93. Steinbusch HWM. Serotonin-immunoreactive neurons and their projection in the CNS. 
In: Björklund A, Hökfelt T, Kuhar ML (eds). Classical Transmitters and Receptors in 
the CNS. Part II: Handbook of Chemical Neuroanatomy. Vol 3. Amsterdam: Elsevier, 
1984:68–126.

94. Forno LS. Pathology of Parkinson’s disease. In: Marsden CD, Fahn S (eds). Movement
Disorders Neurology 2. London: Butterworth, 1982:40–85.

95. Mayeaux R, Stern Y, Cote L, et al. Altered serotonin metabolism in depressed patients 
with Parkinson’s disease. Neurology 1984; 34:642–646.

96. Woolf NJ, Butcher LL. Central cholinergic systems: Synopsis of anatomy and overview 
of pharmacology and pathology. In: Scheibel AB, Wechsler AF (eds). The Biological 
Substrates of Alzheimer’s Disease, New York: Academic Press, 1989:73–78.

97. Agid Y, Javoy F, Guyenet P, et al. Effects of surgical and pharmacological manipulation 
of the dopaminergic nigrostriatal neurons on the activity of the neostriatal cholinergic 
system in the rat. In: Boissier JR, Hippius H, Pichot P (eds). Neuropsychopharmacology.
Amsterdam: Excerpta Medica, 1975:480–486.

98. Javoy-Agid F, Ploska A, Agid Y. Microtopography of TH, CAT and GAD activity in the 
substantia nigra and ventral tegmental area of control and parkinsonian human brain. 
Neurochemistry 1982; 37:1221–1227.

99. Hattori T, Singh VK, Mc Geer EG, et al. Immunohistochemical localization of choline 
acetyltransferase containing neostriatal neurons and their relationship with dopaminergic 
synapses. Brain Res 1976; 102:164–173.

100. Mc Geer PL, Mc Geer EG. Enzyme associated with the metabolism of catecholamines, 
acetylcholine and GABA in human controls and patients with Parkinson’s disease and 
Huntington’s chorea. J Neurochem 1976; 26:65–76.

101. Mayorga AJ, Cousins MS, Trevitt JT, et al. Characterization of the muscarinic receptor 
subtype mediating pilocarpine-induced tremulous jaw movements in rats. Eur J Phar-
macol 1999; 364:7–11.

102. Candy JM, Perry RH, Perry EK, et al. Pathological changes in the nucleus of Meynert 
in Alzheimer’s and Parkinson’s disease. J Neurol Sci 1983; 54:277–289.

103. Dubois B, Ruberg M, Javoy-Agid F, et al. A sub- cortico-cortical cholinergic system is 
affected in Parkinson’s disease. Brain Res 1983; 288:213–218.

104. Perry EK, Curtis M, Dick DJ, et al. Cholinergic correlates of cognitive impairment in 
Parkinson’s disease: Comparison with Alzheimer’s disease. J Neurol Neurosurg Psychiatry 
1985; 48:413–421.

105. Ruberg M, Ploska A, Javoy-Agic F, et al. Muscarinic binding and choline acetyltrans-
ferase activity in parkinsonian subject with reference to dementia. Brain Res 1982; 
232:129–139.

106. Javoy Agid F, Ruberg M, Hirsch E, et al. Recent progress in the neurochemistry of PD. 
In: Fahn S (ed). Recent Developments in PD. New York: Raven Press, 1986:67–83.

107. Lloyd KG, Hornykiewicz O. L-glutamic acid decarboxylase in Parkinson’s disease. Effects 
of L-dopa therapy. Nature 1973; 243:521–523.

108. Laaksonen H, Rinne UK, Sonninen V, et al. Brain GABA neurons in Parkinson’s disease. 
Acta Neurol Scand 1978; 57(Suppl 67):282–283.

109. Perry TL, Javoy-Agid F, Agid Y, et al. Striatal GABAergic neuronal activity is not reduced 
in Parkinson’s disease. J Neurochem 1983; 40:1120–1123.

110. Monfort JE, Javoy-Agid F, Hauw JJ, et al. Brain glutamate decarboxylase and “premor-
tem severity index’’ with a special reference to Parkinson’s disease. Brain 1985; 108:
301–303.

111. Richardson PJ, Kase H, Jenner PG. Adenosine A2A receptor antagonists as new agents 
for the treatment of Parkinson’s disease. Trends Pharmacol Sci 1997; 18:338–344.

112. Bartfai T. Presynaptic aspects of the coexistence of classical neurotransmitters and pep-
tides. Trends Pharmacol Sci 1985; 6:331–334.

113. Agid Y, Javoy-Agid F. Peptides and Parkinson’s disease. Trends Neurosci 1985; 8:30–35.
114. Hökfelt T, Skirboll l, Rehfeld JF, et al. A subpopulation of mesencephalic dopamine 

neurones projecting to limbic areas contains a cholesystokinin-like peptide: Evidence 
from immunohistochemistry combines with retrograde tracing. Neuroscience 1980; 
5:2093–2124.



21 • NEUROCHEMISTRY 243

115. Studler JM, Javoy-Agid F, Cesselin F, et al. CCK-8 immunoreactivity distribution in 
human brain: Selective decrease in the substantia nigra from parkinsonian patients. 
Brain Res 1982; 243:176–179.

116. Skirboll LR, Grace AA, Hommer DW, et al. Peptide-monoamine coexistence: Studies 
of the actions of cholecystokinin-like peptide on the electrical activity of mid-brain 
dopamine neurons. Neuroscience 1981; 6:2111–2124.

117. Markstein R, Hökfelt T. Effects of cholecystokinin-octapeptide on dopamine release 
from slices of cat caudate nucleus. J Neurosci 1984; 4:570–575.

118. Mauborgne A, Javoy-Agid F, Legrand JC, et al. Decrease of substance P-like immuno-
reactivity in the substantia nigra and pallidum of parkinsonian brains. Brain Res 1983;
268:167–170.

119. Grafe MR, Forno LS, Eng LF. Immunocytochemical studies of substance P and 
Metenkephalin in the basal ganglia and substantia nigra in Huntington’s, Parkinson’s 
and Alzheimer’s diseases. J Neuropathol Exp Neurol 1985; 44:47–59.

120. Taquet H, Javoy-Agid F, Giraud P, et al. Dynorphin levels in parkinsonian patients; 
Leu-enkephalin production from either proenkephalin A or prodynorphin in human 
brain. Brain Res 1985; 341:390–392.

121. Taquet H, Javoy-Agid F, Cesselin F, et al. Microtopography of methionine-enkepha-
lin dopamine and noradrenaline in the ventral mesencephalon of human control and 
parkinsonian brains. Brain Res 1982; 235:303–314.

122. Taquet H, Javoy-Agid F, Hamon M, et al. Parkinson’s disease affects differently Met5

and Leu5-enkephalin production in the human brain. Brain Res 1983; 280:379–382.
123. Epelbaum J, Ruberg M, Moyse E, et al. Somatostatin and dementia in Parkinson’s 

disease. Brain Res 1983; 278:376–378.
124. Lowe J. Lewy bodies. In: Calne DB (ed). Neurodegenerative Diseases. Philadelphia: 

Saunders, 1994:51–69.
125. Kitada T, Asakawa S, Hattori N, et al. Mutations in the Parkin gene cause autosomal 

recessive juvenile parkinsonism. Nature 1998; 392:605–608.
126. Polymeropoulos MH, Lavedan C, Leroy E, et al. Mutation in the alpha synuclein gene 

identified in families with Parkinson’s disease. Science 1997; 276:2045–2047.

127. Gasser T, Muller-Myhsok B, Wszolec ZK, et al. A susceptibility locus for Parkinson’s 
disease maps to chromosome 2p13. Nat Genet 1998; 18:262–265.

128. Ferrer M, Gwinn-Hardy K, Muenter M, et al. A chromosome 4p haplotype segregating 
with Parkinson’s disease and postural tremor. Hum Mol Genet 1999; 8:81–85.

129. Markopoulu K, Langston JW. Candidate genes and Parkinson’s disease: Where to next. 
Neurology 1999; 53:1382–1383.

130. Tan EK, Khajavi M, Nagamitsu S, et al. Variability and validity of polymorphism asso-
ciation studies in Parkinson’s disease. Neurology 2000; 55:533–538.

131. Lar SW, Connely OM, DeMayo FJ, et al. Identification of a new brain-specific transcrip-
tion factor Nurr1. Mol Endocrinol 1992; 6:2129–2135.

132. Castillo SO, Baffi JS, Palkivitis M, et al. Dopamine byosynthesis is selectively abolished 
in substantia nigra/ventral tegmental area but not in hypothalamic neurons in mice with 
targeted disruption of the Nurr1 gene. Mol Cell Neuorsci 1998; 11:36–46.

133. Saucedo-Cardenas O, Quintana-Hau JD, Le WD, et al. Nurr1 is essential for the 
induction of the dopaminergic phenotype and the survival of ventral mesencephalic 
late dopaminergic precursor neurons. Proc Natl Acad Sci USA 1998; 95:4013–
4018.

134. Sakurada K, Ohshima-Sakurada M, Palmer TD, et al. Nurr1, an orphan nuclear receptor, 
is a transcriptional activator of endogenous tyrosine hydroxylase in neuronal progenitor 
cells derived from the adult brain. Development 199; 126:4017–4026.

135. Sacchetti P, Mitchell TR, Granneman JG, et al. Nurr1 enhances transcription of the 
human dopamine transporter gene through a novel mechanism. J Neurochem 2001; 
76:1565–1572.

136. Zetterstrom RH, Solomin L, Jansson L, et al. Dopamine neuron agenesis in Nurr1-
deficient mice. Science 1997; 276:248–250.

137. Xu PY, Liang R, Jankovic J, et al. Association of homozygous 7048G7049 vari-
ant in the intron six of Nurr1 gene with Parkinson’s disease. Neurology 2002; 58:
881–884.

138. Lilienfeld DE, Perl DP. Projected neurodegenerative disease mortality in the United 
States, 1990–2040. Neuroepidemiology 1993; 12:219–228.





245

Basal Ganglia: 
Anatomy and Physiology

esearch in the past decade has led 
to major insights into the structure 
and function of the basal ganglia 
and, in turn, the pathophysiologic 

basis of basal ganglia disorders, such as Parkinson’s 
disease (PD) (1–10). This chapter summarizes current con-
cepts of the anatomy and physiology of the basal ganglia 
as well as the pathophysiology of motor features of PD.

STRUCTURE OF BASAL GANGLIA CIRCUITS

In primates, the basal ganglia (Figure 22-1) are a group 
of functionally related subcortical nuclei that include 
the dorsal striatum (comprising the caudate nucleus and 
putamen); the external globus pallidus (GPe); the internal 
globus pallidus (GPi); the substantia nigra, which com-
prises the dopaminergic neurons in the pars compacta 
(SNc) and the GABAergic neurons in the pars reticulata 
(SNr); and the subthalamic nucleus (STN). In rodents, the 
caudate nucleus and putamen are part of a single nucleus 
called the “caudate-putamen complex,” while the globus 
pallidus (GP) and the entopeduncular nucleus (EPN) are 
the functional homologs of GPe and GPi, respectively. 
Anatomically and physiologically, these structures are 
integrally related to large portions of the cerebral cor-
tex. The striatum and to a lesser extent, the STN are the 
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main entries for cortical information to the basal ganglia 
circuitry. From the striatum and the STN, cortical infor-
mation is conveyed to the basal ganglia output nuclei, GPi 
and SNr. Basal ganglia outflow is directed at a variety of 
targets, among them frontal areas of the cerebral cortex 
(via the ventral motor thalamic nuclei), various brainstem 
structures (superior colliculus, lateral habenular nucleus, 
pedunculopontine nucleus (PPN), parvicellular reticular 
formation), and the striatum (via connections with thala-
mostriatal neurons in intralaminar and nonintralaminar 
nuclei). The ventral striatopallidal complex and related 
basal ganglia nuclei that play an important role in limbic 
and reward-related behaviors are not discussed in this 
review. Readers are referred to recent reviews for more 
information on these regions (11–21).

INTRINSIC NEURONAL ORGANIZATION 
OF BASAL GANGLIA NUCLEI

At the cellular level, the striatum is the most complex 
structure of the basal ganglia. It is made up of spiny and 
aspiny neurons that are easily recognized by the abun-
dance or scarcity of dendritic spines, respectively. The 
spiny neurons are the output neurons of the striatum that 
project to both segments of the globus pallidus and the 
substantia nigra, while aspiny neurons are interneurons.

R
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In rodents, interneurons represent only 2% to 3% of the 
total striatal neuronal population, while in monkeys they 
account for as much as 23% of all striatal neurons (22, 
23). All spiny neurons are GABAergic, but they can be 
separated into two populations based on their main pro-
jection site as well as their neuropeptide and dopamine 
receptor expression (see below). Some neurons contain 
enkephalin mRNA, project preferentially to GPe, and 
express D2-dopamine receptors, while another group 
that contains substance P/dynorphin and expresses D1 
dopamine receptors projects mainly to the GPi and SNr 
(24). Single-cell filling studies have reported a higher 
degree of axon collateralization of striatofugal neurons 
than previously thought (25, 26). Axon collaterals of 
spiny neurons arborize profusely in the vicinity of their 

parent cell bodies, providing GABAergic innervation to 
neighboring projection neurons. Although this intrinsic 
inhibitory connectivity between medium spiny neurons 
has long been thought of as the substrate for lateral inhi-
bition in the striatum (27–29), it has been shown that 
these connections are weak and likely mediate subtle 
modulatory influence on striatal activity (30, 31). Striatal 
interneurons comprise 4 chemically characterized popula-
tions: (a) cholinergic interneurons, of which more than 
50% coexpress calretinin in humans (32) and likely cor-
respond to the “tonically active” neurons (TANs) that 
can be physiologically identified in the rat and monkey 
striatum (33, 34). These neurons play a pivotal role in 
reward-related learning and motivated behaviors (35, 
36). (b) GABA/parvalbumin interneurons, also referred 
to as “fast spiking interneurons.” They form multiple 
axosomatic synapses on projection neurons, are electro-
tonically coupled through gap junctions (23), and exert 
a powerful control on spike timing in projection neu-
rons, thereby providing the substrate for fast-forward 
intrastriatal inhibition of projection neurons in response 
to cortical activation (23, 37)). (c) GABA/nitric oxide 
synthase/neuropeptide Y/ somatostatin interneurons, cat-
egorized physiologically as “persistent and low-threshold
spike” neurons. These cells induce large inhibitory cur-
rents in projection neurons and release nitric oxide, which 
modulates plasticity at glutamatergic synapses (23). 
(d) Medium-sized GABA/calretinin interneurons, which
represent the largest population of striatal interneurons 
in humans (32). In rats, these neurons display physiologic 
characteristics similar to those of the persistent- and low-
threshold spike neurons and exert powerful monosynap-
tic inhibition of medium spiny projection neurons (23). 
A small population of dopaminergic neurons has also 
been described in the striatum of dopamine-depleted rats 
and monkeys and in the caudate nucleus and putamen 
of patients with PD (38–42). These aspiny neurons coex-
press various markers of dopaminergic neurons, glutamic 
acid decarboxylase, and, for a small subset, calretinin 
(38, 39, 41). They receive very scarce synaptic inputs 
and are preferentially expressed in the precommissural 
putamen and caudate nucleus (41). Their density signifi-
cantly increases following dopamine depletion in rat and 
monkey models of parkinsonism, suggesting that they 
may serve as a potential compensatory mechanism in PD 
(36–40). In MPTP-treated monkeys, these neurons give 
rise to local axon terminals containing both GABA and 
tyrosine hydroxylase (39).

Although medium spiny neurons are homogenously 
distributed throughout the striatum, they are divided 
into 2 neurochemically defined striatal compartments—
namely, the patch (or striosome) and the matrix compart-
ment (43, 44). Projections from sensorimotor cortices and 
most thalamic nuclei innervate the matrix preferentially 
(44–51), while corticostriatal afferents from limbic and 

FIGURE 22-1

Schematic diagram of the basal ganglia–thalamocortical cir-
cuitry under normal conditions. Inhibitory connections are 
shown as black arrows, excitatory connections as gray arrows. 
GPe, external segment of the globus pallidus; GPi, internal 
segment of the globus pallidus; SNr, substantia nigra pars 
reticulata; SNc, substantia nigra pars compacta; STN, sub-
thalamic nucleus; CM, centromedian nucleus of thalamus; 
VA/VL, ventroanterior and ventrolateral nuclei of thalamus.
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prefrontal association cortices as well as thalamic inputs 
from the paraventricular (PV) and rhomboid nuclei ter-
minate rather selectively within patches (46, 48, 49, 52, 
53). Various neurochemical markers and projections have 
been specifically associated with the patch or matrix com-
partments (54). In rats, a significantly higher proportion 
of thalamostriatal afferents forms axodendritic termi-
nations in the patch compartments than in the matrix 
compartment (55). The behavioral importance of the 
patch-matrix organization of the striatum is underscored 
by recent findings that a disturbance of the balance of 
activity between the patch and matrix compartments 
may lead to repetitive motor behaviors (56–58) and that 
selective neurodegeneration of patches occurs in X-linked 
progressive dystonia-parkinsonism (59).

The internal and external segments of the globus 
pallidus are largely made up of GABAergic projection 
neurons (60–62). In rats, two primary populations of pal-
lidal projection neurons, characterized by the expression 
of parvalbumin (PV) and preproenkephalin (PPE) mRNA, 
have been identified. The PV�/PPE- neurons account for 
about 60% of the total population of pallidal neurons 
and project preferentially to the STN, the entopeduncu-
lar nucleus (the rodent equivalent of the GPi), and the 
SNr, whereas the PV-/PPE� neurons constitute 40% of 
GP neurons and project mainly to the striatum (63–65). 
These two populations of neurons respond differently to 
dopamine receptor antagonists (64, 66). Pallidostriatal 
and pallidosubthalamic neurons also form segregated 
populations in the monkey GPe (67). Interneurons are 
rare in GPe and GPi, but GPe projection neurons have 
intrinsic axon collaterals that likely contribute to local 
inhibition in GPe and provide strong inhibitory influences 
to GPi (67–69). Two types of projection neurons have 
been identified in the monkey GPi based on single-cell fill-
ing studies (70). The most common neurons are centrally 
located and send axonal projections to the thalamus (ven-
tral motor and caudal intralaminar nuclei) and brainstem 
pedunculopontine region, while less numerous peripherally 
located neurons send their axons through the stria medullaris 
up to the lateral habenular nucleus, one of the most densely 
innervated pallidal targets in monkeys (70). Almost half of 
these neurons have both ipsi- and contralateral projections 
to their thalamic or brainstem targets (70). Pallidotha-
lamic axons travel through 2 main tracts to reach their 
targets, the ansa lenticularis and the lenticular fasciculus. 
Although these tracts have long been known as distinct 
anatomic and functional pathways (71), more recent find-
ings have challenged this concept and concluded that both 
sensorimotor and associative pallidofugal axons originat-
ing from the caudal GPi travel predominately through 
the lenticular fasciculus en route to the thalamus (72). 
In contrast, the ansa lenticularis is largely made up of 
nonmotor and limbic axons from the rostral and medial 
GPi and incoming serotonergic and dopaminergic striatal 

and pallidal inputs from the brainstem (72). Thus, pro-
posals to target the subpallidal fibers during posterior 
pallidotomy or deep brain stimulation for treatment of 
PD seem misguided (72).

In the substantia nigra, axon collaterals of SNr neu-
rons innervate neighboring SNr neurons and dopaminer-
gic SNc neurons in a highly organized and topographic 
manner, thereby contributing to an indirect route through 
which the striatum can upregulate its level of dopaminergic 
transmission via disinhibition of nigrostriatal neurons (73). 
The STN mainly comprises glutamatergic projection neu-
rons to GPi but also includes a small population (about 7% 
total population) of GABAergic interneurons in humans 
(67, 74, 75).

SOURCES OF INPUTS TO 
THE BASAL GANGLIA

The Corticostriatal Projection

The corticostriatal projection terminates in a strict topo-
graphic organization that imposes on the striatum a seg-
regation of functional territories (76–79). In primates, 
the somatosensory, motor, and premotor cortices project 
somatotopically to the postcommissural region of the puta-
men (80–83); the associative cortical areas project to the 
caudate nucleus; and the precommissural putamen (84–88); 
whereas the limbic cortices, the amygdala, and the hip-
pocampus terminate preferentially in the ventral striatum, 
which includes the nucleus accumbens and the olfactory 
tubercle (89–94).

Processing and integration of functionally related 
information in these striatal territories is likely governed 
by both convergence and segregation of cortical inputs. 
For instance, evidence that associative areas of the cere-
bral cortex, which have reciprocal corticocortical projec-
tions, innervate common regions of the caudate nucleus 
in rhesus monkeys (85, 95) is opposed by studies demon-
strating that projections from linked associative cortical 
areas are either completely segregated or minimally over-
lapping in the monkey striatum (86). Somatosensory and 
motor cortical areas related to the same body parts tightly 
overlap in the ipsilateral postcommissural putamen, while 
contralateral projections from the primary motor cortex 
(M1) except those from the face area interdigitate with 
projections from the ipsilateral somatosensory and M1 
cortices (83).

Dendritic spines of output striatal neurons are by far 
the main targets of corticostriatal afferents (96), although the 
GABA/PV-containing interneurons also receive  significant 
cortical inputs in rats and monkeys (97). Recent in vivo 
electrophysiologic data demonstrate that spike responses in 
GABA/PV interneurons occur earlier and can be induced by 
a lower intensity of cortical stimulation than that required 
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for medium spiny projection neurons (37). In general, 
increased cortical activity facilitates responses in GABA/
PV interneurons, while opposite effects are found in pro-
jection neurons, which indicates that feed-forward inhibi-
tion of GABA/PV interneurons filters cortical information 
effectively transmitted to striatal output neurons (23, 37). 
Cortical inputs and feed-forward inhibition from GABA/
PV interneurons contribute to the imbalance of activity 
between the 2 main populations of striatofugal neurons in 
the rat model of PD (see below for more details and also 
Ref. 98). Cortical inputs to other interneuron populations 
are sparse and often located on distal dendrites (99). There 
is also evidence for differential cortical innervation of the 
2 main populations of striatofugal neurons (see below for 
more details).

The Thalamostriatal Projection

The intralaminar thalamic nuclei are a major source of 
excitatory afferents to the striatum (51, 96, 100, 101). 
In primates, the caudal intralaminar nuclear group, the 
centromedian (CM), and the parafascicular (PF) nuclei 
provide inputs that largely terminate in different func-
tional territories in the striatum (51, 102, 103). The medial 
part of CM projects to the postcommissural sensorimotor 
putamen, while the lateral CM innervates M1 preferen-
tially. On the other hand, the PF innervates predominantly 
the associative part of the caudate nucleus and the ventral 
striatum (51, 103–105) while the dorsolateral PF projects 
selectively to the precommissural putamen (106, 107). 
CM and PF inputs preferentially innervate the dendritic 
shafts of striatal output neurons (101, 105, 108, 109). 
In monkeys, striatofugal neurons that project to GPi are 
more frequently contacted by CM inputs than striato-GPe 
neurons (109). However, a PF lesion prevents upregula-
tion of enkephalin mRNA (marker of indirect pathway 
neurons) but does not affect the downregulation of sub-
stance P mRNA (marker of direct pathway neurons) in 
6-OHDA–treated rats (110, 111). Together, these anatomic 
and functional data indicate that both populations of stria-
tofugal neurons are likely regulated by the thalamostriatal 
projection from CM/PF (107), albeit perhaps to different 
degrees in monkeys and rodents. Striatal interneurons—
immunoreactive for choline acetyltransferase, parvalbumin, 
and somatostatin but not calretinin—also receive inputs 
from CM in monkeys (109). In rats, PF projections avoid 
parvalbumin-containing interneurons but strongly inner-
vate cholinergic interneurons (112, 113). In line with these 
electron microscopic data, there is evidence that projections 
from CM/PF tightly regulate cholinergic neuronal activ-
ity in the rat striatum (114–116) and are required for the 
sensory responses of TANs (likely cholinergic) acquired 
through sensorimotor learning in monkeys (117).

Although the CM/PF complex is the main source 
of thalamostriatal afferents, most thalamic nuclei con-

tribute a varying degree of striatal innervation (107, 
118). Albeit sparse compared to those from CM/PF, 
these projections are topographically and functionally 
organized in the rat and monkey striatum (107). The 
synaptic connectivity of striatal projections from CM/PF 
is strikingly different from that of other thalamic nuclei.
CM/PF terminals form synapses predominantly with den-
dritic shafts of medium spiny neurons, whereas projections 
from other nuclear groups—including rostral intralami-
nar, midline, and relay thalamic nuclei—target dendritic 
spines almost exclusively (55, 107, 119). Another main 
difference between striatal inputs from CM/PF and other 
thalamic nuclei relates to the degree of axon collateraliza-
tion to the cerebral cortex. Based on data from double 
retrograde fluorescent studies and single-cell filling injec-
tions, projections from CM/PF in both rats and monkeys 
are mainly directed toward the striatum, with minimal 
innervation of frontal cortical areas, whereas relay and 
rostral intralaminar nuclei project predominantly to the 
cerebral cortex, with light to moderate striatal innervation 
(107, 120–122). In general, striatal projections from CM/
PF are much more focused and give rise to a significantly 
larger number of terminals than individual corticostriatal 
axons (120–125), which underlines the importance of the 
thalamostriatal system in the functional scheme of basal 
ganglia organization (107, 126, 127).

The introduction of vesicular glutamate transport-
ers 1 and 2 (vGluT1 and vGluT2) as selective markers 
of the corticostriatal and thalamostriatal glutamatergic 
projections, respectively, provides exciting new tools to 
compare these 2 pathways. Recent findings demonstrate 
that the synaptic microcircuitry of vGluT1- and vGluT2-
immunoreactive glutamatergic terminals is strikingly dif-
ferent between the 2 main anatomic compartments of 
the striatum—that is, the patches (or striosomes) and 
the matrix (55). About 90% of vGluT1- and vGluT2-
containing boutons form axospinous synapses in both 
compartments, but only half of vGluT2-positive terminals 
do so in the matrix, suggesting differential regulatory 
mechanisms of striatal outflow by the thalamostriatal 
system in the patch and matrix (55, 119).

The role (or roles) of the thalamostriatal system 
remains poorly understood and likely differs between 
projections that arise from CM/PF and those arising from 
other thalamic nuclei. Kimura and colleagues have pro-
posed that the CM and PF supply striatal neurons with 
information that have attentional values, thus acting as 
detectors of behaviorally significant events occurring on 
the contralateral side (117, 128–130). Positron emission 
tomographic (PET) studies in humans showing that acti-
vation of the CM/PF complex changes when participants 
switch from a relaxed state to an attention-demanding 
reaction-time task are consistent with these observa-
tions in nonhuman primates (107, 131). The function 
of other thalamostriatal systems might be to provide a 
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positive reinforcer of specific populations of striatal neu-
rons involved in performing a selected cortically driven 
behavior (132).

Significant neuronal loss has been found in the CM/
PF of patients with progressive supranuclear palsy, Hun-
tington’s disease, and PD (107, 133, 134). In parkinso-
nian patients, subpopulations of parvalbumin- containing 
neurons are mainly affected in PF; while in CM, nonpar-
valbumin/noncalbindin neurons are specifically targeted 
(133, 134). In rodents, there is controversy as to whether 
unilateral 6-OHDA lesion of the dopaminergic nigrostria-
tal pathway induces PF neurodegeneration; while some 
authors could not find evidence for neuronal loss in the 
ipsilateral PF 3 months after nigrostriatal dopaminergic 
lesion, another recent study demonstrated more than 
50% loss of PF neurons projecting to the dopamine-
depleted striatum 1 month after the lesion (135, 136). 
Systemic MPTP administration also induces significant 
loss of midline and intralaminar nuclei in mice (137).

The Cortico- and 
Thalamosubthalamic Projections

Anatomic evidence indicates that the corticosubthalamic 
projection is exclusively ipsilateral (138, 139). In contrast 
to the corticostriatal projection, which arises from the 
entire cortical mantle, the corticosubthalamic projection 
arises largely from the primary motor cortex (M1), with 
lesser contributions from prefrontal, premotor, and cingu-
late cortices (80, 138–141). M1 afferents are confined to 
the dorsolateral part of the STN (138, 140), while affer-
ents from premotor, supplementary, and cingulate motor 
areas innervate mainly the medial third of the nucleus (81, 
138, 140–142). The prefrontal-limbic cortices project to 
the medialmost tip of the STN (138, 139, 143, 144). 
Anatomic and physiologic evidence indicates that, like 
the cortical input to the striatum, the corticosubthalamic 
projection from M1 is somatotopically organized with the 
face area projecting laterally, the arm area centrally, and 
the leg area medially (80, 138, 140, 145, 146). A similar 
somatotopic organization has been reported in the STN 
of humans with PD undergoing microelectrode mapping 
during functional neurosurgical procedures (147). Input 
from the supplementary motor area (SMA) to the STN 
shows a somatotopy that is reversed to the one from M1 
(140, 146). It is worth noting, however, that STN neurons 
in rats have long dendrites that may cross the boundaries of 
functional territories imposed by cortical projections (148). 
There is anatomic evidence that the corticostriatal and 
corticosubthalamic tracts originate largely from segregated 
populations of corticofugal neurons in monkeys (125). In 
rats and cats, the cortical input to the STN arises from 
long-range axons descending to the brainstem and spinal 
cord (149, 150). Single axon tracing studies devoted to 
the corticosubthalamic projection are needed to further 

characterize the sources and collateralization of cortico-
subthalamic neurons in primates.

A second major source of excitatory inputs to the 
STN arises from the caudal intralaminar thalamic nuclei 
(51, 151–153). The thalamosubthalamic and thalamostri-
atal projections arise largely from segregated sets of neu-
rons in the rat PF (152), although neurons that project to 
both structures were also found (154). In a recent single 
axon-tracing study in monkeys, none of the 29 CM/PF 
axons analyzed gave rise to significant projection to 
the STN, suggesting the possibility that the bulk of the 
thalamosubthalamic projections arise, in fact, from the 
subparafascicular nucleus in nonhuman primates (122). 
Cortical and thalamic inputs are thought to be excitatory 
on STN neurons, resulting in faster transmission of cor-
tical information to the basal ganglia output structures 
than via striatofugal pathways (144, 146, 155–158).

INTRINSIC BASAL GANGLIA CONNECTIONS

“Direct” and “Indirect” Striatofugal Projections

In the early 1990s, a model of the functional connectivity 
of the basal ganglia emerged that described how cortical 
information is conveyed from the striatum to the output 
nuclei of the basal ganglia (GPi and SNr). Most authors 
agree that the intrinsic organization of striatofugal pro-
jections impose the striatal organization into motor, lim-
bic, associative, and oculomotor territories on the other 
basal ganglia structures (76). This organizational principle 
results in the formation of distinct motor, associative, lim-
bic, and oculomotor corticobasal gangliathalamocortical 
circuits that remain segregated throughout their subcorti-
cal course (76). Within the boundaries of each of these 
circuits, striatofugal pathways are divided into the so-
called direct and indirect striatofugal pathways (3, 159, 
160). The direct pathway arises from a sub- population of 
medium spiny neurons that project directly to neurons of 
GPi and SNr, whereas the indirect pathway arises largely 
from a separate population of spiny neurons that project 
to GPe (24). In turn, GPe conveys the information either 
directly, or via the intercalated STN, to GPi and SNr. The 
direct GABAergic GPe-GPi/SNr projection terminates pre-
dominately on the proximal part of GPi and SNr neurons. 
In monkey, GPe terminals account for more than 50% of 
the total number of terminals in contact with the perikarya 
of GPi neurons (160-164).

Although the degree of segregation of striatofugal 
neurons has been a matter of debate (see, e.g., Refs. 24 to 
26 and 165), it appears that the subpopulation of striatal 
neurons that gives rise to the direct pathway can be further 
characterized by the presence of the neuropeptides substance 
P and dynorphin and by the preferential expression of the 
dopamine D1 receptors, while the subpopulation that gives 
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rise to the indirect pathway expresses enkephalin and 
dopamine D2 receptors preferentially (166–172). The 
axons of striatal output neurons tend to form distinct 
bands of termination (24, 25, 173–175) that are highly 
specific (26, 174, 175). There is anatomic and functional 
evidence that the glutamatergic corticostriatal system 
regulates the 2 main populations of striatofugal neurons 
differently. For instance, stimulation of sensorimotor cor-
tices induces preferential immediate-early gene expression 
in enkephalin-containing neurons in rats and monkeys 
(176, 177), and injections of the transneuronal antero-
grade herpes simplex virus into monkey M1 result in 
selective aggregation of third-order infected neurons in 
GPe (178). However, rodent studies have reported that 
both populations of striatofugal neurons respond to cor-
tical stimulation (e.g., Ref. 179). Potential species and 
technical differences must be considered to explain these 
discrepancies.

The two principal populations of striatal neurons 
may differ in the type of cortical inputs they receive. Thus, 
cortical intratelencephalic (IT) neurons, which project to 
contralateral cortices and striatum, appear to target pref-
erentially D1-containing “direct” striatofugal neurons, 
while pyramidal tract (PT) neurons, which project to the 
brainstem and spinal cord, innervate preferentially D2-
containing “indirect” striatofugal neurons (180). At the 
cortical level, corticostriatal IT neurons provide inputs 
to other IT neurons and PT neurons (181), whereas PT 
neuron projections to IT neurons are far less common, 
which suggest a high degree of specificity in the microcir-
cuitry of different populations of corticostriatal neurons. 
In monkeys, most data suggest that corticostriatal neu-
rons are segregated from long-range corticospinal neu-
rons (182–184), but a recent single-axon-tracing study 
demonstrated that this segregation may not be as strict 
as previously thought (125).

Dopaminergic Projections

The SNc (A9), ventral tegmental area (VTA, A10) and 
retrorubral field (RRF, A8) are the main sources of dopa-
mine to the basal ganglia. The striatum is the main tar-
get of midbrain dopaminergic neurons, but extrastriatal 
dopaminergic projection to other basal ganglia nuclei 
and the thalamus may also play an important role in 
basal ganglia functions (39). Both the caudate nucleus 
and putamen receive strong dopaminergic inputs from 
segregated populations of SNc and RRF neurons, while 
the VTA innervates mainly the ventral striatum (24, 
165, 185). The SNc comprises 2 main populations of 
dopaminergic neurons, which can be differentiated by 
their location and relative content of calbindin D28k and 
dopamine transporter (186). The ventral-tier SNc (SNc-v) 
comprises a densocellular part located dorsomedially and 
a ventral part made up of cell columns and clusters that 

interdigitate with the SNr. These neurons are enriched in 
the dopamine transporter (DAT), do not express calbin-
din D28k, and are most sensitive to neurodegeneration in 
PD. In contrast, dorsal-tier SNc neurons (SNc-d) express 
low DAT immunoreactivity but are riched in calbindin. 
These neurons and those of the VTA are relatively spared 
in PD (187, 188). These 2 populations of dopaminergic 
neurons give rise to morphologically different types of 
axons, which display specific patterns of distribution in 
the rat striatum (189–191). The SNc-v neurons inner-
vate the patch compartment preferentially, whereas 
SNc-d neurons project mainly to the matrix, although 
this segregation is not complete (189, 192). In monkeys, 
4 main features characterize the topographic organization 
of the nigrostriatal system: (a) the sensorimotor striatum 
receives its main dopaminergic innervation from cell col-
umns in the SNc-v, (b) the associative striatum is widely 
innervated by neurons in the densocellular part of the 
SNc-v, (c) the VTA and SNc-d innervate the limbic-related 
ventral striatum (193), and (d) both dorsal- and ventral-
tier SNc neurons innervate the ventral striatum tio vary-
ing degrees (191). Together, these findings demonstrate 
that the nigrostriatal system is made up of several neu-
ronal subsystems that allow for complex multifaceted 
regulation of widespread striatal regions.

Dopaminergic inputs functionally regulate the activ-
ity of striatal medium spiny projection neurons through 
pre- and postsynaptic interactions with D1- and D2-family 
receptors. The D1 family of receptors comprises D1 and 
D5 receptors, while the D2 family of receptors consists 
of D2, D3, and D4 receptors. Activation of D1-family 
receptors is thought to exert excitatory effects, while 
activation of D2-family receptors is generally inhibitory. 
D1 and D2 receptors are largely found in dendrites and 
spines of “direct” and “indirect” striatofugal neurons, 
respectively. In addition, D2 receptors are significantly 
expressed in cholinergic interneurons (39) and may be 
involved in long-term plasticity in striatal projection neu-
rons (172, 194).

One of the principal functions of dopamine in the 
striatum may be the regulation of corticostriatal trans-
mission. In large part, this is accomplished through 
complex interactions between pre- and postsynaptic 
dopamine receptors (39, 195). The interactions between 
the glutamatergic cortical inputs and modulatory dopa-
minergic projections occur specifically at postsynaptic 
dendritic spines (161). The convergence of glutamatergic 
and dopaminergic terminals on the head and neck of 
dendritic spines, respectively, provides a substrate where 
dopaminergic inputs can filter more distal glutamatergic 
afferents (161, 196, 197). This interaction involves both 
D1 and D2 receptors. The filtering mechanism appears 
to target specifically subsets of less active glutamatergic 
terminals (198, 199). D2-receptor activation also affects 
glutamate release in the striatum, likely mediated via 
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retrograde endocannabinoid signaling, induced by high-
frequency stimulation of D2 receptors on dendritic spines 
of medium spiny neurons (200).

The other classes of dopamine receptors are found at 
lower levels in the striatum. The D3 receptor is mainly con-
fined to the ventral striatum (nucleus accumbens). Lower 
levels of D4 and D5 receptors are found in striatal projec-
tion neurons. D5 receptors are preferentially expressed 
in cholinergic and parvalbumin-containing interneurons 
(201–204). D5 receptors may be important in long-term 
synaptic plasticity and in the regulation of acetylcholine 
release and GABA(A)-mediated currents (203–206).

Dopamine does not mediate its effects on basal 
ganglia functions solely through the striatum. The role 
of extrastriatal dopamine in regulating activity of pal-
lidal, subthalamic, and nigral neurons has been clearly 
demonstrated (39). SNc neurons send axonal projections 
to GPe, Gpi, and STN. Tyrosine hydroxylase–positive 
terminals forming symmetrical synapses have been found 
in the pallidum and STN (39, 207). Dopamine release, 
albeit at levels that are substantially lower than those 
in the striatum, has been shown in the rat GP and STN 
(207, 208). In the substantia nigra, dopamine is released 
through dendrites of SNc neurons that extend ventrally 
into the SNr (39, 209). Neurons in the extrastriatal basal 
ganglia nuclei express pre- and postsynaptic D1- and D2-
family dopamine receptors that mediate the functional 
effects of dopamine and dopamine-related drugs on GP, 
STN, and SNr neurons (39, 63, 66, 210, 211). Wide-
spread dopamine innervation of the monkey thalamus has 
been demonstrated, which provides another important 
extrastriatal target where dopamine could regulate basal 
ganglia-thalamocortical systems (212, 213).

STN Projections

The main projection sites of the STN are GPi (EP in the 
rat) and SNr. The STN also provides a dense glutamatergic 
feedback projection to the GPe (148, 163, 214–218) and 
sends modest inputs to the striatum (104, 219, 220), the 
SNc (217, 221, 222), the PPN (220, 221, 223), and the 
spinal cord (224). STN output is highly collateralized in 
the rat (225, 226) but is thought to be more specific in 
primates (143, 218, 220, 226, 227) (but also see Refs. 175 
and 185).

Several studies have demonstrated that the relation-
ships between neurons of the GPe, STN, and GPi are 
highly specific (69, 64, 218, 228–230). Populations of 
neurons within sensorimotor, cognitive, and limbic ter-
ritories in the GPe are reciprocally connected with popu-
lations of neurons in the same functional territories of 
the STN, and the neurons in each of these regions, in 
turn, innervate the same functional territory of the GPi 
(164, 218). It is possible, however, that additional, more 
divergent circuits may exist (69, 164, 218, 231).

In contrast to the previous belief that the STN is 
a homogeneous structure made up of a single popula-
tion of output neurons, recent single-axon-tracing data 
demonstrate neuronal heterogeneity in the primate STN. 
In monkeys, 5 populations of STN neurons have been 
identified based on their termination sites and collateral-
ization of their axonal projections to other basal ganglia 
nuclei (67). These include neurons that project to GPe and 
GPi (48%); neurons that project to SNr, Gpi, and GPe 
(21%); neurons with axons that course toward the stria-
tum (17%); neurons that project only to GPe (11%); and 
neurons that target SNr and GPe (3%) (67). It remains 
unclear how these data can be reconciled with the above-
cited work demonstrating the specificity of most STN 
projection neurons.

OUTPUT PROJECTIONS OF 
THE BASAL GANGLIA

Nigrofugal Pathways

Based on the arrangement of striatal inputs and nigral out-
puts, the SNr in rats can be subdivided into a dorsolateral 
sensorimotor and a ventromedial associative territory (232), 
further supporting the hypothesis of a broad organization 
of the basal ganglia into segregated channels (76). SNr neu-
rons possess a rich network of local axon collaterals, which 
are confined to the same functional domain as the parent 
cell body.

The pattern of axonal arborization of SNr neurons 
has been the topic of many recent single axon-tracing 
studies in rats and monkeys (73, 233–235). These studies 
have shown that SNr neurons are highly heterogeneous in 
their degree of innervation and axonal collateralization 
to thalamic and other targets (233–235).

Thalamic projections from the medial part of the 
SNr terminate mostly in the medial magnocellular divi-
sion of the ventral anterior nucleus (VAmc) and the 
mediodorsal nucleus (MDmc) which, in turn, innervate 
anterior regions of the frontal lobe including the prin-
cipal sulcus (Walker’s area 46) and the orbital cortex 
(Walker’s area 11) in monkeys (236). Neurons in the 
lateral part of the SNr project preferentially to the lateral 
posterior region of the VAmc and to different parts of 
the MD. These areas of the thalamus are predominately 
related to posterior regions of the frontal lobe, including 
the frontal eye field and areas of the premotor cortex, 
respectively (236). More detailed anatomic studies using 
the technique of retrograde transsynaptic transport of 
viruses have directly visualized different nigro-thalamo-
cortical channels along which basal ganglia outflow 
gains access to cognitive, sensory, and oculomotor cor-
tical areas of the frontal, temporal, and parietal lobes in 
monkeys (237, 238).
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SNr neurons also project to the superior colliculus, 
PPN, and the medullary reticular formation. Nigrocol-
licular fibers terminate mainly on tectospinal neurons in 
the intermediate layer of the superior colliculus and play 
a critical role in the control of visual saccades (239). A 
reciprocal tectonigral projection that terminates in the 
vicinity of dopaminergic SNc neurons has been described 
in rats and cat (240, 241). This projection is a relay for 
short-latency visual information to influence basal gan-
glia through the nigrofugal dopaminergic system (240). 
Nigrotegmental neurons terminate predominantly on 
noncholinergic neurons in the medial two-thirds of the 
PPN (242, 243). The nigroreticular projection terminates 
in the parvicellular reticular formation, which is directly 
connected with orofacial motor nuclei (244–246).

SNr outputs are also involved in several feedback cir-
cuits. Thus, many PPN neurons send projections back to 
the basal ganglia nuclei, including the SNr. SNr neurons also 
innervate thalamostriatal projection neurons in PF (106). 
Another example for a feedback circuit is a local reentrant 
loop, by which projections from the SNr target SNc neurons 
that project to the striatal sector from which the parent cell 
bodies in the SNr receive their afferents (73). Studies in 
rats suggest that SNr neurons also project directly to the 
striatum (247).

Pallidofugal Pathways

Two principal anatomic types of neurons have been 
identified in the monkey GPi. The most abundant cell 
type (type I neurons), located in the core of GPi, projects 
discretely to the PPN but arborizes profusely in the ven-
tral motor and caudal intralaminar thalamic nuclei. In 
contrast, type II neurons are located in the periphery of 
GPi, and send massive projections to the lateral habenular 
nucleus. A small proportion of both type I and type II 
neurons project contralaterally to thalamic and brainstem 
targets (70, 248–250).

Primarily based on studies of striatopallidal inputs 
and palliothalamic projections, GPi is viewed as an ana-
tomically and functionally largely segregated structure. 
The ventrolateral two-thirds of the nucleus receive affer-
ents arising from sensorimotor cortical areas, while the 
dorsal third and the rostromedial pole of the GPi receive 
afferents arising from associative and limbic cortical 
areas, respectively (78). The segregation is maintained 
in the pallidothalamic projection (251). Sensorimotor 
information is conveyed almost exclusively to the poste-
rior part of the ventrolateral nucleus (VLo in macaques), 
while “associative” portions of GPi project preferen-
tially to the parvocellular part of the ventral anterior 
(VA) and the dorsal ventrolateral nucleus of thalamus 
(VLc in macaques) (251–253). Projections from “associa-
tive” and “limbic” portions of GPi innervate the same 
thalamic nuclei, suggesting that emotional and cognitive 

information from the basal ganglia may converge onto 
individual thalamocortical neurons.

Via the thalamus, sensorimotor output from GPi is 
projected toward the supplementary motor area (SMA) 
(254–257), M1 (256–263) and premotor (PM) cortical 
area (259). Virus transport studies have suggested that the 
pallidal projections directed at cortical areas MI, PM, and 
SMA arise from segregated populations of GPi neurons 
in monkeys (259, 264). Basal ganglia output related to 
associative and limbic functions may be transmitted in 
a less specific manner to prefrontal areas (265, 66) and 
frontal cortical regions (256, 267).

Most GPi neurons that project to VA/VLo also send 
axon collaterals to the caudal intralaminar nuclear group 
(CM/PF), which, in turn, projects predominately to the 
striatum (see above and Ref. 251). Neurons in the senso-
rimotor territory of GPi project exclusively to CM, while 
associative and limbic areas predominantly reach PF, 
which provides the substrate for functionally segregated 
pallidothalamostriatal loops in primates (106, 107).

In monkeys, a large proportion of neurons that 
project to the VA/VLo also send axon collaterals to the 
noncholinergic portion of the PPN (268–272). This pro-
jection is less specific than the pallidal projections to the 
thalamus. In fact, processing at the level of the PPN may 
serve to integrate neuronal input from different functional 
GPi territories (268). The PPN gives rise to descending 
projections to the pons, medulla, and spinal cord as well 
as prominent ascending projections to the basal gan-
glia, thalamus, and basal forebrain (see, e.g., Refs. 273 
and 274). Of the basal ganglia projections, the massive 
projection to the dopaminergic SNc is perhaps most note-
worthy (275–280).

Another important target of GPi neurons is the lat-
eral habenular nucleus. In monkeys, neurons located in 
the periphery and the medial limbic-related territory of 
GPi mainly contribute to this projection (70), which rep-
resents a prominent interface between limbic and motor 
related information processed in basal ganglia.

FUNCTIONAL CONSIDERATIONS

Convergence or Segregation?

The anatomic organization of the basal ganglia sug-
gests that the basal ganglia–thalamocortical circuits are 
a highly specific system in which territories related to 
motor and nonmotor functions remain segregated. This 
anatomic concept is strongly supported by evidence 
from electrophysiologic recording studies. Each region 
contains neurons that respond selectively to a narrow 
range of specific inputs or behaviors (at least within the 
experimental framework studied). For instance, the sen-
sorimotor portion of the basal ganglia contains specific 
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areas with neurons concerned with active or passive limb 
movements (145, 281–298). This region is anatomically 
separated from other areas, in which neuronal function 
is, for instance, related to eye movements (oculomotor 
circuit) (299, 300–303). Most physiologic studies to 
date have failed to demonstrate correlated discharge of 
neighboring striatal or pallidal cells (30, 145, 304) under 
normal conditions, although more subtle collateral inter-
actions in the striatum have recently been described (37, 
305, 306). Furthermore, functional neurosurgical stud-
ies have demonstrated that lesions in the sensorimotor 
portion of the GPi alleviate the motor signs associated 
with parkinsonism without affecting cognitive functions, 
while lesions outside of this region do not improve motor 
function but may affect cognition.

The evidence in favor of segregation of information 
in the basal ganglia contrasts with other data which sug-
gest at least partial convergence of information. Thus it is 
clear that the number of striatal neurons is much smaller 
than that of cortical neurons that project upon them and 
much greater than the number of neurons in the nuclei 
that receive striatal inputs (see, e.g., Refs. 308 and 309), 
suggesting some degree of “funneling” of information, at 
least within the major functional territories in the basal 
ganglia.

The question of whether or not information in the 
basal ganglia remains segregated is functionally relevant. 
Intuitively, convergence of motor- and nonmotor infor-
mation would seem advantageous from a functional point 
of view. Consequently, there is ongoing debate whether 
motor- and nonmotor information converges along the 
subcortical paths of these circuits (310, 311). Direct large-
scale anatomic convergence between the major functional 
divisions within the basal ganglia appears to be unlikely, 
but it is clear that motor- and nonmotor circuits converge 
to some extent—for instance, at the level of the PPN, 
cortex, and STN (see above for details).

Interactions between basal ganglia circuits at a 
smaller scale may also occur via local axon collaterals 
or interactions between subchannels within the larger cir-
cuits described above. These interactions are particularly 
important for hypotheses regarding “center-surround” 
inhibitory phenomena in the basal ganglia. There is evi-
dence for the existence of such collateral inhibition in 
the striatum. While some medium spiny striatal neurons 
are directly activated by glutamatergic inputs from the 
cortex, neighboring neurons may be inhibited via axon 
collaterals of the activated neuron or via intercalated fast-
spiking interneurons (31, 37, 306), resulting in a “winner-
takes-all” scenario, which favors the (locally) strongest 
focus of corticostriatal stimulation and reduces the excit-
ability of neighboring areas of the striatum and related 
circuitry. Another well-known example of possible center-
surround inhibition is the interaction between direct and 
indirect pathways in GPi/SNr. The direct/indirect pathway 

interaction has been hypothesized to play a role in the 
“focusing” of movement via a selection process that 
favors intended over unintended movements, represented 
by information traveling along direct and indirect path-
ways, respectively (146, 230, 312–316).

It is possible that the level of dopamine or other 
neuromodulators dynamically influences the level of func-
tional segregation through modulation of synaptic collat-
eral interactions, particularly in the striatum (317–320). 
This could transiently affect the level of synchrony between 
neighboring basal ganglia neurons—for instance, during 
learning (308, 309) or more permanently during dopamine 
depletion where a greater level of interneuronal synchrony 
is observed throughout the basal ganglia (see below, spe-
cifically Refs. 9, 304, 321, and 322 to 327).

The Role of the Basal Ganglia in Motor Control

In functional terms, voluntary movements appear to be 
initiated at the cortical level of the motor circuit with 
simultaneous output to the brainstem and spinal cord, 
as well as to multiple subcortical targets, including the 
thalamus, putamen, and STN. According to the current 
models, interactions between the direct and indirect path-
ways are important for basal ganglia regulation of motor 
control. Cortical movement-related inputs may activate 
striatal neurons that give rise to the monosynaptic direct 
pathway, resulting in inhibition of basal ganglia output. 
In contrast, activation of indirect-pathway neurons—that 
is, neurons projecting to GPe, which, in turn, project to 
GPi and SNr either directly or via the STN—would result 
in activation of basal ganglia output. Current models of 
basal ganglia function posit that cortical activity related 
to an intended movement activates specific portions of 
the direct pathway, resulting in appropriate reduction of 
inhibitory basal ganglia output to the thalamus and facili-
tation of cortical activity related to the intended move-
ment. Activation of the indirect pathway would have the 
opposite effects. Via activation of the indirect pathway, 
the basal ganglia may act to suppress unintended move-
ment (146, 230, 312–316). Because the most common 
change in discharge in GPi output neurons during move-
ment is an increase in activity, suppression of unintended 
or competing movement may, in fact, be a particularly 
important role of the basal ganglia. Since the functions of 
the direct and indirect pathways appear to be distinctly 
different, it is possible that selective dysfunction of one 
or the other pathway may result in distinct clinical dis-
turbances (see below).

The combination of information traveling via the 
direct and the indirect pathways of the motor circuit has 
been proposed to “scale” or “focus” movements (77, 328). 
Based on clinical and experimental studies, basal ganglia 
may play a role in specifying the amplitude or velocity of 
movement (329). To achieve scaling and termination of 
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movements, striatal output would first inhibit specific neu-
ronal populations in GPi/SNr via the direct pathway, facili-
tating movement, followed after a delay by disinhibition of 
the same GPi/SNr neuron via inputs over the indirect path-
way, leading to an inhibition of the ongoing movement. In 
the focusing model, inhibition of relevant pallidal/nigral 
neurons via the direct pathway would allow intended 
movements to proceed, whereas unintended movements 
would be suppressed by concomitant increased excitatory 
input via the indirect pathway in other GPi/SNr neurons. 
Similar models have been proposed for the generation of 
saccades in the oculomotor circuit (e.g., Ref. 301). Direct 
anatomic support for either of these functions is lacking, 
because it is uncertain whether the direct and indirect path-
ways (emanating from neurons that are concerned with 
the same movement) converge on the same or separate 
neurons in GPi/SNr (165, 330–332).

Although changes in discharge rate and pattern 
in most movement-related neurons in the basal ganglia 
occurs too late to influence the initiation of movement, 
changes in discharge could influence the amplitude or 
focus of ongoing movements (145, 333). Conceivably, 
neurons with shorter onset latencies or with “prepara-
tory” activity may indeed play such a role (261, 334–342). 
PET studies have reported that basal ganglia activity is 
modulated in relation to low-level parameters of move-
ment, such as force or movement speed (343, 344), thus 
supporting a scaling function of the basal ganglia.

Other proposed motor functions of the basal gan-
glia include roles in self-initiated (internally generated) 
movements, in motor learning and in movement sequenc-
ing (e.g., Refs. 345 and 346 to 349). For instance, both 
dopaminergic nigrostriatal neurons and tonically active 
neurons in the striatum have been shown to develop tran-
sient responses to sensory conditioning stimuli during 
behavioral training in classical conditioning tasks (347, 
350–352). This supports a role of these cells and of basal 
ganglia areas whose activity they influence in motor learn-
ing. Shifts in the response properties of striatal output 
neurons during performance of a maze task that involved 
learning were recently demonstrated in the rat (353). In 
addition to these concepts a number of other theories have 
gained varying degrees of popularity, including concepts 
that the basal ganglia may globally act to extract cortical 
information through dimensionality reduction (309) or 
may assist in resource allocation (354).

Lesion studies have yielded conflicting evidence 
regarding the motor functions of the basal ganglia. Most 
studies have found either no or only short-lived effects on 
skilled fine movements or mild bradykinesia after pallidal 
lesions (355–365). A notable exception to this is a study 
by Mink and Thach (316, 328, 366) in which cocontrac-
tions were observed after lesioning or inactivation of GPi, 
although this may have been due to inadvertent involve-
ment of GPe in these experiments. Given the relative paucity 

of motor side effects of pallidal lesions in animals and 
humans (as discussed later), it could be concluded that, 
under normal conditions, basal ganglia output may not 
play a significant role in movement initiation or execution 
(345). When output from these structures is altered (as 
is the case in movement disorders), however, the disrup-
tion of otherwise normal motor systems produces major 
abnormalities of movement.

It is also possible that the motor system may be 
sufficiently redundant so that loss of basal ganglia func-
tion after lesioning is compensated for by other neuro-
nal mechanisms. The striking lack of motor side effects 
immediately after pallidal lesions, however, argues against 
this possibility, because it could be expected that reorga-
nization and changes in synaptic strength in other areas 
would require time to develop.

PATHOPHYSIOLOGY OF 
PARKINSON’S DISEASE

General Characteristics of Parkinson’s Disease

Parkinson’s disease (PD) is a syndrome characterized by 
movement abnormalities such as akinesia (poverty of 
movement and impaired movement initiation), brady-
kinesia (slowness of movement), muscular rigidity, and 
tremor at rest. These motor disturbances are jointly called 
parkinsonism and are in large part related to the degen-
eration of neurons in the dopaminergic SNc (367–369). 
More recently, however, more widespread neuronal 
degeneration has been identified that may involve other 
brainstem areas, the olfactory tubercle and cortex, even in 
early phases of the disease (370, 371). These abnormalities 
may underlie some of the nonmotor problems seen in PD, 
such as cognitive and affective problems or autonomic 
disturbances. Little is known about the pathophysiologic 
changes that eventually lead to the development of these 
nonmotor features. In the following account, we therefore 
concentrate on the relatively well known pathophysiologic 
steps that lead to motor abnormalities in parkinsonism.

In the earlier stages of PD, dopamine depletion is 
greatest in the sensorimotor territory of the striatum—that 
is, the postcommissural portion of the putamen, suggest-
ing that the motor circuit is preferentially involved in the 
pathophysiology underlying the motor abnormalities (372). 
Reduced activation of dopamine receptors on striatal 
projection neurons is thought to result in a cascade of 
activity changes throughout the basal ganglia. These are 
discussed below. In addition, striatal dopamine loss has 
recently been shown to induce substantial morphologic 
changes in the striatal neurons that receive dopaminergic 
innervation. Thus, the spine density of striatal neurons 
is reduced in dopamine-depleted animals (373, 374) and 
human PD patients (375), apparently affecting preferentially 



22 • BASAL GANGLIA: ANATOMY AND PHYSIOLOGY 255

those neurons that give rise to the indirect pathway (170). 
The functional significance of these morphologic changes 
is not well understood.

Pathophysiology of Parkinson’s Disease: 
The “Rate Model”

Most of the pathophysiologic changes in the basal gan-
glia resulting from striatal dopamine loss are interpreted 
as the result of reduced activation of striatal dopamine 
receptors. The study of these changes has been facilitated 
by the discovery that primates treated with the neurotoxin 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
develop behavioral and anatomic changes that closely 
mimic the features of PD (376–382). Physiological changes 
in the striatopallidal pathways were first documented in 
biochemical studies, which indicated that in MPTP-induced 
parkinsonism in primates, the metabolic activity (as mea-
sured with the 2-deoxyglucose technique) is increased in 
both pallidal segments (383–389). This was interpreted as 
evidence for increased activity of the striatum-GPe connec-
tion and the STN-GPi pathway or, alternatively, as evidence 
for increased activity via the projections from the STN to 
both pallidal segments. Later, it was shown with microelec-
trode recordings of neuronal activity, that MPTP-induced 
parkinsonism in primates is associated with reduced tonic 
neuronal discharge in GPe, and increased mean discharge 
rates in the STN and GPi, as compared to normal controls 
(321–323, 325, 390)(see Figure 22-2). In human parkin-
sonian patients undergoing pallidotomy, it has also been 
shown that, similar to findings in parkinsonian animals, the 
discharge rates in GPe are significantly lower than those 
in GPi (391–394), although, of course, there has been no 
recording in normal controls for comparison. These find-
ings have been interpreted as indicating that striatal dopa-
mine depletion leads to increased activity of those striatal 
neurons that give rise to the projection to GPe, suppressing 
neuronal discharge in Gpe, and resulting in disinhibition of 
STN and GPi via the indirect pathway. Loss of dopamine 
in the striatum is also postulated to lead to reduced activity 
via the inhibitory direct pathway (see Figure 22-3).

Reciprocal changes in the indirect and direct path-
ways following dopamine depletion should have the same 
net effect—that is, increased activity in GPi/SNr, leading to 
increased basal ganglia output to the thalamus and exces-
sive inhibition of thalamocortical neurons. The 2-deoxy-
glucose studies mentioned above demonstrated increased 
(synaptic) activity in the VA and VL nucleus of the thala-
mus (383–385), presumably reflecting increased inhibi-
tory basal ganglia output to these subnuclei. Consistent 
with this are PET studies in parkinsonian patients, which 
have consistently shown reduced activation of motor and 
premotor areas in such patients (395–397) that are at 
least partially reversed after neurosurgical interventions 
designed to reduce GPi output, such as pallidotomies 

(398–400). Alterations of cortical activity in M1 and SMA 
have also been demonstrated with single-cell recording in 
hemiparkinsonian primates (401, 402).

The fact that the thalamic nucleus CM is tightly 
linked to the basal ganglia structures (see above), renders 
it highly likely that abnormal GPi output to CM plays a 
role in parkinsonism. Increased inhibition of CM would 
not only lead to reduced activation of the CM-cortical 
pathway but also to a further reduction of activity in 
the direct pathway via the thalamostriatal projections 
arising in the CM.

The PPN may also be involved in the development 
of parkinsonian signs. It has been shown that lesions of 
this nucleus in normal monkeys can lead to a hemiparkin-
sonian syndrome, possibly by reducing excitation of SNc 
neurons by input from the PPN or through mechanisms 
independent of the dopaminergic system (274, 403–406). 
Conceivably, in PD, activity in the PPN is inhibited by 
increased basal ganglia output, with the detrimental con-
sequence that SNc activity would be further reduced, 
leading to worsening of parkinsonian signs (407).

Strong evidence for the importance of increased 
basal ganglia output in the development of parkinso-
nian motor signs comes from lesion studies. Specifically, 
lesions of the STN in MPTP-treated primates have been 
shown to reverse all of the cardinal motor signs of par-
kinsonism, probably by reducing GPi activity but pos-
sibly also by normalizing the pattern of pallidal output 
(408–410). STN lesions in parkinsonian patients have 
been shown to reverse parkinsonian signs in humans as 

FIGURE 22-2

Schematic diagram of the basal ganglia–thalamocortical cir-
cuitry under normal and parkinsonian conditions. Parkin-
sonism leads to differential changes in the two stratopalli-
dal projections, which are indicated by the thickness of the 
connecting arrows. Basal ganglia output to the thalamus is 
increased. Same abbreviations as in Figure 22-1.
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well (411–413). Stereotactic lesions of the motor portion 
of GPi have been reintroduced in patients as treatment for 
medically intractable parkinsonism and have been found 
effective against all major parkinsonian motor signs and 
drug-induced dyskinesias (363–365, 414, 415). PET stud-
ies in such patients have shown that frontal motor areas 
whose metabolic activity was reduced in the parkinsonian 
state were again active following pallidotomy (398–400, 
414).

Pathophysiology of Parkinson’s Disease: 
Changes in Discharge Patterns

Although they are supported by some of the lesion stud-
ies, the rate-based models of the pathophysiology of par-
kinsonism fail to explain all of the findings. For instance, 

lesions of the motor thalamus that completely abolish 
thalamocortical output from the motor circuit do not 
result in akinesia/bradykinesia; conversely, GPi lesions 
do not result in excessive movement. Furthermore, elec-
trical stimulation of STN in the MPTP monkey model 
of PD increases the mean discharge rates of neurons in 
GPi, coincident with an improvement, not a worsening, 
of parkinsonian motor signs (416). It is increasingly rec-
ognized that basal ganglia activity undergoes not only 
changes in discharge rates but also prominent changes 
in discharge patterns in parkinsonism. These changes are 
now seen to be crucial for the development of specific 
parkinsonian motor signs.

Neuronal responses to passive limb manipulations in 
STN, Gpi, and thalamus (321–323, 417) have been shown 
to occur more often, to be more pronounced, to have 
widened receptive fields, and to be more often inhibitory 
(315) after treatment with MPTP and the development of 
parkinsonian motor signs. Cross-correlation studies have 
also revealed that a substantial proportion of neighboring 
neurons in globus pallidus, STN, and cortex discharge 
in unison in MPTP-treated primates (303, 323, 402,
418–420). This is in contrast to the virtual absence of 
synchronized discharge of such neurons in normal mon-
keys (e.g., Refs. 145 and 333). Finally, the proportion of 
cells in STN, Gpi, and SNr that discharge in oscillatory 
or nonoscillatory bursts is greatly increased in the par-
kinsonian state (10, 321–323, 325, 394, 421–424), and 
the temporal structure of burst- and periburst discharges 
is altered (425).

It has recently become possible to record local field 
potentials in the basal ganglia of human patients with move-
ment disorders by using implanted deep-brain- stimulation 
leads as recording electrodes (9, 327, 426–434). These 
recordings have demonstrated prominent oscillatory local 
field potential activity in the beta band (10 to 25 Hz) in 
STN and GPi in parkinsonian patients. The increased 
beta-band activity can be abolished by treatment with 
dopaminergic medications in favor of activity at higher 
frequencies (9, 431–433). Building on experience with cor-
tical LFP recordings, and (limited) correlative experience 
with combined single-unit and LFP basal ganglia recordings 
(e.g., Ref. 435), LFPs are often seen as representative of 
neuronal ensemble activity. However, it remains uncertain 
which excitable elements contribute most to the oscillatory 
LFPs recorded in parkinsonian patients.

Pathophysiology of Parkinsonian Motor Signs

Most of the available evidence suggests that the cardinal 
parkinsonian motor disturbances result from abnormal 
basal ganglia output to cortical motor areas. The individ-
ual motor signs are discussed separately in the following 
paragraphs, but in reality they often occur concurrently 
in PD patients.

FIGURE 22-3

Raster display of spontaneous neuronal activity from different 
structures within the basal ganglia circuitry in the normal and 
parkinsonian state. Same abbreviations as in Figure 22-1.
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Akinesia—that is, the global impairment of move-
ment initiation—is a hallmark sign of PD. The involve-
ment of cortical circuits in akinesia is supported by the 
finding that PET studies of cortical activation in akinesia-
predominant parkinsonism show that SMA and dorsal 
prefrontal motor areas are hypoactive in such patients 
(436, 437). Further evidence for abnormal activity in 
these areas comes from studies of the Bereitschaftspoten-
tial (readiness potential), a slow negative cortical poten-
tial that precedes self-paced movements and is thought to 
reflect the neural activity in SMA (438). The early portion 
of the Bereitschaftspotential is smaller in parkinsonian 
patients than in age-matched controls (439, 440), sug-
gesting a deficit in the normal function of the SMA in the 
early stages of preparation for self-initiated movements. A 
disorganization of preparatory activity in SMA neurons 
was indeed identified with electrophysiologic methods in 
hemiparkinsonian primates (400) and is consistent with 
this proposal.

The increased discharge rates in the basal ganglia 
output nuclei which are found in PD may significantly 
impact the amount of movement. Conceivably, increased 
tonic inhibition of thalamocortical neurons may render 
cortical motor areas less responsive to other inputs nor-
mally involved in initiating movements or could interfere 
with “set” functions that may depend on the integrity of 
basal ganglia pathways (159). Akinesia is also often dis-
cussed in terms of the proposed “focusing” function of the 
basal ganglia (146, 230, 312–316). With increased activity 
along the indirect pathway, the “focus” provided by the 
direct pathway is seen to become abnormally narrow.

A problem with any hypothesis claiming underactiv-
ity of thalamocortical circuits as a significant contributor 
to akinesia is the fact that lesions of the basal ganglia or 
cerebellar receiving areas of thalamus (VLo, and VPLo, 
respectively) do not induce akinesia. This finding sug-
gests that mechanisms other than increased basal gan-
glia output are important for the development of this 
motor sign. Altered discharge patterns in basal ganglia–
thalamocortical activity, particularly synchronized oscil-
latory activity, may be more important than rate changes 
alone. The behavioral significance of oscillatory entrain-
ment of the basal ganglia–thalamocortical circuitry is 
directly evident from studies investigating the impact 
of different DBS stimulation protocols on parkinsonian 
motor signs (441, 442). Stimulation of the STN area at 
10 Hz exacerbates akinesia (441), while therapeutic high-
frequency deep brain stimulation of the STN (130 Hz) 
(see, e.g., Ref. 443) reduces the coherent low-frequency 
activity in the basal ganglia (433, 434) and may impose 
oscillatory patterns on the basal ganglia–thalamocortical 
circuits that are easier to tolerate.

Some aspects of akinesia may also be related to 
abnormal activity along the brainstem projections of the 
basal ganglia output nuclei, particularly the PPN, as has 

been shown in primate studies (403, 404, 406). Based on 
these results, low-frequency stimulation of the PPN is cur-
rently being tested in animals and patients as a potential 
treatment for PD (444–447).

Bradykinesia—that is, slowness of movement—may 
be due to a more specific abnormality in processing in 
prefrontal cortical areas induced by altered basal ganglia 
output. This motor sign may be closely associated with 
the postulated “scaling” function of basal ganglia output. 
Electrophysiologic studies in normal monkeys as well as 
PET studies investigating cerebral blood flow in human 
probands have demonstrated that the velocity or ampli-
tude of movement has a strong impact on the activity of 
neurons in premotor cortical areas (e.g., Refs. 291, 292–
298, 343, 344, 448). Abnormally increased phasic basal 
ganglia output during movement may signal excessive 
speed and/or amplitude of ongoing movement, leading 
to a corrective reduction in cortical motor output. PET 
studies, measuring cerebral blood flow in human parkin-
sonian patients investigated before and during deep brain 
stimulation of Gpi, have revealed that stimulation which 
improved bradykinesia lead to an increase in blood flow 
in the ipsilateral premotor cortical areas (449). Other 
PET studies have shown a significant correlation between 
movement speed and basal ganglia activation (344) that 
is lost in PD (Turner et al., personal communication).

The pathophysiology of muscle rigidity in PD is elu-
sive. Rigidity is abolished by both pallidal and thalamic 
lesions, which suggests that basal ganglia output leads 
to rigidity via the thalamocortical route. This contrasts 
with findings suggesting that that altered basal ganglia 
output, mediated via the PPN and its output to the pon-
tine nucleus gigantocellularis and the dorsal longitudinal 
fasciculus of the reticulospinal projection, may lead to 
increased inhibition of Ib interneurons, which in turn 
may disinhibit �-motor neurons (450–452). Abnormali-
ties of long-latency reflexes (LLRs) may also play a role in 
abnormal excitablilty of �-motor neurons ty (453–455), 
although the velocity-independence of rigidity suggests 
that it is not a reflex phenomenon per se.

Tremor at rest is also a cardinal parkinsonian motor 
sign. The effectiveness of lesions or stimulation of the 
ventral thalamus, particularly the thalamic nucleus ven-
tralis intermedius (Vim), as treatment for parkinsonian 
tremor indicates that the integrity of this nucleus is as 
important for parkinsonian tremor as it is for other forms 
of tremor. In tremor patients, Vim contains neurons that 
exhibit oscillatory discharge at the tremor frequency 
(456–461). A possible link between oscillatory discharge 
in the thalamus and increased inhibitory basal ganglia 
output is that many thalamic cells may be induced to 
produce oscillatory firing patterns by hyperpolarization 
(462–468). Tremor may also arise from oscillatory dis-
charge generated within the basal ganglia. Thus, oscil-
latory discharge patterns are demonstrated in the STN 
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and GPi in parkinsonian patients and animals (323, 393, 
422,  469–472), and intrinsic membrane properties of 
basal ganglia neurons are also conducive to the develop-
ment of oscillatory discharge (473). Furthermore, lesions 
of STN or GPi reduce tremor in parkinsonian monkeys 
and in PD patients (160, 364, 393, 415, 474). Yet, the 
relationship between the oscillatory movements in par-
kinsonian tremor and pathologic oscillatory discharge 
in the basal ganglia (475, 476) is complicated. Although 
oscillations in LFPs in the STN and EMGs recorded in 
tremulous extremities have been reported in patients 
with PD (477), other studies of the correlation between 
tremor movements and oscillatory activity in the basal 
ganglia have not been conclusive. One of the problems 
is that multiple oscillators may be at work in the parkin-
sonian state (478), with different limbs of parkinsonian 
patients engaged in tremors of different frequencies (479, 
480), which easily explains that tremor movement and 
oscillatory discharge in the basal ganglia are not always 
coherent and may even shift in and out of correlation 
(420, 481). The synchronization between basal ganglia 
“channels” may also be an important ingredient in the 
pathophysiology of tremor (481).

CONCLUSIONS

The basal ganglia represent parts of corticosubcortical 
circuits involved in a large variety of motor as well as 
nonmotor functions. Although fairly straigthforward in 
pathologic terms, parkinsonism emerges as a complex dis-
order in which striatal dopamine depletion results in an 
increased and disordered discharge in motor areas of basal 
ganglia thalamocortical loops. It is likely that individual 
parkinsonian motor signs are caused by distinct abnor-
malities in basal ganglia discharge and by involvement of 
specific subcircuits related to distinct cortical targets.

The current models of basal ganglia anatomy, physi-
ology, and pathophysiology clearly need further refine-
ment. Most pertinently, changes in the pattern, degree 
of synchronization, and receptive field properties of 
neurons in the basal ganglia and thalamus need to be 
better incorporated with new anatomic connections into 
future models of basal ganglia pathophysiology. A greater 
emphasis also needs to be placed on the manner in which 
thalamic, brainstem, and cortical neurons utilize basal 
ganglia output as we continue to define and develop new 
concepts of basal ganglia function.
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Dopamine Receptor 
Diversity

opamine plays a role not only in the 
execution of movement but also in 
higher-order cognitive processes, 
including motor planning and 

sequencing, motor learning, and motivational drives and 
affect. Of the many slow-acting neurotransmitters in the 
central nervous system (CNS), dopamine has been the 
best studied. The actions of dopamine are segregated into 
specific neuronal circuits within a diffuse axonal projec-
tion system. For example, dopamine in the nigrostriatal 
pathway is involved in the generation and execution of 
voluntary movement. In this function, dopamine is a 
prime modulator of various other basal ganglial neu-
rotransmitters implicated in motor control, including 
gamma-aminobutyric acid (GABA), acetylcholine, glu-
tamate, enkephalin, and substance P. Dopamine in the 
mesolimbic pathway plays a role in the control of various 
cognitive functions, including reinforcement, attention, 
instrumental avoidance, and addiction to psychostimu-
lant drugs. Dopaminergic receptor genes are likely can-
didates for genetic effects on cognition because of the 
importance of dopaminergic innveration on memory and 
attention.

The central effects of dopamine are mediated by 5 
different molecular receptor subtypes, which are mem-
bers of the large G protein–coupled receptor superfamily. 
Dopamine receptors are divided into 2 major subclasses,

Deborah C. Mash

D1-like and D2-like receptors, which differ in their phar-
macology, messenger transduction systems, and anatomic 
locations. The cloning of these receptors and their genes 
in the last decade has led to the identification of multiple 
molecular receptor subtypes termed D1, D2, D3, D4, and 
D5. The molecular D1 and D5 subtypes of dopamine 
receptors exhibit overlapping functional and pharma-
cologic properties related to the D1 receptor (D1-like), 
whereas the remaining members of this receptor family 
share pharmacologic characteristics in keeping with the 
D2 receptor subtype (D2-like). The two receptor sub-
classes have overlapping but distinct neuroanatomic 
distributions as determined by radioligand binding 
autoradiography. The gene controlling the D4 receptor 
(DRD4 on chromosome 11) has very high variability. 
Thus, the various functions of dopaminergic neurotrans-
mission appear to be mediated by the expression of dif-
ferent receptor proteins.

Studies of dopamine neurotransmission have been 
an important research focus for decades, because it is 
known that alterations in dopamine function are involved 
in many different neurodegenerative and psychiatric brain 
disorders. Degeneration of the nigral dopamine-containing 
neurons contributes to the pathogenesis of Parkinson’s 
disease (PD) (1). Dopamine receptor agonists acting at 
multiple receptors, but primarily D2, are used to treat the 
dopamine deficiency of this disease (2). Drugs acting at 

D
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dopamine D2 receptors are commonly used to alleviate 
symptoms produced by diseases such as schizophrenia 
and depression (3). The chorea of Huntington’s disease 
is related to a deterioration of the dopaminoceptive 
cells localized in the striatum. Schizophrenia and other 
psychotic disorders are thought to be due to an imbal-
ance in corticolimbic dopamine signaling (4). Dopamine 
receptor antagonists are used for the clinical manage-
ment of these disorders (4–6). Chronic dopamine recep-
tor blockade leads to a dysregulation of dopaminergic 
tone and the development of extrapyramidal syndromes 
including parkinsonism and chorea, whereas involuntary 
movements and psychosis are observed with chronic 
administration of the indirect-acting agonist levodopa 
in PD (2). Although none of the dopamine receptor sub-
types have been linked to the etiology of schizophrenia, 
the distinct regional locations of D3 and D4 receptors in 
cerebrocortical and associated subcortical limbic brain 
areas have led to the suggestion that subtype-selective 
neuroleptics that lack extrapyramidal side effects can be 
developed. Clozapine, an antipsychotic that antagonizes 
the D4 receptor, is a perfect example of this possibility 
(for review, see ref. 7) . 

MOLECULAR CHARACTERIZATION 
OF DOPAMINE RECEPTORS

The molecular characterization of dopamine receptor hetero-
geneity was advanced by the recognition line SK-N-MC (8). 
The D4 glycoprotein is 387 amino acid residues in length, 
with the characteristic 7 transmembrane-spanning domains, 
a large third intracellular loop, and a short C-terminus. The 
dopamine D1 (or D1a) receptor was independently cloned 
by 4 separate groups of investigators (9–12). The isolation 
of cDNAs or genes from rat or human DNA libraries was 
done by either homology screening with a D2 receptor 
probe or by polymerase chain reaction (PCR) with degen-
erate primers. Both the rat and human D1 receptor genes 
encode a protein that is 91% homologous for amino acid 
sequence. The second member of the D1-like receptor family, 
D5, was isolated using the sequence of the D1 receptor (13). 
The coding region for the carboxy terminal of the protein 
is about 7 times longer for D1-like than for D2-like recep-
tors (14). The cloned D1 and D5 receptors are 446 residues 
in length and exhibit 91% amino acid sequence homology 
within the highly conserved 7-transmembrane-spanning 
region (Figure 23-1).

Analysis of the gene structure of D2 receptors dem-
onstrated that the coding region contains 6 introns, the 
D3 receptor contains5, and the D4 contains 3 (14, 15). 
The presence of introns within the coding region of the 
D2 receptor family allows the generation of receptor vari-
ants. For example, alternative splicing of the D2 receptor 
at the exon between introns 4 and 5 results in functional 

D2S and D2L isoforms (16, 17). Nonfunctional proteins 
encoded by alternative splice variants of the D3 receptor 
have been demonstrated (18–20). The human D4 recep-
tor gene, located on the short arm of chromosome 11, 
has 8 different polymorphic variants. The existence of 
polymorphic variations within the coding sequence of 
the D4 receptor demonstrated a 48-base-pair sequence 
in the third cytoplasmic loop, which exists with mul-
tiple repeated sequences (21). The number of repeated 
sequences is related to ethnicity, with most humans (70%) 
having 4 repeats. The 7-repeat allele of the DRD4 gene 
has been associated with the personality trait of “novelty 
seeking” (22, 23). Nonfunctional, truncated isoforms of 
the D5 receptor have been reported on human chromo-
somes 1 and 2 (15, 21). 

NEUROANATOMIC LOCALIZATION OF 
DOPAMINE RECEPTOR PROTEIN AND mRNA

The dopaminergic systems in brain comprise 3 distinct 
pathways, including the nigrostriatal, mesocortical, and 
mesolimbic projections (24). The nigrostriatal pathway 
originates in the substantia nigra pars compacta and ter-
minates in the striatum. The mesolimbic pathway origi-
nates in the ventral tegmental area (VTA) and projects to 
the limbic sectors of the striatum, amygdala, and olfac-
tory tubercle. The mesocortical pathway originates in 

FIGURE 23-1 

Dopamine receptor structure. Proposed structure of D1-like
dopamine receptor. The seven transmembrane domains have 
highly conserved amino acid sequences. Potential glycosyl-
ation sites are shown on the NH2 terminal. The intracellular 
loop 3 and the carboxy terminus have multiple phosphoryla-
tion sites. The coupling of the receptor to G proteins occurs 
through the interactions of the proteins at sites on the car-
boxy-terminus and the third cytoplasmic loop (l3) to activate 
second messenger signaling pathways.
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the VTA and terminates within particular sectors of the 
cerebrocortical mantle, including the prefrontal, cingu-
late, and entorhinal cortices.

D1-like and D2-like receptors and their mRNAs are 
abundant in the CNS, having a widespread distribution 
within the different dopaminergic systems (15). The neu-
roanatomic localization of D1 receptors correlates with 
DA-stimulated adenylyl cyclase activities and radioligand 
binding. High densities of radioligand binding sites are 
found within the caudate, putamen, and nucleus accum-
bens, with lower levels in the thalamus and cerebrocorti-
cal sectors (A in Figure 23-2). D1-receptor mRNA has 
been localized to medium-sized neurons of the striatoni-
gral projection, which also express substance P (25). D5 
mRNA is distributed in a more restricted pattern than 
D1 mRNA, with the highest expression seen in limbic 
and cortical brain areas Very low levels of D5 mRNA 
are found within the striatum (15).

Radioligand binding and mRNA studies have 
confirmed a good correlation for the D2-like receptors. 
D2 receptors and message are found in the striatum 
and substantia nigra of the rat and human brain (B in 
Figure 23-2). The globus pallidus, a major efferent 

FIGURE 23-2 

Autoradiographic localization of the distribution of D1 and D2 receptors in representative coronal half-hemisphere sections of 
the human brain. Panels show pseudocolor autoradiograms (red D, high densities; green D, intermediate densities; purple D, 
low densities) for a control subject (male, age 28 years). Panel A illustrates the distribution of D1 receptors with 1 nM [3H]SCH
23390 in the presence of 10 nM mianserin to occlude labeling of the 5-HT2 receptor. Panel B shows the distribution of D2 
receptors labeled with 2 nM [3H] raclopride. Panel C illustrates the distribution of D3 receptors labeled with [3H]7OH DPAT. 
Cd, caudate; CGS, cingulate sulcus; INS, insular cortex; LF, lateral fissure; NA, nucleus accumbens; Pt, putamen; STS, superior 
temporal sulcus.

projection system of the striatum, has high densities 
of D2 receptors (26). However, neurons expressing D2-
receptor mRNA are lower in the globus pallidus than in 
the caudate and putamen. D2-receptor mRNA is colocal-
ized with enkephalin in many brain areas, including the 
periaquaductal gray, suggesting a role for these sites in 
the modulation of analgesia (25). Radioligand binding 
to D3 receptors in human brain demonstrates a distinct 
localization pattern and a less widespread distribution 
than D2-binding sites (Figure 23-2). The highest densities 
are seen over limbic brain regions, with very low levels 
over the ventromedial sectors of the striatum (26). The 
highest levels of message expression are found within the 
telencephalic areas receiving mesocortical dopaminergic 
inputs, including the islands of Calleja, bed nucleus of 
the stria terminalis, hippocampus, and hypothalamus. 
In the cerebellum, Purkinje cells in lobules IX and X 
express abundant D3 mRNA, whereas binding sites are 
found only in the molecular layer (26, 27). Since no dopa-
minergic projections are known to exist in these areas, 
it has been suggested that the D3 receptor may mediate 
the nonsynaptic (paracrine) actions of dopamine (27). 
D4 receptor message is localized to dopamine cell body 
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fields of the substantia nigra and VTA. This pattern sug-
gests that the D4 receptor protein may function as a 
presynaptic autoreceptor in dendrites and/or presynaptic 
terminals (8). The highest areas of D4 expression are 
found in the frontal cortex, amygdala, and brainstem 
areas. The expression of D4 receptors in the prefrontal 
cortex suggests a role for these receptors in the aspect 
of cognition considered to be a component process of 
attention: that of executive control. In contrast, the very 
low levels of D4 receptor message in the striatum are 
in keeping with the lack of extrapyramidal side effects 
observed following treatment with putative D4-selective 
atypical antipsychotic drugs (28).

Previous studies suggested that D1- and D2-like 
receptors may be colocalized in a subpopulation of the 
same neostriatal cells (29). This hypothesis has been ques-
tioned by recent data from Gerfen and Keefe (30), which 
suggest that the interactions may occur at an intercellular 
level as opposed to an intracellular level with second-
messenger integration. This hypothesis suggests that the 
D1- and D2-like receptor proteins are on distinct popula-
tions of neurons with extensive axon collateral systems 
subserving the integration across neural subfields. However, 
evidence indicating that direct cointegration may occur at 
the single cell level from anatomic and electrophysiologic 
studies, is considerable (29). This anatomic arrangement 
would afford D1-mediated cooperative-synergistic con-
trol of D2-mediated motor activity and other psychomo-
tor behaviors. Most studies have demonstrated opposing 
roles of D1 and D2 receptor–mediated actions in the 
striatum, resulting from the stimulation and inhibition of 
adenylyl cyclase, respectively (31). Although more stud-
ies are needed to clarify the precise nature and extent of 
these functional interactions on cAMP second-messenger 
systems, species-specific differences may limit the extrapo-
lation of rodent studies to monkeys and humans (32).

Second-Messenger Pathways

Dopamine receptors transduce their effects by coupling to 
specific heterotrimeric GTP binding proteins (i.e., G pro-
teins) consisting of alpha, beta, and gamma subunits (33). 
Within the dopamine receptor family, the adenylyl cyclase 
stimulatory receptors include the D1 and D5 subtypes. 
Although the D1 and D5 share greater than 80% sequence 
homology, the receptors display 50% overall homology 
at the amino acid level (14). D5 receptors have been 
suggested to have higher affinity toward dopamine and 
lower affinity for the antagonists positive for butaclamol 
(15, 34). However, when the D1 and D5 subtypes are 
expressed in transfected cell lines derived from the rat 
pituitary, both D1 and D5 receptors stimulate adeny-
lyl cyclase and have identical affinities for agonists and 
antagonists (35). Studies done in transfected cell lines are 
complicated by the fact that transfection systems may not 

express the relevant complement of G proteins as in the 
native tissue environment. In the primate brain, there is 
an overlap in the regional brain expression of D1 and 
D5 receptors. Thus, because of the identical affinities of 
D1 and D5 receptors for agonists and antagonists and 
the lack of subtype-selective drugs that fully discriminate 
between these receptor subtypes, it is not yet possible 
to assign with certainty specific functions to D1 vs. D5 
receptor activation.

Although G protein–coupled receptors were initially 
believed to selectively activate a single effector, they are 
now known to have an intrinsic ability to generate mul-
tiple signals through an interaction with different � sub-
units (36). D1 and D5 receptors have been shown by a 
variety of methodologies to couple to the Gs� subunit of 
G proteins. The Gs� subunit has been linked to the regu-
lation of Na�, Ca�, and K� channels, suggesting that D1 
receptor activation affects the functional activity of these 
ion channels. To complicate this picture, D1 receptors 
inactivate a slow K� current in the resting state of medium 
spiny neurons in the striatum (37) through an activation 
of Go� in the absence of D1 receptor Gs� coupling (35, 
38). These studies provide evidence for the involvement 
of this G-protein subunit in the D1-mediated regulation 
of diverse ion channels.

The ability of the D5 receptor to stimulate adenyl-
cyclase predicts that this subtype couples to Gs�. D5 recep-
tors inhibit catecholamine secretion in bovine chromaffin 
cells (39). The negligible dopamine stimulation of adenyl 
cyclase demonstrated in these cells suggests the possibility 
that this activity of D5 receptor is mediated by a different 
G protein. Studies have demonstrated that the D5 receptor 
can couple to a novel G protein termed Gz� (40), which 
is abundantly expressed in neurons. Thus, despite similar 
pharmacologic properties, differential coupling of D1 and 
D5 receptors to distinct G proteins can transduce varied 
signaling responses by dopamine stimulation. However, 
since the precise function of Gz� has not been established, 
the molecular implications of D5/Gz� coupling is not 
yet known. Activation of Gz� has been shown to inhibit 
adenyl-cyclase activity in certain cell types (44). Although 
it is not clear which signaling pathways are linked to D5/
Gz� coupling, the colocalization of D5, Gz�, and specific 
cyclase subtypes may provide a clue to the physiologic 
relevance. For example, Gz� inhibits adenyl cyclase types 
I and V (41). Both type V cyclase and D1 receptors are 
expressed in very high amounts in striatum, which has 
dense dopaminergic input (42). D1-receptor activation in 
the striatum is known to stimulate the activity of adenyl 
cyclase type V (43). In contrast, the hippocampus is rich in 
D5 but not D1 receptors, and type I cyclase is abundantly 
expressed in this brain region (44). Taken together, these 
studies suggest the functional relevance of colocalization 
of specific cyclases with a particular member of the D1-
like receptor family.
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D2, D3, and D4 receptors have introns in their cod-
ing region and exist in various forms by alternate splic-
ing in the region of the third cytoplasmic loop. These 
receptors produce rapid physiologic actions by two major 
mechanisms, involving the activation of inward K� chan-
nels, the inhibition of a voltage-dependent Ca� channels,
oractivation of Gi/Go proteins to inhibit adenyl-cyclase 
activity (15). D2 and D4 receptors inhibit adenyl cyclase 
by coupling to inhibitory G proteins of the Gi/Go family 
(14, 15), whereas D3 receptors demonstrate weak inhibi-
tion of adenyl-cyclase activity (45). This weak effect on 
inhibiting cAMP production led to the conclusion that the 
D3 receptor does not couple to G proteins (15, 45). Both 
isoforms of the D2 receptor inhibit adenyl-cyclase activ-
ity, although the short isoform requires lower concentra-
tions of agonist to cause half maximal inhibition than the 
long isoform expressed in transfected cell lines (46, 47). 
The short D2-receptor isoform couples to K� currents via 
a pertussis toxin–insensitive mechanism (48), whereas the 
long isoform couples to the same current via a pertus-
sis toxin–sensitive mechanism (49). Thus D2 receptors, 
if expressed by the same cells, can influence transmem-
brane currents in similar ways but through independent 
transduction pathways. D2-like receptors that couple to 
G proteins modulate a variety of other second-messenger 
pathways, including ion channels, Ca� levels, K� cur-
rents, arachidonic acid release, phosphoinositide hydro-
lysis, and cell growth and differentiation (50).

Although some neurons have only D1 or D2 
receptors, most exhibit D2/D1 antagonism. In striatal 
neurons, D2 receptors prevent activation of DARPP-32, 
a primary target of protein kinase A (PKA) (51). Thus, 
dopamine normally activates neurons through D1 recep-
tors, an action that is limited by the concurrent D2 recep-
tor agonism. The activity of D2 receptors is regulated 
by desensitization, leading to uncoupling of the recep-
tor from its G proteins and receptor internalization. D2 
receptors do not act in isolation, but exist in a complex 
with other regulatory and scaffolding proteins that traffic 
receptors to parts of the neuron (52, 53). These studies 
suggest further that D2 receptors activate other novel 
second-messenger pathways that are cAMP-independent, 
involving beta-arrestin and serine threonine kinase Akt 
signaling complex. Elucidation of the downstream mech-
anisms may afford more selective D2-receptor targets that 
are free of side effects. 

PHARMACOLOGIC SELECTIVITY

Central dopamine systems have properties that make 
them unique in comparison to other neurotransmitter 
systems. For example, dopaminergic projections are 
mainly associated with diffuse neural pathways. This 
anatomic arrangement argues for dopamine to act as a 

neuromodulatory molecule in addition to its role as a 
neurotransmitter in brain. Dopamine neurons are highly 
branched, with elongated axons capable of releasing 
neurotransmitter from many points along their terminal 
networks en route to the striatum (54). This mode of 
volumetric transmission of action potentials suggests that 
dopamine release mediates paracrine (i.e., neurohumoral) 
signals across the network. This view is supported by the 
observation that dopamine is released by axon terminals 
and dendrites, providing a double polarity for regulating 
basal ganglial function, simultaneously gating signaling 
at nigral, striatal, and pallidal levels. These properties 
have important implications in the clinical expression of 
human disorders involving dopamine neuron dysfunc-
tion. Drugs acting primarily at dopamine D2 receptors 
are commonly used to alleviate symptoms produced by 
diseases such as PD, schizophrenia, and depression.

The members of the D1-receptor subfamily have 
several characteristics that distinguish them from the D2 
subfamily. All members of the D1 subfamily bind benzaz-
epines with high affinity and butyrophenones and benza-
mides with low affinity (13). Subtypes in the D1 family 
have approximately 50% homology overall and 80% 
homology in the highly conserved transmembrane region. 
All of the receptors in this family have short third intracel-
lular loops and a long carboxy terminus. These regions
are important for the generation of second-messenger 
signals, as explained earlier. D5 and the rat D1b are spe-
cies homologs because they map to the same chromo-
somal locus (55). D5 and D1b have a 10-fold higher affinity 
for dopamine, suggesting that D5 receptors are activated 
at neurotransmitter concentrations that are subthreshold 
for the D1 receptor (15, 56). The D2-like receptors bind 
butyrophenones and benzamides with high affinity and 
bind benzazepines with low affinity (57).

The pharmacologic distinction of dopamine recep-
tor subtypes holds tremendous potential for treatment 
of nervous system dysfunction. Dopamine receptors are 
the primary targets for the pharmacologic treatment of 
PD, schizophrenia, and several other nervous system 
disorders. Presently used drugs have significant limita-
tions that are in part due to their nonselective binding 
to many receptor subtypes. For example, drug-related 
side effects, including dyskinesias and psychosis, are fre-
quent and important problems in parkinsonian patients 
receiving levodopa or dopamine agonist therapy. These 
adverse effects result from stimulation of dopamine recep-
tors in motor and cognitive circuits, respectively (58). 
Conversely, treatment of schizophrenia with dopaminer-
gic antagonists, although intended to selectively block 
receptors in cortical and limbic circuits, may induce par-
kinsonian symptoms or even permanent dyskinesias by 
interaction with dopamine receptor subtypes in motor 
pathways. Clearly, drugs aimed at molecular subtypes 
of dopamine receptors offer the potential for specific 
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therapeutic interventions for motor and psychiatric dis-
orders of the nervous system.

Although there are agonists and antagonists which 
are selective and can discriminate between D1- and D2-
like receptor subfamilies, there are few agents that are 
highly selective for any of the individual receptor sub-
types (Table 23-1). Some progress has been made in the 
development of antagonists for the D2-receptor family. 
For the D1/D5 receptor subtypes, there are currently no 
compounds that exhibit high selectivity. Thus, the high 
overall sequence homology between dopamine receptors 
of the same subfamily have made it difficult to develop 
specific ligands that do not interact with related recep-
tors. The high affinity of the “atypical’’ antipsychotic 
agent clozapine for D4 receptors and the low level of D4 
receptor expression in the striatum and high levels in the 
cerebral cortex and certain limbic brain areas led to the 
suggestion that the antipsychotic properties of the neuro-
leptics may be mediated through blockade of D4 recep-
tors, whereas the side effects may be mediated through 
blockade of D2 receptors (58, 59). This hypothesis was 
strengthened by the low incidence of extrapyramidal side 
effects for clozapine. However, clozapine at therapeutic 
doses also blocks many other types of receptors in addi-
tion to D4 receptors, making it difficult to draw definitive 
conclusions. For example, clozapine binds to muscarinic 
acetylcholine receptors and is 20- to 50-fold more potent 
at these sites than at D2 receptors (60).

It has been suggested that clozapine and quetiapine, 
drugs that elicit little or no parkinsonism, bind more 

loosely than dopamine to brain D2 receptors yet have 
high occupancy of these receptors (61). By determining 
fractional occupancies of receptors bound at therapeutic 
drug levels, these authors demonstrate that the dominant 
factor for deciding if a particular antipsychotic drug will 
elicit parkinsonism is whether it binds more tightly or 
more loosely than dopamine at the D2 receptor subtype. 
Thus, for those antipsychotic drugs that elicit little or no 
parkinsonism, it appears that the high endogenous dopa-
mine in the human striatum displaces the more loosely 
bound neuroleptic at the striatal D2-receptor subtype. 
Dopamine less readily displaces the more hydropho-
bic radioligands of the haloperidol type, providing an 
additional correlate between the magnitude of in vivo 
competition with endogenous agonist and the develop-
ment of parkinsonism. The separation of antipsychotic 
drugs into those that bind “loosely’’ and “tightly’’ to D2 recep-
tors is consistent with the observation that catalepsy induced 
by olanzepine and loxapine (more loosely bound than 
dopamine) but not haloperidol (more tightly bound than 
dopamine to D2 receptors) is fully reversible (61). Taken 
together, these observations suggest that D2 blockade 
may be necessary for achieving antipsychotic action. This 
suggestion is in keeping with the observation that many 
patients will suddenly relapse when stopping clozapine, 
perhaps due to a sudden pulse of endogenous dopamine 
arising from emotional or physical activity that displaces 
the loosely bound drug from the receptor. Clinical dosing 
schedules can be adjusted to obtain sufficient but low 
occupancies of D2 receptors to minimize the develop-

TABLE 23-1
Properties of Dopamine Receptor Subtypes

  D1-LIKE  D2-LIKE

RECEPTOR SUBTYPE D1 D5 D2 D3 D4

Amino acids 446 477 443 400 387

Chromosome 5q35.1 4p15.1-16.1 11q22-23 3p13.3 11p15.5

Second messenger cAMP cAMP cAMP K� channel cAMP
   K� channel Ca� channel K� channel
  Ca� channel

mRNA Striatum Hippocampus Striatum Nucleus Cerebral
Kidney  Accumbens Cortex

Selective agonists SKF38393 SKF38393 Bromocriptine 7-OH-DPAT –
Butaclamol Pramipexole
Pergolide
Ropinirole Ropinirole

Selective antagonists SCH23390 SCH23390 Spiperone Spiperone Spiperone
Raclopride Raclopride Clozapine
Sulpiride Sulpiride
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ment of parkinsonism. The psychosis caused by levodopa 
or bromocriptine can be readily treated by low doses of 
either clozapine (62), remoxipride (63), or quetiapine 
(64), as there is very little endogenous dopamine to com-
pete with the antagonist. Further studies are needed to 
determine whether newer antipsychotic drugs with low 
affinity for D2 receptors and with low risk for parkinson-
ism will also cause less tardive dyskinesia.

The success in treating parkinsonian symptoms with 
the dopamine precursor levodopa relates to its ability to 
reverse the dopamine deficiency. Unfortunately, treatment 
complications emerge shortly after levodopa therapy is 
begun. In the DATATOP study (65), almost half of the 
patients developed wearing off (loss of efficacy toward 
the end of a dosing interval), about one-third showed 
dyskinesias, and about one-fourth showed early signs of 
freezing (sudden loss of the capacity to ambulate) with a 
mean duration of treatment of only 18 months. Modern 
pharmacologic treatment of PD has been advanced by the 
increased understanding of the complexity of dopamine 
receptor pharmacology and the ability to screen drug 
candidates in vitro against cloned and expressed human 
dopamine receptor subtypes. New treatment approaches 
are aimed at developing subtype-selective, direct-acting 
agonists to restore dopaminergic function (2).

Symptoms of parkinsonism in primate models are 
treated with agonists that activate the D2-like receptor 
subfamily. D2 agonists with long half-lives can relieve par-
kinsonism in these animals with little risk of motor com-
plications, whereas repetitive levodopa doses will induce 
motor fluctuations and dyskinesias (66). In dyskinetic 
animals that had received levodopa doses, D2 agonists 
that had few side effects on their own elicit dyskinesias. 
These observations suggest that repetitive coactivation of 
denervated striatal dopamine receptor subtypes initiates 
the development of these movements by nonselective acti-
vation of postsynaptic D1 and D2/D3 receptors.

Pramipexole is a novel dopamine agonist with 
preferential affinity for D3 receptors (see Table 23-1). 
It has little affinity for the D1-like receptors; within the 
D2 receptor subfamily, it exhibits its highest affinity 
at the D3-receptor subtype distinguishing it from all 

other dopamine agonists currently used for the treat-
ment of PD (67). Dopamine normally inhibits striatal 
GABAergic cells of the indirect pathway by acting on D2 
receptors and stimulates GABAergic cells of the direct 
pathway by stimulating D1 and D3 receptors (68). These 
effects result in the inhibition of the globus pallidus 
(GPi, internal segment). In PD, when dopamine inner-
vation has been lost, the GPi fires at very high rates to 
inhibit thalamic relay neurons, resulting in bradykine-
sia (67). Pramipexole stimulates D3 receptors, which 
directly inhibit GPi neurons, removing an inhibitory 
gate on thalamocortical motor pathways and stimulat-
ing D2 receptors to indirectly inhibit GPi neurons (69). 
Thus pramipexole has two synergistic mechanisms to 
mimic dopamine and restore function in PD. Although 
D3 receptors have a lower density in the striatum as 
compared with D2 receptors (see Figure 23-2), chronic 
administration of indirect-acting agonists may cause an 
upregulation in the number of D3 binding sites in this 
region. In keeping with this suggestion, chronic cocaine 
abusers have elevated densities of D3 receptor sites in lim-
bic sectors of the striatum and nucleus accumbens (70). 
It is not known whether this regulatory change occurs 
in the denervated striatum, early in the course of agonist 
replacement for PD. Pramipexole has also shown efficacy 
for the treatment of depression in PD, in keeping with 
its postsynaptic effects on limbic targets (69). Thus the 
antidepressant activity of pramipexole for treating mod-
erate depression may possibly be tied to its preferential 
binding to the D3-receptor subtype (67).

Whether other subtypes of dopamine recep-
tors exist is not known. However, rapid advances in 
molecular cloning may reveal additional heterogene-
ity in the expression of synaptic proteins involved in 
dopaminergic neurotransmission. At this time, 5 cloned 
and expressed dopaminergic receptor proteins provide 
a complex molecular basis for a variety of neural sig-
nals mediated by a single neurotransmitter. Evidence 
for several proteins, which represent novel mediators of 
the downstream consequences of D2 receptor activation, 
suggests the possibility of targeting signaling pathways 
as improved treatment for PD. 
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Status of Biological 
Markers

ccording to the Biomarkers Defini-
tions Working Group, a biomarker 
is a “characteristic that is objec-
tively measured and evaluated as 

an indicator of normal biological processes, pathogenic 
processes, or pharmacological responses to a therapeutic 
intervention” (1). Biomarkers can be used to elucidate 
the pathophysiology of a disease, screen for a therapeutic 
response, assist in the diagnosis of a condition, or monitor 
response to therapy (Figure 24-1).

A surrogate endpoint is a “biomarker that is 
intended to substitute for a clinical endpoint. A sur-
rogate endpoint is expected to predict clinical benefit 
(or harm or lack of benefit or harm) based on epide-
miologic, therapeutic, pathophysiologic, or other sci-
entific evidence” (1). Surrogate endpoints are used in 
clinical trials as an earlier outcome than the true clinical 
endpoint. However, in order to be considered a valid 
surrogate endpoint, a biomarker faces many hurdles. 
Among them is the need for large clinical trials that 
consistently demonstrate that the biomarker and the 
true clinical endpoint respond in the same manner to 
an intervention. In addition, the response of the bio-
marker and the true clinical endpoint to the intervention 
must occur through the same biological pathway. For 
these reasons, surrogate endpoints in PD are difficult 
to identify.

E. Ray Dorsey
Robert G. Holloway
Bernard M. Ravina

Biomarkers for Parkinson’s disease (PD) include clini-
cal tests, imaging studies, blood tests, cerebrospinal fluid 
tests, and genetic tests. Some of these biomarkers have 
been evaluated as surrogate endpoints in PD. This chapter 
highlights many of the most promising and widely studied 
biomarkers.

CLINICAL TESTS

Motor Tests

Clinical tests for PD are numerous; three classes of 
tests—motor tests, pharmacologic challenges, and tests 
of olfaction—are summarized in Table 24-1. Motor tests 
are in many respects an extension of the clinical exami-
nation (2). Investigators have evaluated multiple motor 
tasks, including wrist flexion/extension (3), speech (4, 5), 
eye movements (6), and visuomotor coordination (7). 
The principal benefit has been the ability to quantify 
deficits (8) and monitor response to medical and surgical 
interventions (4, 5). Motor tests have not been able to 
differentiate PD from other parkinsonian syndromes (2). 
Motor tests combined with a battery of other tests have 
shown some ability to distinguish asymptomatic first-
degree relatives of individuals with PD from by normal 
controls (3). These studies hold promise for identifying a 
cohort of individuals at high risk for developing PD.

A
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apormphine challenge tests are probably useful in distin-
guishing PD from other parkinsonian syndromes” (10).

Olfaction

In PD, the loss of smell detection, identification, or dis-
crimination may precede the development of motor dis-
ability (2). This loss may be due to neurodegeneration 
within the olfactory bulb (2). The ability of olfactory loss 
to differentiate idiopathic PD from other parkinsonian 
syndromes has been evaluated, with good results.

In one large study of 118 patients with PD—29 
with multiple system atrophy, 15 with progressive supra-
nuclear palsy, 7 with corticobasal degeneration—and 
123 healthy controls, olfactory function was found to 
differentiate PD from other parkinsonian syndromes (11). 
Olfactory function was measured using the University 
of Pennsylvania Smell Identification test (UPSIT), which 
is available commercially for $27. On the UPSIT, indi-
viduals with PD had marked impairment compared 
to mild impairment in multiple system atrophy and nor-
mal results in progressive supranuclear palsy and cortico-
basal degeneration (11). A score of 25 odorants identified 
out of a possible 40 on the UPSIT was associated with a 
sensitivity of 77% and a specificity of 85% in differenti-
ating PD from other parkinsonian syndromes (11). More 
broadly, severe olfactory deficits in odor identification, 
recognition, and detection have consistently been found 
in PD and Alzheimer’s disease; however, discrimination 
between these two neurodegenerative disorders based on 
olfactory function is more difficult (12).

One study evaluated the ability of olfactory testing 
combined with imaging using the radiotracer [123I]	-
CIT with single photon emission computed tomogra-
phy (SPECT) to identify, before symptoms developed, 
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FIGURE 24-1

Potential applications of biomarkers.

TABLE 24-1
Clinical Biomarkers of Parkinson’s Disease

TEST

Motor tests

Pharmacologic challenges

Olfaction

DESCRIPTION

Evaluate performance on 
motor tasks to quantify 
disability

Examine response to 
levodopa or dopamine 
agonists to differentiate 
PD from other 
parkinsonian syndromes

Assesses sense of smell, 
which is lost early in the 
course of PD

BENEFITS

Can be relatively easy to perform
Quantify response to treatment

Are readily and routinely
performed clinically

Have fair sensitivity (�70%) and
specificity (�70%)

Is easy and inexpensive to perform
Appears able to differentiate PD 

from other parkinsonian 
syndromes

LIMITATIONS

Have limited trial data to 
support diagnostic use

Add little understanding to
underlying pathophysiology

Provides primarily only 
diagnostic information

Has limited application 
beyond diagnosis

Pharmacologic Challenges

Because PD responds to dopaminergic treatment, these 
treatments have been used to identify individuals with PD 
in whom there was diagnostic uncertainty. Investigators 
have studied the therapeutic response to levodopa and 
apomorphine, a dopamine agonist.

In one study (9), 82 patients with a parkinsonian 
syndrome without a specific diagnosis were given 250/
25 mg of levodopa/carbidopa. A positive response [greater 
than 30% improvement on the Unified Parkinson’s 
Disease Rating Scale (UPDRS)] had a sensitivity of 71% 
and a specificity of 81% for predicting the diagnosis of 
PD on clinical follow-up 2 years later (9). Based on this 
study and others, the American Academy of Neurology 
concluded in a practice parameter that “Levodopa and 
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individuals with PD in a cohort of at-risk individuals 
(13). Ponsen and colleagues screened 361 asymptomatic 
first-degree relatives of individuals with PD, first with an 
olfactory test (odor detection, discrimination, and iden-
tification) and then with SPECT scans. The individuals 
performing in the bottom 10% of the cohort on the smell 
test underwent imaging. Of the 39 hyposmic individu-
als, 7 had one or more significantly reduced [123I]	-CIT
binding ratios, and—after 2 years—4 of those developed 
PD. None of the other first-degree relatives in the cohort 
developed PD as determined by clinical exam or ques-
tionnaire (13). This study offers promise that olfactory 
testing in combination with other biomarkers can identify 
a segment of individuals at high risk for PD.

IMAGING STUDIES

Cerebral Radiotracer Imaging

Radiotracer imaging of the brain is the most extensively 
studied imaging modality for PD. Based on the under-
standing of dopaminergic cell loss in PD, 4 major classes 
of imaging biomarkers have been developed. These assess 
the activity of the enzyme aromatic acid decarboxylase, 
the vesicular monoamine transporter type 2, the dopa-
mine transporter, and glucose utilization patterns in the 
basal ganglia (14, 15). Table 24-2 provides a summary 
of the principal radiotracers used in PD, their benefits, 
and their limitations.

TABLE 24-2
Principal Radiotracer Imaging Biomarkers in Parkinson’s Disease

Sources: Ravina et al.(14) and Seibyl et al.(15). With permission. 

RADIOTRACER

[18F]Fluorodopa

[11C]Dihydrotetra-
benazine

[123I]	-CIT

[123I]FP-CIT

99mTc-TRODAT

[18F]Fluorodeoxy-
glucose

IMAGING

MODALITY

PET

PET

SPECT

SPECT

SPECT

PET

DESCRIPTION

Measures uptake and 
conversion of fluoro-
dopa to fluorodopamine

Measures intraneuronal 
vesicular transport 
activity of monoamines

Measures presynaptic 
dopamine transporter 
expression in 
dopaminergic neurons

Measures presynaptic 
dopamine transporter 
expression in 
dopaminergic neurons

Measures presynaptic 
dopamine transporter 
expression in dopami-
nergic neurons

Measures glucose utiliza-
tion pattern

BENEFITS

Correlates well with declining 
motor function and with 
disease progression in 
longitudinal studies

Has shown ability to distinguish
typical PD from normal 
controls

Has high target:background 
tissue ratio

Correlates well with declining 
motor function and with 
disease progression in 
longitudinal studies

May be useful diagnostic tool 
for patients with uncertain 
parkinsonism

Available commercially in 
Europe to differentiate PD 
from essential tremor

Has high target:background 
tissue ratio

Has rapid time to peak uptake 
(2–3 hours)

Is highly selective for dopamine
transporter

Has rapid time to peak uptake 
(2–3 hours)

Can assess network activity 
rather than specific aspects 
of dopaminergic neurons

LIMITATIONS

Demonstrates an unclear 
relationship between 
clinical and possible 
pathologic progression

Has less robust evidence 
to date for correlation 
with declining motor 
function

Has long time to peak spe-
cific uptake (8–18 hours)

Is less selective for 
dopamine transporter 
than other agents

Like other radiotracers, 
cannot differentiate 
among parkinsonian 
syndromes

Has low target:background 
tissue ratio

Has been less well studied 
in clinical trials than 
other radiotracers in PD
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The first class is represented by [18F]fluorodopa 
(F-dopa). After intravenous administration, F-dopa 
crosses the blood-brain barrier via a large neutral amino 
acid transporter. F-dopa is taken up into neurons by an 
active transport system and subsequently converted to 
fluorodopamine by the enzyme aromatic acid decarbox-
ylase (14). Once dopamine is produced in neuronal cells, 
it is pumped into synaptic vesicles by the type 2 vesicular 
monoamine transporter (VMAT2). In the striatum (caudate 
and putamen), more than 95% of VMAT2 is associated 
with dopaminergic nerve terminals. Dihydrotetrabena-
zine binds to VMAT2. [11C]Dihydrotetrabenazine is an 
example of the second class of radiotracer agents for 
PD (14).

After dopamine is released from synaptic vesicles 
into the synaptic cleft, dopamine is removed from the cleft 
primarily through the action of presynaptic dopamine 
transporters, which are the targets of the third class of 
radiotracer agents (14). The dopamine transporter is spe-
cific to dopaminergic neurons. Several radiotracers target 
the dopamine transporter—e.g., [123I]	-CIT, [123I]FP-CIT, 
and 99mTc-TRODAT; these, most notably [123I]	-CIT, 
have been used in multiple large-scale clinical trials.

The fourth class of radiotracer agents for PD is 
[18F]fluorodeoxyglucose (FDG), which is a marker of 
resting glucose utilization (14). Rather than imaging 
a particular protein or ligand, FDG positron emission 
tomography (PET) can identify specific metabolic brain 
networks associated with PD (1, 4).

The various radiotracers for PD are designed for use 
with PET or SPECT (Table 24-2). Both are sensitive meth-
ods. The choice of imaging modality is usually determined 
by the specific study questions and study design (16). 
PET generally provides better resolution than SPECT, 
but SPECT studies may be technologically and clinically 
more feasible (16).

Radiotracers have helped increase our understand-
ing of the pathology of PD. For example, the 3 dopami-
nergic ligands have shown negative correlations between 
striatal uptake and disease progression (14). In one study, 
investigators used F-dopa PET to estimate the duration 
of the preclinical period of PD, assuming a linear pro-
gression in the disease course; they concluded that the 
average preclinical period was unlikely to be more than 
7 years (17).

Radiotracers for PD have also been evaluated as 
a diagnostic tool. One dopamine transporter ligand, 
[123I]FP-CIT, is commercially available in Europe as 
DaTSCAN; it is used to differentiate parkinsonian syn-
dromes from essential tremor. Investigators have also 
evaluated imaging with [123I]	-CIT SPECT in individu-
als with parkinsonian syndromes (e.g., PD, multiple sys-
tem atrophy, progressive supranuclear palsy) in whom 
there was initial diagnostic uncertainty on the part of the 
referring neurologist (18). Compared with a movement 

disorder expert’s “gold standard” diagnosis at 6 months, 
imaging showed 92% sensitivity and 100% specificity for 
parkinsonian syndromes in 35 subjects (18). The main 
limitation of imaging has been the ability to differentiate 
among parkinsonian syndromes, such as PD, multiple 
system atrophy, progressive supranuclear palsy, and cor-
ticobasal ganglionic degeneration.

Radiotracer imaging has played a large role in the 
evaluation of therapeutics for PD (Table 24-3). However, 
radiotracer imaging has shown results that are inconsis-
tent with clinical measures. One of the largest studies 
involving [123I]	-CIT SPECT was the Elldopa trial (19), 
which randomized 361 individuals to placebo or to 3 dif-
ferent doses of carbidopa/levodopa to assess the impact of 
treatment on clinical function as measured by the change 
in the UPDRS “off” motor scores. The 3 levodopa-treated 
arms all showed significantly better clinical outcomes than 
the placebo arms even after a 2-week washout period. 
However, the imaging results showed the opposite: 
levodopa use was associated with a more rapid decline 
in binding of the dopamine transporter as measured by 
[123I]	-CIT SPECT (19).

The REAL-PET study evaluated the rate of loss of 
dopamine-terminal function in individuals with PD who 
were randomized to receive either levodopa or ropinirole 
(20). The primary outcome measure of the study was the 
mean percentage reduction in side-to-side average puta-
men [18F]fluorodopa uptake (20). As assessed by F-dopa, 
ropinirole was associated with a slower progression of 
PD (20). However, levodopa-treated individuals had a 
better clinical response as measured by “on” scores of 
the UPDRS motor section but similar Global Clinical 
Impressions scale scores (14). Other studies evaluating 
therapeutic interventions have shown similarly discor-
dant results (see Table 24-3).

The reason for the discordant results is not clear. 
One distinct possibility is the direct pharmacologic regu-
lation of the targets of the radiotracers. Levodopa and 
dopamine agonists can change the uptake or metabolism 
of fluorodopa and alter the number, occupancy, or affinity 
of receptors that bind the radiolabeled ligands. Owing 
to the discordant results and uncertain pharmacologic 
response, no radiotracer image should be considered as 
a surrogate endpoint in PD at present, and the use of 
radiotracers in drug development depends on the specific 
question and suitability of the tracer (14).

Cardiac Radiotracer Imaging

Cardiac radiotracer imaging permits an assessment of the 
autonomic dysfunction that often accompanies PD and 
may help diagnose PD and differentiate PD from other 
parkinsonian syndromes, such as multiple system atrophy 
and progressive supranuclear palsy (21). Research using
[123I]metaiodobenzylguanidine (MIBG), a radiolabeled 
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norepinephrine analog that is taken up and stored in 
sympathetic nerve endings, has demonstrated myocardial 
postganglionic sympathetic dysfunction in individuals 
with PD. In contrast, postganglionic sympathetic nerve 
fibers remain intact in individuals with multiple system 
atrophy. At least one study has suggested that MIBG 
may be a more sensitive test of autonomic function in 
PD than traditional autonomic testing, such as heart rate 
and blood pressure (22).

Transcranial Sonography

Transcranial sonography (TCS) has been primarily evalu-
ated as a diagnostic aid in PD. It utilizes color-coded duplex 
ultrasound systems to image the substantia nigra (23). 
To date, most transcranial sonography has been used as 
a relatively inexpensive, noninvasive diagnostic tool for 
patients with cerebrovascular disorders. However, investi-
gators have been examining its use in PD. The majority of 
individuals with PD are reported to have increased echo-
genicity of the substantia nigra on TCS. The mechanisms 
underlying the increased echogenicity are not clear and may 
be related to iron and ferritin levels (2, 24).

In one study, 157 patients with a degenerative par-
kinsonian syndrome (either PD, multiple system atrophy, 
or progressive supranuclear palsy) underwent TCS. Of 
those who could be imaged, 89% with PD had marked 
hyperechogenicity of the substantia nigra on one or both 
sides, compared with 25% of those with multiple system 
atrophy and 39% of those with progressive supranuclear 
palsy (25).

Investigators are also examining the role of TCS 
in the detection of presymptomatic PD. In one study, 
30 individuals with loss of smell (which is associated
with PD) underwent TCS. Of these, 11 had increased 
echogenicity of the substantia nigra and 10 of the 11 sub-
sequently had [123I]FP-CIT performed. Uptake was 
pathologic in 5 of the individuals and borderline in 2. 
Longitudinal follow-up is needed to determine whether 
any of them subsequently developed PD (26).

TCS has shortcomings. In addition to the unclear 
mechanisms underlying the hyperechogenicity of the sub-
stantia nigra in PD, the test has technical limitations. 
For example, in the study of 157 patients with parkin-
sonian syndrome, the investigators could not obtain a 
temporal bone window (skull location through which 

TABLE 24-3
Key Phase III and IV Trials Using Imaging in Parkinson’s Disease

UPDRS � Unified Parkinson’s Disease Rating Scale
Source: Adapted from Ravina et al.(14). With permission.

RADIOTRACER

[18F]fluorodopa PET

[18F]fluorodopa PET

[123I]	-CIT SPECT

[123I]	-CIT SPECT

STUDY

Fetal cell 
transplantion
vs. sham

Ropinirole v. 
levodopa
(REAL-PET)

Pramipexole vs. 
levodopa
(CALM-PD)

Levodopa vs. 
placebo
(Elldopa)

DURATION

12 months
24 months

24 months

24 months
48 months

42 weeks

PRIMARY

CLINICAL

ENDPOINT

Global change
UPDRS motor 

“off”

None specified

Motor
fluctuations

UPDRS “off”

NUMBER

IN STUDY

(NUMBER

IMAGED)

40 (39)
34 (34)

186 (162)

301 (82)
82 (82)

361 (135)

   

POPULATION

STUDIED

Advanced PD
Advanced PD

Early PD, 
requiring
therapy

Early PD, 
requiring
therapy

Early PD 
not requir-
ing therapy

CORRELATION

BETWEEN

CLINICAL

ENDPOINT

AND IMAGING

RESULTS

Discordant
Discordant

Discordant for 
UPDRS “off”;
concordant
for motor 
fluctuations

Concordant
for motor 
fluctuations

Discordant for 
UPDRS “on”

Discordant
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Doppler images are obtained) sufficient for adequate 
sonographic analysis in 13% of the individuals examined 
(25). Diagnostic studies using TCS have varied widely in 
their results even in those with established parkinsonian 
syndromes. For example, sensitivities have varied from 
40% to 100% (27, 28) and specificities from 55% to 
100% (27, 29). Finally, hyperechogenicity of the sub-
stantia nigra has been identified in approximately 9% 
of healthy adults (24).

BLOOD AND CEREBROSPINAL FLUID TESTS

Biomarkers in the cerebrospinal fluid (CSF), especially 
blood, offer promise for increasing our understanding of PD; 
to date, however, these have had little impact as a diagnostic 
tool or therapeutic metric. Much of the focus on serum 
and CSF biomarkers (Table 24-4) has been on markers of 
oxidative stress, which is thought to contribute to the patho-
physiology of PD (2). Levels of mitochondrial complex I are 

reduced in the substantia nigra (2). To identify a peripheral 
marker, investigators have studied levels of mitochondrial 
complex I in platelets and 8-hydroxy-2’-deoxyguanosine 
as signs of oxidative stress. However, platelets showed 
no difference in complex I levels in one study (30), and 
the increased levels of 8-hydroxy-2’-deoxyguanosine in 
another study (31) were not robust enough to serve as a bio-
marker in clinical practice (2). Other investigators found low 
platelet mitochondrial complex I and II/III activities, which 
appear to be related to the etiology of PD (32). Another 
study has shown a difference in platelet morphology by 
electron microscopy (33), but the significance of this find-
ing is unclear.

In addition to oxidative stress, investigators exam-
ined other proteins and processes implicated in the 
pathogenesis of PD. Lewy bodies and Lewy neurites, 
pathologic hallmarks of PD, contain insoluble �-synuclein 
fibrils. Investigators found significantly elevated levels 
of soluble aggregates of �-synuclein protein in individu-
als with PD compared with controls (34). Defects in 

TABLE 24-4
Select Possible PD Biomarkers in the Blood and Cerebrospinal Fluid

CSF � cerebrospinal fluid.

POTENTIAL

BIOMARKER

Mitochondrial
complex I level

Monoamine oxidase 
B activity

Dopamine transporter

Proteasome

�-Synuclein

8-hydroxy-2’-
deoxyguanosine

Orexin

LOCATION

Blood

Blood

Blood

Blood

Blood and CSF

Blood and CSF

CSF

DESCRIPTION

May be a biomarker of oxidative
stress in platelets that is seen 
within the substantia nigra.

Contributes to the metabolism of
dopamine.

Present on peripheral lympho-
cytes and is a marker of the 
peripheral dopamine system.

Degrades polyubiquinated 
proteins.

Present in platelets and CSF and
protein; implicated in the 
pathophysiology of PD.

May be a marker of oxidative 
stress from oxidized DNA.

May be a biomarker of sleepiness,
which is present in PD.

EVIDENCE TO DATE AND SOURCE

No difference in complex I levels 
between individuals with PD and 
controls (30).

Other investigators have found low levels 
that appear to be related to the 
etiology of PD (32).

Level is increased in PD and reversed 
by selegiline, a monoamine oxidase B 
inhibitor (36).

Immunoreactivity is decreased in the 
early clinical stages of PD (42).

Proteasome 20S activity is decreased in
individuals with PD (35).

Level of soluble aggregates of �-synuclein
increased in individuals with PD 
relative to controls (34).

Level tends to be increased in both 
blood and CSF in PD and other 
neurodegenerative diseases (31).

Orexin levels were lower in PD and 
decreased with the severity of the 
disease (43).
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the ubiquitin-proteasome system, which is responsible 
for degrading polyubiquinated proteins, may contribute 
to the pathogenesis of PD, and proteasome activity in 
peripheral blood lymphocytes is decreased in individuals 
with PD compared with healthy controls (35).

One study has shown the potential of a platelet bio-
marker to respond to treatment. The increased mono-
amine oxidase B activity seen in platelets of individuals 
with PD can be reversed with the addition of selegiline, 
an inhibitor of monoamine oxidase B (36).

GENETIC TESTING

Genes, as indicators of pathogenic processes, can be con-
sidered biomarkers of PD. For the majority of individuals 
with PD, genetic factors do not clearly play a role (2). 
However, individuals with a family history of PD are at 
about a 2- to 4-fold increased risk for PD (37), and the 
incidence of PD is increased in identical twins of indi-
viduals with PD who have onset before age 50 (38).

In 1997, Polymeropoulos identified a mutation 
in the �-synuclein gene, which was responsible for PD 

in a large Italian kindred (39). Since that time, investi-
gators have identified many genes associated with PD 
(Table 24-5). The inheritance pattern of the genes var-
ies from autosomal dominant (e.g., PARK1) to autoso-
mal recessive (e.g., PARK7/DJ-1) to conferring genetic 
susceptibility (e.g., PARK10). For cases of early onset 
with a family history, genetics is helpful in diagnosis and 
in patient education, as many patients with PD due to 
genetic causes have a different clinical course than those 
with sporadic PD (see Table 24-5) (2). In sporadic PD 
occurring above age 50, the use of genetic markers is 
less clear, but progress is slowly being made. Research-
ers have found a mutation in LRRK2 in 1% to 8% of 
sporadic PD in populations of European descent (40), 
and the same mutation has been found in higher propor-
tions of specific subpopulations (41).

SUMMARY

PD is managed clinically without the use of biomarkers 
or ancillary tests. Biomarkers are indicators of biologi-
cal processes and have increasingly been studied in PD 

TABLE 24-5
Genes Linked to Parkinson’s Disease

Source: Adapted from Forman et al.(44) and Pankratz et al.(45). With permission.

LOCUS

PARK1

PARK2

PARK3

PARK5

PARK6

PARK7

PARK8

PARK10

PARK11

FTDP-17

SCA2

SCA3

Nurr1

Synphilin-1

Mitochondria

GENE/PROTEIN

SNCA/�-synuclein

PARK2/parkin

Unknown

UCH-L1

PINK1

PARK7/DJ-1

LRRK2/dardarin

Unknown

Unknown

MAPT/tau

ATXN2/ataxin-2

ATXN3/ataxin-3

NR4A2/NURR1

SNCAIP/synphilin-1

NADH complex I

INHERITANCE PATTERN

Autosomal dominant

Autosomal recessive

Autosomal dominant

Autosomal dominant

Autosomal recessive

Autosomal recessive

Autosomal dominant

Genetic susceptibility

Genetic susceptibility

Autosomal dominant

Autosomal dominant

Autosomal dominant

Likely autosomal dominant

Likely autosomal dominant

Mitochondrial

CLINICAL PHENOTYPE

Mid-age onset (45–60 years old) with typical
PD �/� dementia

Juvenile (�20) onset with atypical features

Typical PD

Mid-age onset with typical PD

Early onset (20–45) PD with slow progression

Early onset PD with slow progression

Mid-age onset with typical PD �/� dementia &
amyotrophy

Typical PD

Typical PD

Parkinsonism associated with frontotemporal 
dementia

Typical PD

Typical PD

Typical PD

Typical PD

Typical PD
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to increase our understanding of the disease, evaluate 
potential therapies, assist in diagnosis, and monitor treat-
ment response. The most extensively studied biomark-
ers are those found through radiotracer imaging studies, 
which combine radiolabeled ligands with PET or SPECT 
modalities. Radiotracers can assist in the diagnosis of PD 
but currently are not widely available or used clinically. 

Other biomarkers—including clinical, imaging, blood, 
cerebrospinal fluid, and genetic tests—all offer different 
advantages but have not yet gained widespread applica-
tion. Collectively, they have increased our understanding 
of PD and can assist in diagnosis and prognosis, but they 
have not yet performed well as surrogate endpoints in 
clinical trials.
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Positron Emission 
Tomography

his chapter reviews the potentials and 
the pitfalls of using positron emission 
tomography (PET) or single photon 
emission computed tomography 

(SPECT) to diagnose Parkinson’s disease (PD) or monitor 
its progression, which is important for assessing the effi-
cacy of interventions. Initially some historical perspective 
is provided on how this methodology developed; then the 
notion of biomarkers and surrogate endpoints is introduced. 
Finally, evidence supporting the use of PET in the diagnosis 
and monitoring of PD is reviewed.

HISTORICAL BACKGROUND

Since degeneration of nigrostriatal neurons underlies PD, 
the measurement of these presynaptic neurons has been 
a key goal of many PET studies. Garnett and coworkers (1) 
first reported the preferential striatal accumulation of 
radioactivity in normal humans after intravenous injec-
tion of the dopa analog [18F]fluorodopa (FD), which 
crosses the blood-brain barrier (BBB) and is decarbox-
ylated to [18F]fluorodopamine, a charged molecule that 
is trapped within the BBB. Presynaptic terminals of 
nigrostriatal dopaminergic neurons contain most of the 
striatal decarboxylase activity; therefore FD PET reflects 
dopaminergic innervation under normal conditions. 

Joel S. Perlmutter

However, as presynaptic neurons degenerate, a greater 
portion of residual decarboxylase activity resides in 
other compartments (2) Nevertheless, the accumulation 
of [18F]fluorodopamine may to some degree indirectly 
reflect residual nigrostriatal neurons (3,4).

Initial FD PET studies revealed decreased striatal 
radioactivity accumulation in people with PD (5–8). 
Other radiotracers label other components of presynaptic 
nigrostriatal neurons. These other tracers can be divided 
into those that bind to presynaptic dopamine transporter 
(DAT) sites (9) or vesicular monoamine transport sites 
(VMAT2). Radiotracers with high affinity for DAT sites 
include analogs of amphetamine-like compounds (9). The 
most commonly used is the SPECT tracer beta-carbo-
methoxy-3beta-(4-iodophenyl)tropane (	-CIT), which 
demonstrates reduced uptake with PD progression (10). 
A variety of other tropane analogs have been developed 
for use with PET or SPECT. Alternatively, [11C]dihydro
tetrabenazine (DTBZ) is a PET tracer that has high affin-
ity for VMAT2 located exclusively on presynaptic vesicles 
of monoaminergic neurons (11). Striatal uptake of DTBZ 
represents mainly dopaminergic terminals, since they 
represent more than 95% of the striatal monoaminergic 
terminals. Like that of FD or 	-CIT, DTBZ uptake is 
decreased in humans with PD (12).

Regional PET measurements of blood flow, oxy-
gen, or glucose metabolism have been used to identify 

T
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sites of abnormal function that occur in diseases such as 
PD. For example, abnormalities of local flow or metabo-
lism found in basal ganglia in patients with PD reflect 
the known striatal dopamine deficiency as well as other 
functional abnormalities associated with motor control 
and cognitive function (13–19). These measurements of 
flow and metabolism have also been used for studies of 
diagnosis and disease progression.

BIOMARKERS AND SURROGATE ENDPOINTS

Prior to discussing the application of these neuroimaging 
methods to PD, it is important to review the notions of 
biomarkers and surrogate endpoints. A biomarker is an 
objectively measured indicator of normal biological pro-
cesses, pathogenic processes, or pharmacologic responses to 
a therapeutic intervention (20). For example, the number of 
triplet repeats of the base sequence CAG for the huntingtin 
gene is a biomarker for Huntington’s disease. The finding 
of 40 or more triplet repeats of this sequence indicates that 
an individual has or will develop the disease (21). There is 
no analogous straightforward biomarker for PD. No mea-
surement of a biological process in living humans predicts 
with great accuracy the diagnosis of idiopathic PD or pro-
gression of disease. Several biomarkers have been proposed 
that provide evidence of early PD, such as deficiencies of 
smell acuity (22–24). However, clear distinction from other 
parkinsonian conditions may be problematic. Further and 
more importantly, smell acuity does not provide a reliable 
measure of disease progression. How such limitations apply 
to the neuroimaging measures that have been proposed for 
PD is discussed below. Some may provide greater sensitivity 
for reduced nigrostriatal neurons than clinical examination, 
but they suffer from limited specificity; the biomarker does 
not distinguish PD from progressive supranuclear palsy 
or multisystems atrophy. Nevertheless, can one of these bio-
markers provide a good measure of disease severity or pro-
gression, and what role could that play in clinical trials?

To answer this question, it is important to clarify the 
definition of a surrogate endpoint and distinguish that from 
the more general term biomarker. A biomarker that could 
measure PD progression would be valuable for measuring 
the effect of an intervention on the underlying pathologic 
process—loss of dopaminergic neurons. Some proposed 
interventions, such as orally administered creatine, could 
conceivably improve a clinically meaningful endpoint such 
as the ability to live independently or reduce fall risk by 
improving muscle strength rather than necessarily reducing 
rate of disease progression. In this situation, a neuroimag-
ing biomarker reflecting disease progression could provide 
valuable insight into the key action of the intervention. That 
use of a biomarker is different from its use as a surrogate 
endpoint, where the biomarker can substitute for a clini-
cally meaningful endpoint (20). This more limited use of 

the biomarker has value for understanding the effects of 
an intervention but does not substitute for the clinically 
meaningful endpoint, since it may not predict toxicity or 
mediate all the effects of the intervention on the clinical out-
come. In other words, a surrogate endpoint must meet much 
more stringent criteria before it can substitute for a clinically 
meaningful endpoint. A biomarker of disease progression, 
on the other hand, only needs to be a reliable measure of 
disease progression. Several neuroimaging methods have a 
potential role for this more restricted application—that is, as 
a reliable measure of the nigrostriatal neuronal pathway.

DIAGNOSIS OF PARKINSON’S DISEASE

One key question is whether PET imaging can be used as 
a diagnostic test to supplement clinical diagnosis of PD 
“(a related issue, of course, is the definition of PD.” For this 
review, PD is defined as the clinical syndrome associated 
with progressive nigrostriatal neuronal loss with Lewy 
bodies found on pathologic examination). A diagnostic 
test requires high specificity and high sensitivity with a 
high positive predictive value. Several studies have begun 
to address these issues. Low striatal FD uptake may dis-
tinguish individuals with PD from normals (25–28) or 
those with dopa-responsive dystonia (29), and other pre-
synaptic tracers may provide similar information (30–32) 
or distinguish PD from essential tremor (33). However, a 
more stringent question is whether PET can distinguish 
PD from other parkinsonian syndromes. FD uptake alone 
does not separate persons with PD from those with mul-
tiple system atrophy (MSA) (19, 34), Machado-Joseph 
disease (35), or spinocerebellar ataxia with parkinson-
ism (36). However, relatively small studies suggest that 
combining FD with other tracers, such as measures of 
dopamine receptors or [18F]fluorodeoxyglucose (FDG), 
may improve the ability to distinguish PD from MSA 
or progressive supranuclear palsy (PSP) (37, 38). Mark-
ers of the dopamine transporter system also provide 
some distinction between these different parkinsonian 
groups (39–41), but there is substantial controversy as to 
whether this distinction is sufficient to be clinically useful 
(42, 43). A linear combination of regional FDG uptake 
in caudate, lentiform nuclei, and thalamus may distin-
guish PD from atypical parkinsonism (44). Application 
of sophisticated statistical techniques to determine the 
pattern of regional FDG uptake permits differentiation 
of PD patients from normals and those with clinically 
defined striatonigral degeneration (45). Potentially, PET 
may be able to distinguish underlying PD in people with 
exposure to dopamine receptor–blocking drugs, since 
patients with low FD uptake may be more likely to have 
long-lasting or progressive parkinsonism after cessation 
of the offending drug compared with those with normal 
FD uptake (46).
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PET or SPECT may also reveal a normal-appearing 
scan in some individuals who appear to have a clini-
cal diagnosis of PD (47, 48). Does this mean that these 
people have an atypical parkinsonian syndrome or other 
conditions that mimic PD, like essential tremor or drug-
induced parkinsonism? Alternatively, could some of these 
people have less severe pathologic changes associated 
with relatively mild PD manifestations? Will they prog-
ress more slowly? Are there other clinical features that 
distinguished these people from those with more typi-
cally abnormal scans? Also, some with normal-appearing 
scans could represent a limitation in sensitivity of the 
imaging modality, as revealed by 1 person in 56 with 
typical early PD (asymmetric resting tremor, bradykine-
sia, rigidity and dopa responsive) who had a normal FD 
PET (49). Ongoing research will hopefully address some 
of these questions. Nevertheless, it seems reasonable that 
either PET or SPECT could be used to identify a more 
homogenous group of participants for a clinical trial. 
Of course, the limitation of this approach would be the 
lack of generalizability of findings from such a trial to 
clinical practice, unless of course that clinical practice 
also included the imaging modality implemented with 
the same expertise as used in the clinical trial.

Despite the limited specificity of PET or SPECT mea-
sures to distinguish PD from other parkinsonian condi-
tions, there are still several potential uses of these PET 
markers. Clearly, presymptomatic diagnosis of PD could 
be an important clinical tool once protective therapies have 
been proven. Much of this is based on the higher sensitivity 
of these measures to detect defects in nigrostriatal path-
ways compared with clinical examination. For example, 
asymptomatic patients exposed to MPTP had intermediate 
values of striatal FD uptake compared with PD patients 
and normals (5). Monkeys treated with low doses of MPTP 
that did not produce parkinsonian signs had decreased 
striatal uptake (50, 51). Some unaffected monozygotic 
twins and nontwin relatives of PD patients had abnormally 
low striatal FD uptake (52–55), as has been found in some 
asymptomatic family members with a parkin gene muta-
tion (56). These latter studies emphasize the importance 
of the ability to potentially identify an endophenotype for 
genetics research. PET potentially could “convert” a nor-
mal to an “affected” person for genetic investigations of 
pedigrees with familial parkinsonism (49).

In summary, each of the three classes of nigrostratal 
neuronal markers has been demonstrated to have reduced 
striatal uptake in either people with PD or animal mod-
els of parkinsonism (57–60), with differing degrees of 
correlation to various motor manifestations or in vitro 
measures of nigrostriatal function (61–63). It is also clear 
that PET or SPECT methods usually provide greater sen-
sitivity for the detection of a nigrostriatal defect than 
clinical examination. However, there are inadequate data 
to demonstrate that PET or SPECT can provide helpful 

information to distinguish among the different parkinso-
nian conditions—in a way that would provide meaningful 
clinical information—to either help with counseling or 
guide treatment for individual patients.

MONITORING DISEASE PROGRESSION 
OR EFFICACY OF TREATMENT

Development of therapies to slow or reverse progression 
of PD requires an endpoint to determine the effectiveness 
of the intervention (64). Currently, a clinical endpoint 
such as quality of life, lifespan, or other measure of clini-
cal disease progression may be the most appropriate one. 
Alternatively, change on a clinical rating scale such as 
the Unified Parkinson Disease Rating Scale (UPDRS) has 
been used (47), but it is important to connect a change in 
UPDRS with an endpoint that is meaningful to patients, 
such as quality of life. However, even a clinically mean-
ingful endpoint has limitations for interpretation of the 
effects of an intervention. An intervention may alter an 
endpoint without retarding the pathophysiologic progres-
sion of disease. For example, a drug could directly increase 
muscle strength in patients with PD, improve quality of 
life, or perhaps even reduce progression on a UPDRS rat-
ing but still do nothing for progression of disease. In this 
situation, a biomarker would be invaluable to determine 
the effect of the intervention on pathology. Neuroimaging 
could potentially provide such a biomarker if it could 
objectively measure the loss of nigrostriatal neurons that 
occurs in PD and assess changes in dopaminergic cell 
numbers.

Unfortunately, neuroimaging biomarkers have not 
achieved this potential for PD (65). Multiple issues com-
plicate interpretation of currently available SPECT- or 
PET-based biomarkers. Large multicenter trials have 
revealed marked discrepancies between neuroimaging 
biomarkers and clinical endpoints(47, 64, 65). In fact, 
a panel sponsored by the National Institute Of Neuro-
logical Disorders and Stroke reviewed this issue and con-
cluded that “current evidence does not support the use 
of imaging . . . in clinical trials.” A valid biomarker must 
reflect the natural history of disease and accurately reflect 
alterations produced by an intervention (66).

For PD, this requires an imaging biomarker to main-
tain a consistent amount of tracer uptake per individual 
nigrostriatal neuron despite changes in the numbers of 
residual nigrostriatal neurons or the nature of the interven-
tion. The specific binding site or enzyme activity responsible 
for radiotracer uptake may change owing to an attempt to 
compensate for the loss of neurons. This process, called 
regulation, may alter the quantitative relationship between 
tracer uptake and number of residual neurons. Although it 
is known that several neuroimaging markers detect a reduc-
tion in nigrostriatal neurons as seen in PD, uptake of these 
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radiotracers may be affected by regulation, thus confound-
ing interpretation of the endpoint.

Evidence Supporting [18F]Fluorodopa
as a Biomarker

The following data support the use of FD, a DAT marker 
(e.g., 	-CIT), or a VMAT2 tracer (e.g., DTBZ) as a valid 
biomarker of disease progression (67). FD PET primarily 
reflects neuronal decarboxylase activity that converts FD 
into (18F]dopamine (2). Since [18F]dopamine is a charged 
molecule, it is trapped in the brain and its uptake pro-
vides an index of decarboxylase activity. Multiple stud-
ies in humans and nonhuman primates suggest that FD 
uptake reflects nigrostriatal function. These studies fall 
into two categories: those that directly attempt to deter-
mine whether FD uptake correlates with the number of 
nigrostriatal neurons and those that demonstrate changes 
in striatal uptake of FD with disease state or progression 
of disease. Studies in humans have found that FD uptake 
is decreased in PD compared with normals (68, 69) and 
that striatal uptake modestly correlates with parkinsonian 
signs (70). Longitudinal studies demonstrate a reduction 
of FD uptake in people with PD (71–73). However, a 
trial of levodopa vs. ropinirole treatment for early PD 
where FD PET was used as the primary endpoint revealed 
greater loss over 2 years in the levodopa-treated group 
despite greater functional improvement on motor ratings 
(UPDRS). If, on the other hand, one interprets develop-
ment of dopa-induced dyskinesias as a sign of disease 
progression, it would be concordant with the PET find-
ings (48). In a trial of sham surgery vs. midbrain fetal 
cell transplant, striatal FD uptake increased in those over 
and under 60 years of age despite clinical benefit only in 
the younger group (74). Similarly, a recent study of an 
intraputamenal glial cell line–derived neurotrophic fac-
tor (GDNF) infusion in people with PD demonstrated no 
clinical benefit with motor scales but increased uptake of 
FD (75). These studies demonstrate discordance between 
FD PET and clinical endpoints (67).

Several studies have attempted to correlate stria-
tal uptake of FD with postmortem measures of striatal 
dopamine or numbers of substantia nigra pars compacta 
(SNpc) dopaminergic cells (3, 4, 76). Only one study has 
been done in humans (4). The density of dopaminergic 
neurons in SNpc was measured postmortem on a single 
midbrain slice in 2 people with PD, 2 with Alzheimer’s 
disease, and 1 with PSP. The patients died several years 
after the last PET measurement, and there are likely dif-
ferences in drug exposures and other factors that may 
have altered dopaminergic neurons. These findings have 
3 main limitations. First, dopaminergic cell counts were 
not done with an unbiased technique, such as stereology. 
Rather, a more limited sample of the nigra was used, and 
that may have biased the results. Second, only 5 subjects 

were included, which is far too small a sample to produce 
meaningful conclusions. Third, with such a small num-
ber of subjects, it is not possible to accurately determine 
whether the data are normally distributed—a necessary 
condition for the correlation analysis to be valid. These 
data do not provide convincing support of a relationship 
between cell counts and FD uptake. Interestingly, 3 more 
subjects have been added to this curve (67), but these new 
findings have been described only sparsely, without any 
information about appropriately unbiased cell counts. 
This is a difficult task to execute with human subjects.

There have been two studies in nonhuman primates, 
and these provide greater potential to control variables. 
The first included 8 monkeys, and the authors reported 
a high correlation between the right/left striatal ratio of 
FD uptake with the right/left ratio of tyrosine hydroxylase 
staining density used as an index of dopaminergic nigral 
cell counts (3). There are 3e major limitations of this 
study. First, the investigators used only optical density on 
one slice through the midbrain rather than a more precise 
measure, such as stereologic counts of TH-staining neu-
rons, possibly introducing bias. Second, the number of 
animals was too small for a correlation analysis. Third, 
the variation across the spectrum of reduced cell counts is 
too limited for a proper correlation analysis. In particular, 
the data from the monkeys with abnormally low striatal 
neurons tend to cluster in the lower left of the graph 
provided in the publication, whereas the normal striatal 
measures cluster in the upper right. These are not the 
normally distributed data required for a valid correlation 
analysis, and there is no indication that there is a correla-
tion within either of the clusters individually.

A larger study was done in 17 monkeys using 
graded MPTP-induced lesions of the SNpc, but the 
MPTP-induced lesions were restricted to only modest 
loss of neurons, up to a 35% loss. These investigators did 
use stereologic counts with appropriate tissue sampling 
as required by an unbiased counting technique (77). 
Interestingly, the published figure comparing nigral 
cell counts with striatal FD uptake reveals no correla-
tion between the 2 measures. These data contradict the 
reported findings of the previous 2 publications, yet 
this paper is often incorrectly cited as supporting the 
relationship between FD uptake and SNpc cell counts. 
The explanation for that lies in the P value shown in the 
figure in the upper left of the graph. This P value refers 
to the difference between two different methods for esti-
mating FD uptake and not to a significant relationship 
between cell counts and FD uptake. Therefore there 
are no clear data to support the notion that striatal FD 
uptake reflects SNpc dopaminergic cell counts. Interest-
ingly, striatal FD uptake does appear to correlate with 
striatal dopamine content (as found by this study and 
the previously discussed monkey paper (3), but that is 
different from cell counts.
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Evidence Supporting a DAT 
Tracer as a Biomarker

What are the data that DAT tracers can measure PD pro-
gression? The most commonly used DAT marker is the 
SPECT radiopharmaceutical 	-CIT, and striatal uptake of 
	-CIT decreases with PD progression (10). However, in 
a large 9-month human trial of testing different doses of 
L-dopa for treatment of early PD, 	-CIT SPECT revealed 
no significant change across treatment groups despite 
reduced progression of motor ratings in the group treated 
with the highest dose (done after a 2-week washout with 
no change found between 1 and 2 weeks of washout, as 
would be expected if there were an inadequate washout 
time—although the number of subjects in this part of the 
study was relatively low) (47). After retrospective censor-
ing of data in people with normal baseline SPECT scans, 
striatal 	-CIT reduction was greater in the group treated 
with the highest dose of L-dopa. This post hoc analysis 
provides an even greater contradiction between the clini-
cal endpoint and the SPECT findings. In any event, both 
analyses demonstrate that 	-CIT SPECT findings contra-
dict the primary clinical endpoint. Therefore the ability of 
this class of imaging markers accurately to reflect under-
lying pathologic progression studies remains unclear.

Evidence Supporting DTBZ as a Biomarker

PET measurement of DTBZ binding to VMAT2 (vesicu-
lar monoamine transporter type 2) is another alterna-
tive. VMAT2 is located exclusively in the membranes 
of presynaptic vesicles of monoaminergic neurons (11). 
Validation of DTBZ as a measure of striatal dopamine 
innervation has been attempted in several ways. Studies 
have shown that in vivo regional binding of DTBZ cor-
relates with the known distribution of VMAT2 in rodent 
brain (78). There is a linear relationship between the level 
of in vitro striatal radioligand binding to VMAT2 and the 
extent of nigral injury in 6OHDA-lesioned rats (79), sug-
gesting that there is no regulation of this binding site, at 
least in rats. DTBZ exhibits high-affinity binding only to 
VMAT2 and a lack of regulation of VMAT2 by repeated 
or chronic dopaminergic or cholinergic drug treatments in 
rodents (80,81). Striatal uptake represents mainly dopa-
minergic terminals, since they constitute more than 95% 
of the striatal monoaminergic terminals. DTBZ uptake 
is decreased in humans with PD, and this decrease may 
correlate with severity of parkinsonian signs (12). How-
ever, a larger study recently found that striatal uptake 
correlated with PD duration and activities of daily living, 
not with UPDRS motor scales (82). Finally, human DTBZ 
uptake is highly reproducible (83).

The critical point is that VMAT2 sites on presynap-
tic vesicles may be less likely to be regulated than either 
decarboxylase or DAT. The [�]enantiomer of DTBZ has 

greater specificity, selective uptake, and improved imag-
ing characteristics compared with the racemic form (84). 
These features, together with the lower potential for regu-
lation, make DTBZ the currently available radioligand 
with the greatest potential to accurately reflect changes 
in presynaptic nigrostriatal neurons.

Once a standard curve has been established for one of 
the radiotracers, the next step before its application in an 
interventional study is to demonstrate that the intervention 
to be tested does not alter the relationship between tracer 
uptake and residual dopaminergic neurons. For example, 
there might be differential alteration by levodopa compared 
to a dopamine agonist for the uptake of PET tracer that 
marks DAT sites (65, 67, 85). Other interventions, like fetal 
transplant surgery, may directly alter some assumptions 
underlying tracer kinetic analysis, which may confound 
interpretation of longitudinal changes to tracer uptake (2, 
86). Frequently, relatively small studies regarding the lack 
of effects of an intervention are used to indicate a lack of an 
effect on an imaging biomarker, but this may not be relevant 
for a much larger study in which small effect sizes can be 
statistically significant. This important issue has become the 
focus of ongoing studies.

There are no convincing data demonstrating 
that one of these potential neuroimaging biomarkers 
faithfully reflects reduction of nigrostriatal neuron 
number—a measure of disease progression. In other 
words, no standard curve has convincingly provided 
proof that one of these radiotracers accurately reflects 
a reduction in nigrostriatal neurons. Thus, there are 
currently inadequate data to support the use of any of 
these markers as biomarkers of disease progression. 
Furthermore, there is no justification for the use of 
one of these as a surrogate endpoint—supplanting a 
clinically based endpoint—for a clinical study, since the 
imaging biomarkers could miss important untoward 
effects of an intervention.

CONCLUSIONS

Neuroimaging with PET or SPECT may provide con-
firmation of a defect in the nigrostriatal pathways in 
someone with parkinsonism. These neuroimaging meth-
ods may provide greater sensitivity than clinical examina-
tion for identifying the effects of such defects. There are 
inadequate data to justify clinical use of these methods 
for differential diagnosis of the type that would be useful 
clinically to distinguish among the various parkinsonian 
syndromes. Although the sensitivity of the PET or SPECT 
methods may play a role in subject identification for clini-
cal trials or research studies, this application comes at a 
cost of limited generalizability of the findings from such 
a study. Finally, current evidence does not support the 
use of any of these radiotracers as biomarkers of disease 
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progression or surrogate endpoints for a clinical trial test-
ing a new intervention.
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Single Photon Emission 
Computed Tomography

arkinson’s disease (PD) (also known 
as paralysis agitans)—a neurodegen-
erative disorder that affects over a 
million people in North America— 

leads to clinical symptoms of motor deficit such as tremor, 
rigidity, hypokinesia, and bradykinesia (1). It is one of a 
family of such diseases associated with the loss of central 
nervous system neurons, such as progressive supranuclear 
palsy (PSP) and multiple system atrophy (MSA). Discrimi-
nation between these diseases is important early in the 
course since each has a different prognosis and requires 
a distinct treatment regimen (2).

Postmortem studies indicate that these parkinsonian 
disorders exhibit dramatic losses of various neurons, 
particularly the dopaminergic neurotransmitter system 
in the nigrostriatum (3, 4). The predominant cause of 
parkinsonism is PD, accounting for up to 85% of all 
reported cases. Pathologic findings show that most of 
the neuronal loss in early in PD takes place in the ventro-
lateral tier of the substantia nigra, which projects to the 
posterior putamen (5). This leaves the ventral putamen 
and caudate relatively spared in the early stages. In addi-
tion, PD is characterized by the formation of neuronal 
Lewy bodies.

Multiple system atrophy, also called Shy-Drager 
syndrome, can include syndromes of olivopontocerebel-
lar atrophy, striatonigral degeneration, pallidopyramidal 
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degeneration, and pure autonomic failure. Although rare, 
this entity is believed to account for 5% to 11% of patients 
diagnosed with PD (6, 7). MSA accounts for up to 10% 
of patients presenting with parkinsonian symptoms. It 
gives rise to much more widespread disruptions in the 
brain—with symptoms associated with extrapyramidal, 
pyramidal, autonomic, and cerebellar involvement—and
is characterized by degeneration and gliosis in the brain-
stem, spinal cord, striatum, globus pallidus, and cerebel-
lum (8, 9). Although most MSA patients do not respond 
to dopaminergic therapy, the disease exhibits neurode-
generation in the nigrostriatum similar to that observed 
in PD. Progressive supranuclear palsy causes a a supra-
nuclear gaze palsy, dystonia, axial rigidity, and eventually 
dementia. The neuronal loss in PSP is comparable to that 
in PD, but without the formation of Lewy bodies. Degen-
eration occurs primarily in the brainstem and striatum, 
with the formation of neurofibrillary tangles (10).

Other important confounds in the differential 
diagnosis of PD include dopa-responsive dystonia and 
essential tremor. Dopa-responsive dystonia is an inherited 
disorder that presents with clinical symptoms very similar 
to those of early-onset PD (11). A fluorodeoxyglucose 
(FDG) positron emission tomography (PET) study of 
patients with dopa-responsive dystonia showed increases 
in the dorsal midbrain, cerebellum, and supplementary 
motor area as well as reductions in the motor and lateral 

P
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premotor cortex and the basal ganglia (12). However, 
SPECT and PET studies have shown either normal or 
only slight reductions in dopaminergic function, which 
is in marked contrast to PD (13–16). Essential tremor 
presents with clinical symptoms of postural tremor, usu-
ally involving the hands or forearms. Similarities between 
the clinical symptoms of PD and essential tremor can lead 
to misdiagnosis, although SPECT and PET studies show 
clearly that there is no loss of dopaminergic neurons in 
patients with essential tremor (17–19).

Until recently, SPECT and PET imaging in neurode-
generative disorders primarily focused on differentiating 
patients from healthy control subjects. Indeed, it may 
be that the differential diagnosis of neurodegenerative 
diseases will provide the first routine clinical applica-
tion for studies of neuroreceptor and transporter bind-
ing. However, imaging studies are becoming increasingly 
important in elucidating the pathogenesis of neurodegen-
erative disease and deciphering any genetic contribution 
to these disorders. In addition, they are being utilized in 
longitudinal studies to assess the efficacy of surgical and 
neuroprotective therapies.

This chapter discusses the contributions of single 
photon emission computed tomography (SPECT) and PET 
imaging in the diagnosis, understanding, and manage-
ment of parkinsonian disorders, with particular emphasis 
on SPECT. Although PET is generally regarded as having 
higher spatial resolution, the use SPECT is beginning to 
produce important advances in the field. This is partially 
owing to the development of excellent SPECT tracers but 
also because of the lower cost and wider availability of 
SPECT tracers versus those used in PET.

IMAGING IN THE DIFFERENTIAL DIAGNOSIS 
OF PARKINSONIAN DISORDERS

The differential diagnosis of the various parkinsonian 
disorders based on clinical symptoms alone is difficult, 
especially early in their course (20, 21). Tremor is a classic 
feature of PD, although this can also be found in patients 
with PSP and MSA. Similarly, a criterion for diagnosing 
PD is a good, sustained response to levodopa (L-dopa) 
therapy, although this is also found in some patients with 
MSA and dopa-responsive dystonia. Postmortem stud-
ies show that the clinical diagnosis of PD is incorrect in 
almost half the cases diagnosed by general neurologists. 
The error rate is still thought to exceed 25% when the 
diagnosis is made by a subspecialist in movement disor-
ders. These observations have contributed to the motiva-
tion for developing functional neuroimaging techniques 
that can help to tell these disorders apart.

Structural changes induced by parkinsonian dis-
eases are generally small and often evident only when 
the disease is in its advanced stages. Consequently, the 

diagnostic accuracy of anatomic imaging modalities 
(e.g., magnetic resonance imaging, or MRI) in neurode-
generative disorders is poor (22). In general, SPECT and 
PET imaging have the potential to provide more physi-
ologic information that might help to diagnose patients 
before anatomic changes occur. Functional imaging of 
neurodegenerative disease with SPECT and PET has fol-
lowed 2 main paths; studies of blood flow and cerebral 
metabolism to detect abnormal tissue function and imag-
ing of the dopaminergic neurotransmitter system to study 
the loss of dopamine neurons.

PET studies of cerebral glucose metabolism have 
used the glucose analog fluorodeoxyglucose (18F FDG), 
whereas the SPECT tracers 99mTc hexamethylpropylene 
amine oxime (99mTc HMPAO) and 99mTc ethylcysteinate
dimer (99mTc ECD) are markers of cerebral perfusion. 
Striatal glucose metabolism and perfusion are normal in 
PD (23–27), although some studies have demonstrated 
an asymmetry of striatal metabolism (23). Many studies 
have shown global cortical hypometabolism or hypoper-
fusion or a loss of posterior parietal metabolism with a 
pattern similar to that observed in Alzheimer’s disease 
(29–32). Other investigators have used the differences 
in regional metabolism or cerebral blood flow to dis-
criminate between PD and MSA (33, 34) or PSP (35). 
However, the diagnostic accuracy of cerebral blood flow 
and glucose metabolism in differentiating neurodegen-
erative disorders is relatively poor in comparison with 
direct imaging of the dopaminergic nigrostriatal pathway. 
Thus, general brain function is not nearly as affected 
by the disease process as are specific neurotransmitter 
systems. This may be particularly true in PD patients with 
dementia. Studies of blood flow and glucose metabolism 
in patients with pure Lewy body disease with no features 
of Alzheimer’s disease have consistently shown biparietal, 
bitemporal hypometabolism—a pattern that was once 
thought to represent the signature of Alzheimer’s.

A variety of tracers exist for the study of the dopa-
minergic neurotransmitter system using both SPECT 
and PET (Table 26-1). Early PET studies of the nigros-
triatal pathway used the uptake of 6-[18F]fluoro-L-3, 
4-dihydroxyphenylalanine (18F-dopa) as a measure of the 
integrity of dopamine neurons (36, 37). 18F-dopa mea-
sures changes in striatal dopa decarboxylase activity, 
which is dependent on the availability of striatal dopami-
nergic nerve terminals and is proportional to the number 
of dopamine neurons in the substantia nigra (38).

Direct measurements of dopamine transporter bind-
ing sites are possible with 11C cocaine (39), or the cocaine 
analogs 2	-carbomethoxy-3	-[4-iodophenyl] tropane 
(	-CIT) and N-�-fluoropropyl-2	-carbomethoxy-3	-[4-
iodophenyl] tropane (FP-CIT), labeled with either 18F or 
11C for PET or 123I for SPECT (40, 41). Other dopamine 
transporter ligands include N-[3-iodopropen-2-yl]-2	-
carbomethoxy-3	-[4-chlorophenyl] tropane (123I IPT) 
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(42), its 4-fluorophenyl analog 123I altropane (43), 2	-
carbomethoxy-3	-[4-fluorophenyl] tropane (11C CFT) 
(34), and 11C d-threo-methylphenidate (44).

Of particular importance is the development of 
the first successful 99mTc-labeled dopamine transporter 
ligand 99mTc [2-[[2-[[[3-(4-chlorophenyl)-8-methyl-8-
azabicyclo[3.2.1] oct-2-yl]-methyl](2-mercaptoethyl) 
amino]-ethyl] amino] ethane-thiolato(3-)-N2,N2’,S2,S2’] 
oxo-[1R-(exo-exo)] (99mTc TRODAT-1) (45, 46). Since 
99mTc is much more widely available and less expensive 
than 123I, this new tracer may move imaging of the dopa-
minergic system from a research environment into rou-
tine clinical practice, particularly with simplified imaging 
protocols (47).

There are several tracers for imaging postsynap-
tic dopamine D2 receptors using radioactively labeled 
dopamine receptor antagonists. The most widely used 
for SPECT include S-(-)-3-iodo-2-hydroxy-6-methoxy-N-
[(1-ethyl-2-pyrrolidinyl) methyl] benzamide (123I IBZM) 
(48, 49), S-5-iodo-7-N-[(1-ethyl-2-pyrrolidinyl) methyl] 
carboxamido-2, 3-dihydrobenzofuran (123I IBF) (14), 
S-N-[(1-ethyl-2-pyrrolidinyl) methyl]-5-iodo-2, 3-dime-
thoxybenzamide (123I epidepride) (50, 51); for PET, they 
include S-(-)-3, 5-dichloro-N-[(1-ethyl-2-pyrrolidinyl)] 
methyl-2-hydroxy-6-methoxybenzamide (11C raclopride) 
(52) and 11C or 18F N-methylspiroperidol (53, 54).

SPECT and PET used in studies of radiotracer bind-
ing to postsynaptic dopamine receptors and presynaptic 
dopamine transporters and neurons have proved to be 
powerful techniques for quantifying the loss of dopami-
nergic neurons in normal aging, PD, and other neuro-
degenerative disorders (Table 26-2). Studies of neuronal 
degeneration associated with the effects of normal aging 
indicate that, although the concentrations of dopamine 
transporters decrease as a natural consequence of aging, 

these changes are small compared with the effects of dis-
ease (Figure 26-1) (55). SPECT and PET studies indicate 
a consistent pattern of dopaminergic neuronal loss in PD, 
usually with a more pronounced decrease in the putamen 
than in the caudate (Figures 26-2 and 26-3). In addition, 
there is often a marked asymmetry of uptake in the stria-
tum, particularly in the early stages of the disease. This 
asymmetry usually has a good correlation with symptom 
severity (56) and illness duration (57). Most importantly, 
imaging studies may be sensitive enough to detect very 
early PD (58–60), perhaps even before clinical symptoms 
become apparent.

Characteristically, PD begins with unilateral symp-
toms of motor deficit, which gradually progress to become 
bilateral. Studies of patients with early hemi-PD, in which 
they have symptoms only on one side for an extended 
period, have produced SPECT and PET findings dem-
onstrating bilateral decreases in tracer binding, with a 
greater reduction in the side contralateral to the clinical 
signs (61–63). The ability of SPECT and PET to detect 
presymptomatic PD may have important implications for 
the screening of familial PD and also for the evaluation 
of neuroprotective therapies.

Although most of the SPECT and PET imaging stud-
ies have shown highly significant differences between 
groups of Parkinson’s patients and age-matched normal 
controls, the differential diagnosis of an individual subject 
is more problematic. Patients with severe PD are easily 
separated from healthy controls even from a simple visual 
inspection of striatal images, which can be quantified 
using some form of discriminant analysis (64, 65); this 
has a sensitivity and specificity from 90% to 100% in 
the proper clinical setting (66, 67). However, disease in 
patients presenting much earlier in the course is more 
difficult to detect, since there can be a substantial overlap 

TABLE 26-1
Selected SPECT and PET Tracers for Imaging the Dopaminergic 

Neurotransmitter System

BINDING SITE TRACER PET OR SPECT REFERENCES

Dopamine synthesis 18F-dopa PET 36, 37

Dopamine transporters 11C cocaine PET 39
 [11C] [18F] [123I]	-CIT Both 40, 41
 [11C] [18F] [123I]FP-CIT Both 40, 41

123I IPT SPECT 42
123I altropane SPECT 43
11C methylphenidate PET 44
99mTc TRODAT-1 SPECT 45, 46

Dopamine 123I IBZM SPECT 48, 49

D2 receptors 123I epidepride SPECT 50, 51
11C raclopride PET 52

 [11C] [18F]N-methylspiroperidol PET 53, 54
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with an age-matched control group (60, 63, 68) and con-
sequently a loss of diagnostic accuracy. The situation may 
be further complicated if an early differential diagnosis 
between several different neurodegenerative disorders is 
required. Many of the symptoms associated with par-
kinsonian disorders are nonspecific, which is why the 
accurate clinical diagnosis of these diseases is difficult. 
Indeed, some histopathologic studies have shown that as 
many as 25% of all patients who were diagnosed with 
PD before death had been misdiagnosed (69, 70). Studies 
measuring dopamine transporter activity have had more 
difficulty in separating PD from MSA or PSP (64, 71).

There have been only limited studies of the dopa-
minergic system in patients with MSA, with most 
reports including fewer than 15 subjects in any patient 
category (Figure 26-4). Several SPECT studies utilizing 
123I 	-CIT demonstrated significantly decreased binding
in MSA patients compared with controls but did not 
help in differentiating MSA from PSP (72–74). Other 
studies have revealed controversial findings regarding 
dopamine transporter activity in the striatum (75–77). 
Part of the reason for the discrepancies in these studies 
is the method for diagnosing them, the disease severity 
of the patients studied, and the duration of illness. How-
ever, the results have been encouraging, including one 

F-dopa PET study demonstrating that according to the 
caudate-putamen index (calculated by the difference in 
the uptakes in the caudate and putamen divided by the 
caudate uptake), MSA patients have values lower than 
those of patients with PD (78). PET studies of patients 
with MSA compared with controls report decreased 
F-dopa uptake in the putamen and caudate. Another 
study demonstrated that the severity of extrapyrami-
dal signs correlated with the decline of F-dopa uptake 
within the striatum (79). However, another study dem-
onstrated decreased F-dopa uptake in both MSA and 
PD patients (80).

In PSP patients, Leenders and colleagues (91) found 
decreased dopamine formation and storage in the stria-
tum. This decrease correlated with the degree of reduced 
frontal blood flow. A SPECT study with 123I 	-CIT dem-
onstrated decreased binding in 8 PSP patients compared 
with controls but did not differentiate these individuals 
from patients with other parkinsonian syndromes (4). 
Other studies with 123I 	-CIT SPECT have yielded simi-
lar results but still included very small numbers (3). A 
study using 123I -IPT SPECT in imaging 9 patients with 
PSP showed much greater reductions in the caudate and 
putamen compared with PD (82). In addition, PD patients 
showed a significantly higher posterior putamen/caudate 

TABLE 26-2
Summary of SPECT and PET Measurements of Neurodegenerative and Parkinsonian Disorders

 INTEGRITY OF THE DOPAMINERGIC NIGROSTRIATAL PATHWAY DETERMINED BY PET OR SPECT

 DOPAMINE  DOPAMINE POSTSYNAPTIC BLOOD

 TRANSPORTERS  TRANSPORTERS DOPAMINE FLOW AND

SYNDROMES IN CAUDATE IN PUTAMEN RECEPTORS METABOLISM

Parkinson’s disease Normal or  Loss Normal or  General reduction; 
slight loss   upregulated  striatum normal

Multiple system  Normal or  Loss Loss Reduced in contralateral
atrophy  slight loss    putamen

Progressive  Loss Loss Normal  Reduced in cortex and
supranuclear palsy   or slight loss   striatum

Dopa-responsive Normal Normal Increase Increased in midbrain, 
dystonia      cerebellum, and supplementary 

motor area; Reduced in 
motor, premotor, and basal 
ganglia

MPTP exposure/ Loss Loss Loss in caudate? Increased in the globus pallidus; 
Reduced in the caudate, putamen,  

thalamus, and primary motor 
cortex?

Essential tremor Normal Normal ? Increased in the medulla and 
thalamus?

The question mark (?) Implies that there are either controversial or insufficient data to demonstrate a clear pattern but that these are 
the changes that have been reported.



26 • SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY 297

ratio of reduced 123I -IPT uptake than the anterior puta-
men/caudate ratio.

Essential tremor (ET) is another possible diagnos-
tic consideration in evaluating a patient for PD. A recent 
TRODAT SPECT study of 27 patients with idiopathic 
PD, 12 patients with ET, and 10 controls demonstrated 
sensitivity and specificity of differentiating early PD from 
ET at 96.4% and 91.7%, respectively (83). In particu-
lar, PD patients had much lower binding than those with 
ET, which may be easier to distinguish from PD, since 
the former does not typically involve the dopaminergic 
pathways.

Imaging studies with dopamine transporter tracers 
suggest that these patient groups can be differentiated, 
even if it is more difficult to distinguish diseases within 
an individual patient. Thus, based on current methods of 
analysis, it appears that the detection of early PD, or the 
differential diagnosis between various neurodegenerative 
disorders, may not be possible in individual cases based on 
imaging of a single neurotransmitter system (84). However, 
developments in the automated, pixel-based analysis of PD 
may improve the sensitivity of imaging techniques (85).

The relative merits of anatomic and functional imag-
ing have been combined in some studies, which utilize 
either several different radiotracers or data from both 
MRI and SPECT or PET. Regional glucose metabolism 
has been studied in parkinsonian disorders with 18F FDG 
and PET; the resulting data were combined with stria-
tal 18F fluorodopa uptake measurements to provide an 
improved diagnostic indicator and a better understanding 
of the underlying disease processes (86, 87). However, it 
should be noted that in these patient groups, the improve-
ment was small over the good predictive capabilities of 
18F fluorodopa by itself. Another study investigated 
whether combining perfusion and dopamine transporter 
(DAT) imaging could help discriminate different parkin-
sonian disorders (88). One hundred twenty-nine patients 
were studied retrospectively and characteristic patterns 
for perfusion and DAT were found for all pathologies. 
For example, in the Parkinson-plus group, MSA, PSP, 
and LBD could be discriminated in 100% of the cases. 
When PD was included, discrimination accuracy was 
82.4%. As a single technique, 2	-carbomethoxy-3beta-
(4-iodophenyl) nortropane imaging was able to discrimi-
nate between ET and neurodegenerative forms with an 
accuracy of 93.0%; the inclusion of perfusion informa-
tion augmented this slightly to 97%. The results of this 
study suggest that dual-tracer DAT and perfusion SPECT
in combination with discrimination analysis can pro-
vide accurate differentiation between the most common 
parkinsonian disorders.

Some studies utilized the complementary information 
coming from structural MRI and functional 18F FDG PET 
in distinguishing between patients with MSA and control 
subjects (89, 90), where both focal MRI hypointensities

and reduced glucose metabolism occurred on the side 
contralateral to clinical symptoms. Other studies com-
bined data from MRI and postsynaptic dopamine recep-
tor concentrations using 123I IBZM and SPECT, giving 
useful information on the involvement of multiple brain 
regions in PSP (91) and MSA (92).

However, the greatest discrimination between vari-
ous neurodegenerative disorders may be found using 
SPECT or PET imaging of both pre- and postsynaptic 
dopamine binding sites. A study of 123I 	-CIT and 123I
IBZM binding in patients with early PD showed marked 
unilateral reductions in dopamine transporters measured 
by 123I 	-CIT concomitant with elevated dopamine D2 
receptor binding of 123I IBZM (93). SPECT studies inves-
tigating pre- and postsynaptic dopamine binding sites 
in the differential diagnosis of PD, MSA, and PSP have 
shown promising results, with a reduction in dopamine 
transporter availability in all diseases and some discrimi-
nation between disorders in the pattern of dopamine D2 
receptor concentrations (94) (Figure 26-5).

SPECT imaging of both pre- and postsynaptic dopa-
mine binding sites simultaneously has now been per-
formed in nonhuman primates, using 99mTc TRODAT-1 
and 123I IBZM and separating the 2 radiotracers based 
on their different photon energy of the isotopes (95). 
The possibility of simultaneously imaging both dopamine 
transporters and D2 receptors in neurodegenerative dis-
orders is an exciting prospect, providing a unique probe 
in the investigation and diagnosis of these diseases. One 
SPECT study utilized 123I 	-CIT to measure the dopamine 
transporters and 123I IBF to measure the D2 postsynaptic 
receptors in 18 patients with PD (12 dopa-naive and 6 
on levodopa and/or dopamine agonists), 7 with MSA 
of the striatonigral degeneration type, 6 with PSP, and 
29 normal controls (96). DAT binding in the posterior 
putamen was markedly reduced in all patients. However, 
D2 binding in the posterior putamen was significantly 
increased in dopa-untreated PD, being greater than the 
normal range in 33% of the patients. D2 binding was sig-
nificantly reduced in MSA patients. None of the patients 
with PD showed reduced D2 binding below the normal 
range in the posterior putamen. DAT binding did not dis-
criminate between the patient groups. Overall, the find-
ings suggested that SPECT of the DAT may be useful in 
differentiating parkinsonism from controls and SPECT 
of postsynaptic receptor binding may be useful in further 
differentiating MSA from PD and possibly PSP.

LONGITUDINAL IMAGING STUDIES IN 
PARKINSONIAN DISORDERS

The majority of SPECT and PET imaging studies in 
parkinsonian disorders have concentrated on differenti-
ating between the various diseases. However, follow-up 
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longitudinal studies of patient groups have been under-
taken, providing important insights into the rate of pro-
gression of disease and also enabling estimates of the 
duration of the preclinical phase. Both SPECT and PET 
imaging provide reproducible results that are also sensi-
tive to the measurement changes in dopaminergic func-
tion associated with the progression of neurodegenerative 
disease.

Longitudinal SPECT and PET studies have been per-
formed on patients with PD (97–99) and MPTP-induced 
parkinsonian disorder (100). Most longitudinal studies 
have shown that the rate of deterioration of dopaminer-
gic neurons is much greater in PD than that associated 
with the effects of normal aging. Recent SPECT studies 
have demonstrated relatively consistent reductions in 
dopamine transporter binding between 7% and 11% 
per year (55, 101), although these data are still prelimi-
nary. Extrapolating back to the time of onset of clini-
cal symptoms, the magnitude of neuronal loss required 
before external clinical signs become apparent has been 
estimated to be approximately 75% of normal in the 
putamen and 91% of normal in the caudate (29). This 
agrees to some extent with studies of the asymptomatic 
side in patients with hemi-PD (92). Extrapolating beyond 
the threshold for clinical symptom onset, the same study 
estimated that the mean preclinical period (the time 
between disease onset and symptom onset) was less than 
7 years (29). These results have important implications 
for models of disease pathogenesis and progression.

IMAGING IN THE PATHOGENESIS OF 
PARKINSON’S DISEASE

Many neurotoxins and neurologic traumas which lead 
to damage of the basal ganglia or substantia nigra pro-
duce parkinsonism. One well-known toxin, 1-methyl-4-
phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), targets with 
high specificity neurons involved in PD and has been very 
useful for developing animal models of the disease. The 
mechanism of MPTP neurotoxicity may shed some light 
on the pathogenesis of PD and other neurodegenerative 
disorders (103). MPTP is highly lipophilic and crosses 
the blood-brain barrier, where it is oxidized to MPP�.
Although MPTP itself does not appear to be toxic, the 
oxidized product MPP� is taken up by the dopamine 
transporter protein, where it is actively transported into 
the dopaminergic nerve terminals (104). Once inside the 
presynaptic neuron, MPP� is a potent toxin that causes 
neuronal cell death. A PET study of cerebral blood flow 
and metabolism in macaques showed increased activity in 
the globus pallidus but decreased activity in the caudate, 
putamen, thalamus, and primary motor cortex (105).

This mechanism for MPTP neurotoxicity has led 
to the suggestion that parkinsonian disorders may be 

caused by other toxins, whether endogenous or acquired 
from the environment, that ultimately cause cell death 
of dopaminergic neurons (106). Further, there may be a 
predisposition to producing endogenous toxins, which 
introduces a genetic aspect to PD. A prime candidate for 
these neurotoxins are free radicals, which may cause neu-
ronal injury through a number of mechanisms, including 
excitotoxicity, metabolic dysfunction, and interference 
with intracellular calcium physiology (107–109 ).

The central role of dopamine reuptake sites in the 
transport of the toxin into the neuron has been inves-
tigated using SPECT imaging of 123I 	-CIT binding in 
normal controls and patients with PD (101). It is hypoth-
esized that if the transport of endogenous toxins by dopa-
mine transporters into the neuron causes cell death, a 
patient with a greater initial concentration of function-
ing transporters should degenerate faster owing to the 
increased uptake of neurotoxins. Consequently, an initial 
SPECT scan of the concentration of available dopamine 
reuptake sites should be a good marker for the rate of 
progression of the disease, monitored by a follow-up scan 
some time later. This was found to be the case, where 
among PD patients the reduction in 123I 	-CIT binding 
in sequential scans was highly correlated with the initial 
scan 123I 	-CIT uptake. This is the first evidence from in 
vivo imaging that neurotoxin uptake may be implicated 
in the pathogenesis of PD.

The genetic contribution to the etiology of neu-
rodegenerative parkinsonian disorders is still unclear, 
although it is now believed that heredity plays some 
role in PD. Early twin studies did not suggest a genetic 
contribution (110, 111). However, it now appears that 
genetic factors may confer some degree of susceptibil-
ity for acquiring PD (112–114 ), particularly in light of 
PET studies in twins (115, 116) and in families in which 
clinically asymptomatic relatives of PD patients exhibited 
signs of striatal degeneration on their scans (117, 118). 
These studies have shown very effectively the potential 
for SPECT and PET screening of subjects at risk from 
familial PD. However, given the range of normal, it may 
be difficult to know how best to manage at-risk patients 
who show slightly low dopamine transporter activity on 
SPECT scans.

IMAGING THE EFFECTS OF DRUG 
TREATMENT IN PARKINSON’S DISEASE

The management and treatment of PD with dopamine 
replacement therapies has been very successful. L-dopa 
and dopamine receptor agonists are highly efficacious in 
reducing the clinical symptoms associated with PD. How-
ever, these medications do not reverse or slow the actual 
course of the disease. Their effectiveness can decrease over 
time, and patients can also develop some side effects and 



26 • SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY 299

the characteristic “on-off” periods (119, 120). Medication-
refractory periods of severe bradykinesia and rigidity tend 
to increase in frequency and severity with time (121) and 
can alternate with disabling dyskinesias and dystonias. 
Although a number of promising neuroprotective drugs, 
currently in development, may delay the onset of these 
symptoms, about half of all patients begin to suffer from 
these sequelae in less than 5 years.

It is the deficit of striatal dopamine that induces the 
motor symptoms in PD, hence several treatment mecha-
nisms operate by increasing the quantity of endogenous 
dopamine. For example, L-dopa is the amino acid precur-
sor which is decarboxylated in the synthesis of dopamine 
in the brain. It has been used for many years to treat PD in 
the form of dopamine replacement therapy. Newer drugs 
for PD target 2 important enzymes in the metabolism of 
dopamine: monoamine oxidase-B (MAO-B) and catechol-
O-methyltransferase (COMT) (122). The inhibition of 
MAO-B or COMT enhances the availability of dopa-
mine at postsynaptic receptor sites. MAO-B and COMT 
inhibitors have been shown to reduce motor fluctuations 
and enhance levodopa efficacy (2, 123). Other neuro-
protective agents have been proposed that scavenge free 
radicals and reduce or even reverse the effects of neuronal 
degeneration (124–126).

It is unclear whether these drugs operate solely by 
enhancing the levels of endogenous dopamine or by a true 
neuroprotective quality in slowing down or reversing the 
degeneration of dopamine neurons (127). Clinical stud-
ies alone cannot determine whether these drugs exhibit 
genuine neuroprotective properties or simply increase 
available dopamine. 

A quantitative method for measuring in vivo dopa-
minergic neurons would provide a vital probe to exam-
ine the mode of action and efficacy of various drugs in 
the treatment of PD. SPECT and PET could be used to 
determine whether neuroprotective therapies are genu-
inely slowing the degeneration of dopaminergic neurons 
or simply altering levels of endogenous neurotransmitter 
(128). Both SPECT and PET imaging of the dopaminergic 
system have exquisite sensitivity to detect and measure 
subtle changes in neuronal integrity and have been used in 
longitudinal studies to monitor the progression of disease 
in PD (20, 107) and other parkinsonian disorders (129). 
For example, comparisons between dopamine D2 recep-
tor availability, measured with 123I IBZM SPECT, and 
long-term clinical follow-up showed a strong correlation 
between initial 123I IBZM binding and the response to 
L-dopa therapy as well as the likelihood of developing 
non-PD clinical symptoms (130). The ability of SPECT 
imaging to predict those subjects who will respond to 
certain therapies is a vital tool in the clinical management 
of patients with PD and other parkinsonian diseases.

In the Ropinirole in Early Parkinson’s Disease versus 
L-dopa (REAL) PET 2-year double-blind multinational 

trial, 186 de novo PD patients were randomized to either 
ropinirole or L-dopa (131). The primary endpoint was 
relative loss of putamen 18F-dopa uptake. Analysis of the 
PET scans found that in subjects with both clinical and 
imaging evidence of PD, loss of putamen uptake was sig-
nificantly slower over 2 years with ropinirole (–13.4%) 
than with L-dopa (–20.3%). This matched clinical pro-
gression, with the incidence of dyskinesia over 2 years 
at 27% with L-dopa but only 3% with ropinirole. The 
CALM-CIT trial involved a subgroup of 82 early-PD 
patients from the CALM-PD study (132). This cohort 
was randomized to the dopamine agonist pramipexole 
or levodopa and had serial 123I 	-CIT SPECT scans per-
formed over a 4-year period. Patients treated initially 
with pramipexole showed a significantly slower decline of 
striatal 123I 	-CIT uptake compared with subjects treated 
initially with levodopa at 2, 3, and 4 years. The results of 
these 2 trials have become controversial, since the imag-
ing results did not correlate with the clinical results.

IMAGING IN THE SURGICAL TREATMENT OF 
PARKINSON’S DISEASE

Several neurosurgical procedures have developed over a 
number of years to treat patients with PD, particularly 
those who exhibit a poor or declining response to conven-
tional L-dopa drug therapy. Initially, the primary surgical 
intervention for palliation of tremor was thallidotomy, 
whereas for the palliation of dyskinesias and “off” peri-
ods it was pallidotomy (133). Pallidotomy theoretically 
reduces the hyperactivity in the internal segment of the 
globus pallidus caused by excessive input from the sub-
thalamic nuclei (104). This improves motor function in 
PD, since it is postulated that striatal dopamine deficiency 
produces an overactive medial globus pallidus. Initial 
studies indicated promising results in the capability of 
functional imaging to predict the outcome of pallidotomy 
(134, 135) and correlated with the improvements in func-
tional ability (136).

An alternative to pallidotomy has been electrical 
stimulation of the subthalamus through implantable elec-
trodes (137–142). Its advantages include reversibility and 
a lesser degree of invasiveness. If external pulsing does 
not produce benefits, the electrodes can be removed with 
little morbidity, obviating the need to perform the more 
invasive procedure of implanting an indwelling power 
source. The frequency and duration of the pulses can be 
modulated individually to maximize benefit and mini-
mize untoward effects. Although the mechanism of action 
of subthalamic stimulation is not fully understood, it is 
believed to be conceptually related to pallidotomy, in that 
the source of overstimulation to the globus pallidus is 
removed by electrical pulses. This technique is less inva-
sive than pallidotomy and is also reversible. However, like 
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any neurosurgical procedure, it involves some degree of 
risk, such as hemorrhage and even cognitive degradation 
in a few patients (143). Favorable assessments have been 
based primarily on subjective descriptions of symptom 
severity tracked with patient diaries and clinical rating 
scales. As compelling as these descriptions are and as 
useful as these subjective measures have been in assessing 
changes within patients, there have not been many objec-
tive ways of comparing results between groups of patients 
treated with different operations and protocols. Initial 
imaging studies evaluated both general brain function 
and changes in the dopaminergic system. For example, 
one study evaluated cerebral blood flow with SPECT 
in 10 patients who underwent STN therapy (144). The 
results suggested that long-term STN stimulation leads 
to improvement in neural activity in the frontal motor/
associative areas. Another study utilizing F-dopa PET 
revealed that STN patients still had the same progression 
of dopamine loss as those treated with medication, even 
though the STN patients had substantial improvements 
in their symptoms (145).

A third surgical methodology involves the transplan-
tation of fetal tissue into the nigrostriatal dopaminergic 
pathway, either using tissue from aborted human fetuses 
(146) or from animals (147). The concept behind this 
technique is that the grafted fetal nigral cells will survive 
and reinnervate the striatum, replacing the dopaminergic 
striatal neurons lost in PD. To assess the efficacy of fetal 
grafts in PD, several studies have used 18F-dopa PET to 
measure any increases in dopaminergic function follow-
ing surgery (148–150). Fetal cell transplantation for the 
treatment of PD and Huntington’s disease has been devel-
oped over the past 2 decades and is now in the early phase 
of clinical testing (151). Direct assessment of the graft’s 
survival, integration into the host brain, and impact on 
neuronal function requires advanced in vivo neuroimag-
ing techniques. Two major double-blind controlled tri-
als on the efficacy of implantation of human fetal cells 
in PD have been performed. In the first, 40 patients 
who had severe PD were randomized to receive either 
an implant of human fetal mesencephalic tissue or to 
undergo sham surgery and were followed for 1 year with 
a subsequent extension to 3 years (152).The transplanted 
patients showed no significant improvement in the pri-
mary endpoint, clinical global impression, at 1 year, but 
there was a significant mean improvement in the mean 
Unified Parkinson’s Disease Rating Scale (UPDRS) motor 
score. From an imaging perspective, 16 of 19 transplanted 
patients showed an increase in putamen 18F-dopa uptake 
(group mean increase of 40%), and increases were similar 
in the younger and older cohorts. In the second NIH trial, 
34 patients were randomized to receive bilateral implants 
of fetal mesencephalic tissue or had sham surgery (153). 
Mean putamen:occipital 18F-dopa uptake ratios were 
unchanged in the control patients but showed 20% and 

30% increases in patients receiving tissue from 1 and 
4 fetuses, respectively. Although 18F-dopa PET showed 
evidence of graft function, neither of these controlled 
trials demonstrated clinical efficacy. Thus, future studies 
will be necessary to determine whether fetal transplanta-
tion will be useful in more specific patient populations.

Clinical measures of the outcome of these surgical 
techniques indicated that pallidotomy may produce the 
best results, but some investigators conclude that “the 
role of surgery in managing other levodopa-resistant prob-
lems is controversial, and to date there are no convinc-
ing reports demonstrating a benefit” (lii). The potential 
morbidity as well as the costs of these operations require 
systematic and longitudinal assessments of their efficacy, 
a role for which SPECT and PET imaging of the dopami-
nergic system is uniquely suited (154).

IMAGING OF NONDOPAMINERGIC 
NEURONS IN PARKINSON’S DISEASE

Although the majority of studies investigating neuronal 
changes caused by parkinsonian diseases have focused 
on the dopaminergic system, other neurotransmitters 
may also be involved or affected by the disease process. 
Another neurotransmitter believed to be intimately linked 
to the pathogenesis of PD is glutamate (NMDA). NMDA 
is an excitatory amino acid and has been implicated as the 
neurotransmitter causing excitotoxicity in the pathophys-
iology of PD (155–157). NMDA induces excitotoxicity 
in the presence of impaired cellular energy metabolism, 
which may be just the environment produced in dopami-
nergic neurons in the substantia nigra pars compacta by 
PD. Dopamine deficiency in PD causes disinhibition and 
overactivity of the subthalamic nuclei, which project to 
the external and internal segments of the globus pallidus 
and the substantia nigra. Neurons from the subthalamus 
are excitatory, using NMDA as a neurotransmitter, and 
innervate dopaminergic neurons in the substantia nigra 
pars compacta containing NMDA receptors. Hence, dis-
inhibition of the neurons of the subthalamic nuclei caused 
by PD may induce NMDA excitotoxic damage in target 
structures, such as the substantia nigra pars compacta. 
This scenario of dopamine loss augmenting subthalamic 
activity, which, in turn, causes further NMDA-induced 
damage to dopamine neurons creates the ideal environ-
ment for an increasing cycle of neuronal cell death.

The role of NMDA and a possible dysfunction of 
the NMDA receptor in PD makes it an important target 
for new neuroprotective treatments. In particular, the 
modulation of NMDA receptor-mediated neurotransmis-
sion may provide an exciting alternative to dopaminergic 
drug therapies (155, 156). However, the role of NMDA 
receptors in PD requires investigation with imaging tech-
niques to measure any changes in NMDA function as a 
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result of disease and to study NMDA excitotoxicity as a 
mechanism in the initial onset of PD.

The development of specific agents for imaging 
the NMDA receptor is still in its infancy, with just a 
small number of potential ligands under development 
for SPECT and PET. 11C ketamine exhibited relatively 
poor brain uptake in animal studies, probably due to 
its rapid metabolism (158). Preliminary results for a 
recently developed tracer [18F]1-amino-3-fluoromethyl-5-
methyl-adamantane (18F AFA) are much more promising, 
with high brain uptake in mice and a cerebral distribu-
tion consistent with the known concentrations of NMDA 
receptors (159).

Another neurotransmitter, gamma-aminobutyric 
acid (GABA), is a major component of the neural path-
ways involved in motor function. GABA is an inhibitory 
neurotransmitter and is involved in the transmission of 
signals from the striatum to the globus pallidus and into 
the subthalamic nuclei. It also provides control over the 
thalamic nuclei and brainstem from the internal globus 
pallidus and substantia nigra reticulata. Because these 
structures use the inhibitory neurotransmitter GABA, the 
increased glutamatergic-driven input resulting from PD 
causes excessive GABAergic inhibition, which leads to an 
effective shutdown of the thalamic and brainstem nuclei 
(lii). This inhibition leads to suppression of the motor 
cortex and brainstem locomotor areas, which may cause 
many of the motor deficits inherent in PD.

Despite the widespread and vital role of the GAB-
Aergic system in PD, very few imaging studies of the 
GABA system have been performed. However, a Japanese 
study, using the SPECT ligand 123I iomazenil, demon-
strated a pronounced impairment of cortical GABAergic 
function in PD, with the reduction in 123I iomazenil bind-
ing directly correlated with motor disability (160, 161).

Another neurotransmitter that may be affected 
in PD is serotonin, especially because of its reciprocal 
interaction with dopaminergic neurons. Studies have 
suggested that the serotonergic system appears to be 
involved in PD. One postmortem study demonstrated a 
reduction of 40% to 50% in serotonergic uptake sites 
in PD (162, 163). The relationship between serotonin 
and PD has been observed with regard to genetic stud-
ies linking the serotonin transporter gene–linked poly-
morphic region to depression in PD (164). Early imaging 
studies of the serotonin transporter in PD suggest that 
there is a decrease compared with controls. One PET 
study utilizing the [11C](�)McN5652 compound in 
13 PD patients demonstrated significantly decreased 
serotonin transporter binding in the striatum, which 
appeared similar to the loss of dopamine transporters 
(165). Several SPECT studies utilizing 123I 	-CIT in a 
limited number of PD patients demonstrated significantly 
decreased uptake compared with controls (166, 167). 
Seven PD patients with depression did not demonstrate 

any further abnormalities in the serotonin transporter 
compared with controls or with PD patients who were 
not depressed. However, the limited number of subjects 
makes interpretation of these findings difficult. The rela-
tionship between the serotonin system and PD is yet to 
be adequately determined.

It is unclear how the serotonin system contributes 
to neuropsychological dysfunction in PD, both with and 
without depressive symptoms. It would seem that the 
serotonin system, or more likely some combination of 
serotonin and dopamine abnormalities, contributes to 
depressive symptoms in PD. That such symptoms result 
from the combined involvement of these two systems is 
suggested by data indicating that neither the dopami-
nergic or serotonergic system alone completely explains 
the prevalence and severity of depressive symptoms in 
PD patients. A combination of serotonin and dopamine 
transporter imaging should help elucidate the reciprocal 
relationship between these two systems and also clar-
ify the role of each in cognitive, emotional, and motor 
abnormalities.

FUTURE DIRECTIONS

A large number of imaging techniques can be used to 
attempt to differentiate between the various neurodegen-
erative disorders. Taken in isolation, many of them can 
diagnose PD, MSA, and PSP with some success. How-
ever, the diagnosis at an early stage in the progression of 
each disease, possibly even before clinical symptoms have 
become apparent, is much more difficult and may require 
multiple imaging modalities or combinations of tracers. 
The widespread availability of SPECT imaging, perhaps 
combined with newer and less expensive tracers, may lead 
to the routine implementation of SPECT scanning in the 
diagnosis of parkinsonian disorders.

Early diagnosis may become increasingly important 
once the genetic contribution to parkinsonian disorders 
is fully understood. SPECT imaging is beginning to make 
important contributions to the understanding of the patho-
genesis of PD and may be able to elucidate the role of other 
neurotransmitter systems, such as NMDA and GABA, 
in the onset and progression of PD. The screening of “at 
risk” subjects before they present with clinical symptoms 
may be an effective preventive measure, particularly as 
neuroprotective therapies become available. Longitudinal
studies of patients undergoing treatment will become 
increasingly important in the assessment of treatment 
efficacy and also to determine the exact mode of action 
of each therapy.

The next few years should provide important and 
exciting advances in the understanding and treatment of 
parkinsonian disorders, and SPECT imaging will play a 
key role in these investigations.
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Magnetic Resonance 
Imaging

he development of magnetic reso-
nance imaging (MRI) in the early 
1980s significantly improved image 
resolution. It is a relatively simple 

and safe technique that has been proven to play an impor-
tant role in the diagnosis of neurologic disorders. The 
value of structural MRI is limited in the diagnosis of 
Parkinson’s disease (PD) because no convincing specific 
structural change has been found. However, structural 
MRI may be helpful in distinguishing PD from other 
parkinsonian syndromes. In addition to structural MRI, 
several techniques have been developed, such as magnetic 
resonance spectroscopy, magnetic resonance imaging-
based volumetry, diffusion-weighted imaging, magnetic 
transfer imaging, and functional magnetic resonance 
imaging. The value of these methods in investigating PD 
is also discussed.

STRUCTURAL MRI

The structural MRI is not usually normal in patients with 
PD, especially in advanced cases. PD is associated with 
an increased incidence of brain atrophy, which is usually 
general or frontally predominant. The pattern of atrophy 
is not specific enough to help to distinguish PD from 
other neurologic degenerative disorders (1). Atrophy of the 

Tao Wu
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substantia nigra can be detected as a decrease in the width 
of the relatively hyperintense band seen in T2-weighted 
images of high-field-intensity MRI in some PD patients (2). 
A low-signal area in the red nucleus and the substantia nigra 
pars reticulata can be observed in T2-weighted images (3). 
A narrowing or smudging of this high-signal zone separat-
ing the red nucleus and the pars reticulata has been reported 
in PD, consistent with the well-established prominent patho-
logic involvement in this area (4, 5). Although these studies 
demonstrate some changes in PD, conventional structural 
MRI techniques are not sensitive enough to consistently 
detect these changes. It is still difficult to detect abnormali-
ties in the substantia nigra in individual patients in routine 
clinical scans.

The most important role of structural MRI is in 
helping to differentiate PD from other parkinsonian 
disorders, such as multiple system atrophy (MSA), pro-
gressive supranuclear palsy (PSP), corticobasal degenera-
tion (CBD), and parkinsonism secondary to other brain 
lesions. MSA is subcategorized into three syndromes by 
predominant automatic dysfunction (MSA-A), predomi-
nant parkinsonism (MSA-P), and predominant cerebellar 
ataxia (MSA-C) (6). The pathologic substrate of these 
three syndromes is mainly located in the spinal cord, 
putamen, and brainstem and cerebellum, respectively. 
Because MRI is not able to detect changes in the inter-
mediolateral columns of the spinal cord, most studies 

T
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have focused on the changes of MSA-P and MSA-C. In 
some MSA-A patients, MRI reveals decreased signal in 
the posterolateral putamen on T2-weighted images (7). 
In MSA-P, patients have mostly parkinsonism (8). Clini-
cally, differentiation of MSA-P and PD is often difficult. 
MRI has the potential to be helpful in the differential 
diagnosis of MSA-P. A characteristic finding in MSA-
P is the “slit-like” hyperintensity in the lateral margin 
of the putamen (9), which is quite specific for MSA. 
Other abnormalities of the putamen include atrophy 
and hypointensity in T2-weighted images. In addition, a 
“hot cross bun” sign may be seen in the pons in 63.3% 
of MSA patients (10) (Figure 27-1). This appearance is 
due to atrophy of the corticopontine fibers. A diagnos-
tic algorithm based MRI findings has been proposed to 
help distinguish MSA-P patients from PD patients (11). 
However, some patients fulfilling diagnostic criteria for 
clinically probable MSA-P had normal findings with these 
routine MRI methods (12). Some modified methods may 
help to differentiate MSA and PD, as with T2*-weighted
MRI, in which hypointense putaminal signal changes 
are more often observed in MSA than in PD (13). Using 
thin slice thickness substantially increases MR sensitivity 
in detecting abnormal putaminal T2 hypointensity in 
MSA patients (14). MSA-C typically shows atrophy of the 
pons, middle cerebellar peduncles, and cerebellum, enlarge-
ment of the fourth ventricle, and cerebellopontine angle 
cisterns. Abnormalities of the transverse pontine fibers, 

middle cerebellar peduncles, and cerebellum (claimed 
to be demyelination) may be detected on T2-weighted 
MR images (15). The inferior olives may also be slightly 
hyperintense. The specificity and sensitivity of MRI find-
ings of MSA-C are high (12). The combination of clinical 
features and MRI results makes the differential diagnosis 
of PD from MSA-C not difficult.

In PSP, the typical finding on MRI is atrophy of the 
midbrain, accompanied by an enlarged cerebral aque-
duct and perimesencephalic cisterns (9, 16–18) (Fig-
ure 27-2). The presentation of this atrophy suggests a 
radiological diagnosis of PSP in 80% to 90% of patients 
(18, 19). Warmuth-Metz and colleagues (20) found that 
the anteroposterior diameter of the midbrain measured 
on axial T2-weighted MRI in PSP patients is significantly 
lower than that in PD patients and suggested that this 
difference is helpful in distinguishing PD and PSP. Other 
atrophic features include the thinning of the superior 
quadrigeminal plate, enlargement of the third ventricle, 
and a superior concave profile of the midbrain forming 
the floor of the third ventricle (9, 18). The presence of 
marked atrophy and hyperintensity of the midbrain and 
atrophy of the frontal and temporal lobes may help to dif-
ferentiate PSP from MSA (19). Putaminal hypointensity 
on T2-weighted MRI may be observed in patients with 
PSP, but this finding is less consistently detected in PSP 
than in the other parkinsonism-plus syndromes (17, 21). 
The “eye of the tiger” sign on brain MRI, which appears 
as bilaterally symmetric hyperintense signal changes in 
the anterior medial globus pallidus with surrounding 
hypointensity in the globus pallidus on T2-weighted 
images and is typically associated with Hallervorden-Spatz 
disease, has also been reported in PSP (22). Oba and 
colleagues (23) measured the area of the midbrain and pons 
on midsagittal MRI and found that the average midbrain 
area of patients with PSP (56.0 mm2) was significantly 

FIGURE 27-1

MRI signal abnormalities in patients with multiple sys-
tem atrophy. (A) “Slit-like” hyperintense putaminal rim on 
T2-weighted images (1.5 T; 4000-ms repetition time (TR), 
120-ms echo time (TE)) in the axial plane (arrowheads). (B) 
Signal change in the pons on T2-weighted images (“hot cross 
bun”; 1.5 T; TR, 4000 ms; TE, 120 ms) in the axial plane 
(arrowheads). (Modified from reference 10 with permission 
from Oxford University Press.)

FIGURE 27-2

MRI of a patient with progressive supranuclear palsy. 
T1-weighted midline sagittal section (A) shows midbrain atro-
phy. Axial proton-density image (B) shows slight hyperintensity 
in dorsal midbrain (arrowhead). (Modified from reference 18 
with permission from Lippincott Williams & Wilkins.)
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smaller than that of those with PD (103.0 mm2) and 
MSA-P (97.2 mm2) and that of the age-matched control 
group (117.7 mm2). Although there were some overlap 
between PSP patients and MSA-P patients, the ratio of the 
area of the midbrain to the area of the pons in the patients 
with PSP (0.124) was significantly smaller than that in 
those with PD (0.208) and MSA-P (0.266) and could be 
used to differentiate PSP patients from MSA-P patients. 
The authors suggested that the area of the midbrain on 
midsagittal MRI is helpful in differentiating PSP from PD 
and MSA-P. Another study suggested that an abnormal 
superior midbrain profile (flat or concave aspect) is help-
ful in the distinction of PSP from PD (24).

Only a few studies have investigated the role of MRI 
in patients with corticobasal degeneration (CBD). CBD 
is characterized by asymmetric frontoparietal atrophy 
mostly involving the contralateral side of the more clini-
cally affected body side. Other features include putam-
inal hypointensity and hyperintense signal changes in the 
motor cortex or subcortical white matter on T2-weighted 
images (18, 25–27) (Figure 27-3). Occasionally, the “eye 
of the tiger” sign on brain MRI could be observed in 
CBD (28). Asymmetric frontoparietal atrophy helps to 
differentiate CBD from PSP (18). However, no specific 
abnormality has been found to aid in the diagnosis of 
CBD (19, 29).

Structural MRI also plays an important role in 
the differential diagnosis of parkinsonism secondary 
to other structural brain lesions, such as brain tumors, 
multiple sclerosis, normal-pressure or obstructive 
hydrocephalus, subdural hematoma, multiple infarcts, 
or other causes (30–36).

In recent years, together with improved MRI tech-
nique, subtle changes in the substantia nigra have been 

identified using special methods. Hutchinson and Raff 
(37) developed a technique that uses a combination of 2 
distinct inversion-recovery pulse sequences. This technique 
is based on calculating the ratio between images acquired 
by the 2 sequences. By dividing the signal intensity of a 
white matter suppressed inversion-recovery sequence of 
the substantia nigra by that of a gray matter suppressed 
sequence, an image is obtained that clearly demonstrates 
the gray matter of the substantia nigra. These investiga-
tors found a loss of signal in a lateral-to-medial gradient in 
PD, even in early cases (37, 38). This is not demonstrated 
by routine MRI methods (39, 40). Because this method is 
not necessarily specific for PD, a semiautomated segmen-
tation analysis (segmented inversion-recovery ratio imag-
ing, or SIRRIM) was developed (41). SIRRIM includes a 
segmentation analysis that allows the substantia nigra 
to be displayed as an isolated structure. The preliminary 
work found a gradient of radiologic change in the sub-
stantia nigra, indicating that the areas of highest signal 
are thinned in PD patients compared to normal controls. 
Additionally, the substantia nigra is broadened in a ven-
trodorsal direction in PD compared with normal controls 
(Figure 27-4). It has been reported that the structural 
changes within the substantia nigra in PD detected by 
using inversion-recovery MRI correlate with the striatal 
dopaminergic function measured by (18)F-dopa positron 
emission tomography (PET) (42). These studies point to the 
possibility, with refinement of this technique, of detecting 
early or even presymptomatic PD.

MAGNETIC RESONANCE SPECTROSCOPY

Magnetic resonance spectroscopy (MRS) offers a nonin-
vasive method of quantifying metabolite concentrations 
of human brain in vivo. MRS studies have primarily con-
centrated on the metabolites that could be visible with pro-
ton (1H) spectroscopy. Principal metabolites detected by 
1H-MRS include N-acetylaspartate (NAA), creatine (Cr), 
choline (Cho), and lactate (43, 44). An early single-voxel 
1H MRS study found no significant difference of brain 
metabolism in the striatum between PD patients (27 to 
83 years old) and controls. However, in an elderly subset 
of patients (51 to 70 years old), a significant decrease in 
striatal NAA/Cho was observed (45). Other early 1H-
MRS studies found a reduction of NAA/Cr or NAA/Cho 
ratio in the lentiform nucleus in MSA and PSP patients 
but not in those with PD (46, 47). In contrast, later stud-
ies found that the ratio of NAA/Cr or NAA/Cho in the 
lentiform nucleus is also decreased in PD patients (43, 
48, 49). The different techniques used in these studies 
may be responsible for some of the difference in reported 
results (43). O’Neill and colleagues (50) used 1H MRS of 
the substantia nigra, basal ganglia, and cerebral cortex 
in PD patients and healthy control subjects. Compared 

FIGURE 27-3

MRI of a patient with corticobasal degeneration signs more 
prominent on left. T1-weighted sagittal section of right hemi-
sphere (A) shows atrophy in posterior frontal and parietal 
regions. T2-weighted coronal section (B) shows cerebral 
atrophy, more severe on the right. R: right; L: left. (Modified 
from reference 18 with permission from Lippincott Williams 
& Wilkins.)
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to controls, PD patients had approximately 24% lower 
creatine in the region of the substantia nigra, but no other 
significant between-group differences were found in the 
other nine regions examined. These findings indicate that 
PD-linked extranigral metabolic abnormalities may be 
difficult to detect with 1H MRS.

MRS may be useful in the differentiation of vari-
ous types of parkinsonism. A study of 82 patients with 
various parkinsonian disorders using 1H-MRS found that 
patients with PD, PSP, CBD, MSA, and vascular parkin-
sonism (VP) all had significant reduction of the NAA/ 
creatine/phosphocreatine (CRE) ratio in the putamen. 

Patients with PSP, CBD, MSA and VP, but not PD had 
significant reductions of the NAA/CRE ratio in the fron-
tal cortex. Patients with CBD and PSP had significant 
reductions of the NAA/CRE ratio in the putamen com-
pared to patients with PD. The reduction of the NAA/
CRE ratio in the putamen correlated with the severity of 
parkinsonism (51). Using multiple regional single-voxel 
1H-MRS at a magnetic field strength of 3.0 T, significant 
NAA/Cr reductions could be detected in the pontine basis 
or putamen in patients with MSA, which may help to 
differentiate MSA from PD (52). These research studies 
with MRS have revealed abnormalities in brain energy 
metabolism in patients with PD and prove that MRS 
may provide useful information in distinguishing PD from 
other parkinsonian disorders. However, the clinical role 
of MRS is still inconclusive.

A 31 phosphorus MRS (31)P MRS) technique with 
high temporal and spatial resolution has been developed to 
show mitochondrial function in PD patients by observing 
high-energy phosphates (HEPs) and intracellular pH (pH) 
in the visual cortex at rest, during, and after visual acti-
vation. In normal controls, HEPs remained unchanged 
during visual activation, but they rose significantly (by 
16%) following visual stimulation; pH also increased 
during visual activation, with a slow return to rest val-
ues. In PD patients, HEPs were normal at rest and did 
not change during visual activation, but they fell signifi-
cantly (by 36%) in the recovery period; pH did not reveal 
a homogeneous pattern, with a wide spread of values. 
Energy imbalance under increased oxidative metabolism 
requirements discloses a mitochondrial dysfunction pres-
ent in the brain of patients with PD even in the absence 
of overt clinical manifestations. The heterogeneity of the 
physicochemical environment (i.e., pH) points to vari-
ous degrees of subclinical brain involvement in PD. This 
study suggests that the combined use of MRS and brain 
activation is fundamental for the study of brain energet-
ics in PD (53).

MAGNETIC RESONANCE 
IMAGING-BASED VOLUMETRY

Using MRI-based volumetry (MRV) with automated 
segmentation techniques, volume loss of brain can be 
detected. In recent years, voxel-based morphometry 
(VBM) has been increasingly used in neuroscientific and 
neurologic studies. The advantage of VBM is that it can 
determine in vivo volumetric changes in gray matter, 
white matter, and cerebrospinal fluid and is independent 
of the observer and region of interest (ROI) (54).

Studies using ROI-based MRV did not find any dif-
ference between PD patients and controls (55–57). But 
changes in several structures have been reported, such 
as a decrease in striatal and brainstem volumes in MSA 

FIGURE 27-4

Segmented inversion-recovery ratio image of the substantia 
nigra pars compacta (SNC) in a normal control subject (A); 
a patient with Parkinson’s disease (PD) (B); and a patient 
with progressive supranuclear palsy (PSP) (C). (Modified from 
reference 41 with permission from Elsevier.) See color section 
following page 356.
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and PSP patients and a reduction in cerebellar volume 
in MSA patients (55); a decreased putaminal volume in 
MSA patients (57); a whole brain volume loss, dispropor-
tionate atrophy of the frontal cortex, and caudate nucleus 
volume loss in PSP patients (56); and a reduction in aver-
age brain, brainstem, midbrain, and frontal gray matter 
volumes in PSP patients as well as an atrophy of parietal 
cortex and corpus callosum in CBD patients (58).

In contrast to these MRV studies, use of the VBM 
method did reveal gray-matter loss in PD patients. In PD 
with dementia, reduced gray matter volume compared 
to controls has been shown in extensive brain regions, 
including the temporal lobe, occipital lobe, hippocam-
pus, parahippocampal gyrus, frontal lobe and left parietal 
lobe, anterior cingulate gyrus, thalamus, caudate nucleus, 
bilateral putamen, and accumbens nuclei (59–61). 
PD patients without dementia have reduced gray matter 
volume in the frontal lobe, limbic/paralimbic areas, hip-
pocampus, left anterior cingulate gyrus, caudate nucleus, 
and left superior temporal gyrus (59–62) (Figure 27-5). 
A recent report found that a significant volume reduction 
of the putamen could be detected in early PD (63).

Some VBM studies have investigated volume loss 
in parkinsonian patients and compared the results with 
PD. There is extensive cortical and subcortical volume 
loss in MSA-P patients compared to PD patients and 
controls (62) as well as atrophy in the cerebellar hemi-
spheres, vermis, mesencephalon, pons, orbitofrontal and 
midfrontal regions, and the temporomesial and insular 
areas of MSA-C patients compared to controls (64). In 
PSP patients, loss of gray matter has been shown in the 
prefrontal cortex, the insular region including the frontal 
opercula, both supplementary motor areas (SMA), and 
the left mediotemporal area compared to controls. White 
matter volume loss has been found in both frontotem-
poral regions and the mesencephalon (65). There is also 
significant tissue reduction in the cerebral peduncles and 
midbrain in PSP compared to PD and controls. Using 
VBM differences as a guide for the differential diagnosis 
of PSP from PD achieved a sensitivity of 83% and a speci-
ficity of 79% (66). PSP could be distinguished from PD 
by symmetric tissue loss in the frontal cortex (maximal in 
the orbitofrontal and medial frontal cortices), subcortical 
nuclei (midbrain, caudate and thalamic), and periven-
tricular white matter. The intrinsic neurodegeneration 
of specific subcortical nuclei and frontal cortical subre-
gions together may contribute to motor and behavioral 
disturbances in PSP and differentiate this disorder from 
PD within 2 to 4 years of symptom onset (67). The mean 
volume of the superior cerebellar peduncle is lower in 
patients with PSP than in those with PD or MSA, with a 
sensitivity of 74% and a specificity of 94%. These results 
suggest that visual assessment of the superior cerebellar 
peduncle may help to increase the clinical diagnostic accu-
racy in PSP as well as differentiating it from PD (68).

MRV may also help to predict the outcome of deep 
brain stimulation (DBS) of the subthalamic nucleus (STN). 
In an investigation of PD patients receiving bilateral STN 
stimulation, the volumes of the brain parenchyma, caudate 
nucleus, putamen, pallidum, and red nucleus and the sur-
face of the mesencephalon were measured and normalized 

FIGURE 27-5

Atrophy in Parkinson’s disease patients shown (A) compen-
sated for differences in head size, with significant gray matter 
loss observed in the right frontal lobe at P � .001 uncorrected, 
and (B) as regional changes in gray matter, above that occur-
ring globally, with less significant changes in the right frontal 
lobe at P � .01 uncorrected. TIV: total intracranial volume. 
(Modified from reference 59 with permission from Oxford 
University Press.)
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as percentages of the intracranial volume. The normalized 
brain parenchymal volume was lower in patients who 
were older and had a longer disease duration or a lower 
frontal score and was not predictive of the postopera-
tive outcome. The residual scores for activities of daily 
living and parkinsonian motor disability were higher in 
patients with a smaller normalized mesencephalon. The 
normalized volume of the caudate nucleus was predictive 
of the pre- and postoperative levodopa-equivalent dosage. 
A smaller normalized mesencephalic surface was associ-
ated with a lower beneficial effect of subthalamic nucleus 
stimulation on parkinsonian motor disability, suggesting 
that the normalized mesencephalic surface is predictive 
of the postoperative outcome (69).

A novel morphometric method, voxel-based relax-
ometry (VBR), which analyzes the relaxation rate (R2) 
derived from multiecho T2-weighted images on a voxel-
by-voxel basis, has been used to study the brain mor-
phology of patients with MSA-C (70); the results were 
compared to those obtained by VBM (71). VBR analysis 
revealed a reduction in the R2 in the cerebellum and 
brainstem, reflecting infratentorial brain atrophy. The 
affected regions largely corresponded to those regions in 
which VBM showed reductions of gray and white matter. 
In addition, VBR analysis found increased R2 in the puta-
men, which did not display abnormalities in VBM study. 
These findings suggest that the combination of VBR and 
VBM may provide convergent and complementary infor-
mation about brain morphology.

DIFFUSION-WEIGHTED IMAGING

Diffusion-weighted imaging (DWI) can detect fiber tracts 
in humans in vivo (72–76). It is sensitive to the random 
translational motion of water molecules in tissue and 
restricted by the highly organized architecture of fiber 
tracts. Diffusion in the white matter strongly follows 
the direction of fiber bundles. By varying the strength 
of the diffusion gradient, an apparent diffusion coeffi-
cient (ADC) in the direction of the gradient can be mea-
sured for each voxel. Neuronal loss and astrogliosis can 
increase the mobility of water molecules within the tissue 
architecture and result in an increased ADC. The diffu-
sion tensor imaging (DTI) method allows quantitative 
analysis of DWI. In DTI, a tensor that describes diffusion 
in all spatial directions is calculated for each voxel. The 
diffusion tensor (DT) has 6 parameters, which express the 
magnitude of the directional components in 3 orthogonal 
directions (75, 77–79). Scalar measures include mean dif-
fusivity (MD) and fractional anisotropy (FA). MD is the 
average of the ADCs estimated along any 3 orthogonal 
directions. FA expresses the extent to which diffusion 
varies in different directions and shows good contrast 
between gray and white matter. The most general method 

to analyze data from DTI is to characterize the overall 
displacement of the molecules (average ellipsoid size) by 
calculating the mean diffusivity. For this purpose, the 
trace of the diffusion tensor (trace (D), calculated as the 
sum of the eigenvalues of the tensor, has been introduced. 
The mean diffusivity is then calculated by trace(D)/3.

DTI can demonstrate the distinct corticostriatal 
circuits in humans (80) and is increasingly used in PD 
studies. It has been observed that PD patients have a sig-
nificantly decreased FA between the substantia nigra and 
the lower part of the putamen/caudate complex, which 
is obvious even in the early stages of PD (81). In a recent 
study with DWI of 12 PD patients with disease duration 
of 3.5 � 1.5 years, significant increases in diffusivity in 
the region of both olfactory tracts was found among those 
with PD compared to normal controls. The trace (D) 
cutoff values for the voxel cluster of the olfactory tracts 
have been calculated from 9 patients with PD, disease 
duration 3.1 � 1.3 years and 8 healthy subjects; 94% of 
the subjects were correctly discriminated with a sensitivity 
of 100% and a specificity of 88%. All PD patients were 
correctly classified and only 1 normal subject was classified 
as having the disease. Increased diffusivity in the olfactory 
tract is consonant with the well-established clinical finding 
of hyposmia in PD. These findings indicate the potential of 
this method in helping to diagnose PD (82).

This method also has the potential to be useful in 
differentiating PD from other parkinsonian syndromes. 
Schocke and colleagues (83) found that MSA-P patients 
have higher putaminal regional ADC (rADC) than PD 
patients, and suggest this method may provide addi-
tional support for the diagnosis of MSA-P (Figure 27-6). 
Because rADCs measured in one direction may underesti-
mate diffusion-related pathologic processes, these authors 
later investigated the diffusivity in different brain areas 
by trace (D). They found that MSA-P patients had signifi-
cantly higher putaminal and pallidal trace (D) values as 
well as rADCs in the y- and z-directions than PD patients. 
Putaminal trace (D) discriminated MSA-P from PD com-
pletely. Trace (D) imaging appears to be more accurate in 
the differentiation of MSA-P from PD (84). Another study 
found that striatal rADCs have a higher overall predictive 
accuracy than D2 receptor binding single-photon emis-
sion computed tomography (SPECT) with (123I) iodo-
benzamide (IBZM), suggesting that DWI may be more 
accurate than IBZM-SPECT in the differential diagnosis 
of PD and MSA-P (85).

MAGNETIZATION TRANSFER IMAGING

Magnetization transfer imaging (MTI) is based on the inter-
actions between highly bound protons within structures such 
as myelin or cell membranes and the very mobile protons 
of free water (86, 87). By application of irradiation that 
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selectively saturates the energy level of bound protons, 
exchange of magnetization between bound and free pro-
tons is induced and the signal intensity of bound protons 
reduced. The difference between signal intensities with 
and without application of the MT is measured by cal-
culating the magnetization transfer ratios (MTRs), which 

correlate with the degree of myelination and axonal den-
sity. MT can be used to detect changes in the structural 
status of brain parenchyma that may or may not be visible 
with standard MR techniques (86, 88).

MTI has been used in PD investigations. One study 
found no differences in MTRs in any region between 
nondemented PD patients and controls. However, PD 
patients with dementia had significantly lower MTRs in 
the subcortical white matter—including the frontal white 
matter and the genu of the corpus callosum—compared 
to controls, whereas patients with PSP had lower MTRs 
in the subcortical gray matter, including the putamen, 
globus pallidus, and thalamus in addition to the sub-
cortical white matter (89). In a later study, MTR differ-
ences between PD patients and controls were found in 
the supratentorial white matter and brainstem, including 
the substantia nigra, red nucleus, and pons. In particular, 
lower MTR values were found in the paraventricular 
white matter of PD patients. The authors proposed that 
MTR measurements in the paraventricular white matter 
and brainstem may be a marker for probable PD (90).

Another study comprising 15 PD patients, 12 MSA 
patients, 10 PSP patients, and 20 aged-matched healthy 
control subjects, Eckert and colleagues (91) found a 
change in the MTR in the globus pallidus, putamen, cau-
date nucleus, substantia nigra, and white matter in PD, 
MSA, and PSP patients. A stepwise linear discriminate 
analysis provided a good classification of the individual 
patients into the different disease groups. There was 
also a good discrimination of PD patients from control 
subjects and of MSA from PSP patients. These findings 
indicate the potential of MTI in helping to distinguish 
various types of parkinsonism.

FUNCTIONAL MAGNETIC 
RESONANCE IMAGING

Most early functional neuroimaging studies in PD used 
positron emission tomography (PET); however, the limi-
tation of this technique, including limited temporal and 
spatial resolution and especially the exposure of human 
subjects to radioactivity, restricts its popular use. In the 
last decade, an exciting development has been functional 
MRI (fMRI). The most commonly used method is the 
blood oxygen level–dependent (BOLD) technique (92). 
This method detects changes of blood levels of oxygen 
saturation (because of the concentration of deoxyhemo-
globin), and an area with more oxygenated blood is more 
intense on T2*-weighted images. Advantages of fMRI 
compared to PET include the fact that scanners are widely 
available (a commercial 1.5 T MR scanner is usually 
enough), much better temporal and spatial resolution, 
and avoidance of ionizing radiation. This last allows a 
single subject to be scanned repeatedly and makes it 

FIGURE 27-6

Apparent diffusion coefficient (ADC) maps (diffusion gradi-
ent switched in slice direction) were calculated by fitting the 
logarithm of the signal intensity as a function of the gradient 
factor “b” over 3 different b values for each pixel in patients 
with Parkinson’s disease (A), patients with the Parkinson vari-
ant of multiple system atrophy (MSA-P) (B), and controls (C). 
Blue, green, red, and black represent descending regional 
ADC values. (Modified from reference 83 with permission 
from Lippincott Williams & Wilkins.) See color section fol-
lowing page 356.
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possible to recruit more subjects, thus increasing statis-
tical power. Although some drawbacks exist, including 
the inability to directly detect dysfunction of nigrostriatal 
dopamine system and the fact that tremor may induce 
motion artifact, extensive fMRI studies have been per-
formed and have provided important information on our 
understanding of PD.

PD is primarily a movement disorder. Therefore a 
number of fMRI studies have investigated brain activ-
ity during movement in PD. The common and perhaps 
most important findings of these studies are the hypo-
activation of the rostral SMA (pre-SMA), and hyperac-
tivation of other cortical motor regions, such as the 
lateral premotor cortex and parietal cortex in PD patients 
compared to normal subjects during the performance of 
different self-initiated movements (93–96)(Figure 27-7). 
These findings are consistent with previous PET studies 
(97–99). In contrast, the reported PD modulations of the 
primary motor cortex (M1) have been controversial. Both 
increased (93, 94) and decreased (95) activity of M1 has 
been observed. Levodopa administration could relatively 
normalize the dysfunction of the pre-SMA (94, 95) and 
decrease overactivation of other motor areas (94). The 
increased activity in the pre-SMA is highly correlated 
with improved motor performance. The pre-SMA is sug-
gested to be critical in planning and initiating of move-
ments and might play a primary role in the preparation of 
self-initiated movements (100–102). This region is one 
of the main receiving regions of the basal ganglia motor 
circuit (103). These results indicate that the dysfunction 
of the pre-SMA due to the deficit of nigrostriatal dopa-
mine system is an important contributor to the akinesia 
in PD. Meanwhile, PD patients need compensatory activ-
ity of other motor circuits to overcome their difficulty in 
performing movements. The inconsistent findings on the 
activity of M1 may due to different motor tasks being 
employed.

Functional MRI also has been used to investigate 
the difficulty PD patients have in motor learning. In an 
implicit rule learning study, imaging results revealed 
highly similar frontomedian and posterior cingulate acti-
vations in early PD patients and controls in the absence 
of significant striatal and inferior frontal activations in 
patients. These findings suggest that in early PD, with 
the lateral striatofrontal dopaminergic projections being 
affected, medial dopaminergic projections involved in 
the application of previously learned rules may still be 
spared (104). A recent study investigated the underlying 
neural mechanisms of difficulty in performing automatic 
movements. PD patients showed significantly more dif-
ficulty in achieving automaticity compared to controls. 
They had greater activity in the cerebellum, premotor 
area, parietal cortex, precuneus, and prefrontal cortex 
compared with normal subjects while performing auto-
matic movements. The results indicate that PD patients can 

 FIGURE 27-7

(A) Areas of relative overactivity in normal controls com-
pared with patients with Parkinson’s disease during a com-
plex sequential right hand movement (z � location of area of 
activation above commissural plane; threshold � P � .01).
(B) Areas of relative overactivity in patients with Parkinson’s 
disease compared with normal controls during a complex 
sequential right hand movement, superimposed onto a stereo-
taxically normalized MRI brain scan (z � location of area of 
activation above commissural plane; threshold � P � .001).
(Modified from reference 93 with permission from Oxford Uni-
versity Press.) See color section following page 356.
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achieve automaticity after proper training, but with more 
difficulty. They require more brain activity to compensate 
for basal ganglia dysfunction in order to perform auto-
matic movements (96).

Functional connectivity has been increasingly used 
to evaluate the interaction of neural networks. Rowe 
et al. (105) studied functional connectivity during a sim-
ple overlearned motor sequence task with and without 
an additional attentional (visual) task in PD patients. 
Patients had greater activation of the SMA during execu-
tion of the simple overlearned motor sequence but less 
increase when attending to their actions compared to 
normal subjects. In normal subjects, attention to action, 
but not attention to the visual task, increased the effective 
connectivity between prefrontal cortex and the lateral 
premotor cortex and the SMA. In patients, attention did 
not modulate the effective connectivity between the pre-
frontal, premotor cortex and SMA. These results suggest 
that there is a context-specific functional disconnection 
between the prefrontal cortex and the SMA and premo-
tor cortex in PD.

PD patients suffer not only motor symptoms but also 
impaired in cognitive function. The mechanisms under-
lying cognitive deficits in PD are not understood. fMRI 
has been helpful in investigating cognitive dysfunction 
in PD. Comparison between cognitively impaired and 
unimpaired PD patients found that impaired PD patients 
had less activation in the prefrontal cortex and striatum 
during a working-memory task (106). During performing 
distinct phases of the Wisconsin Card Sorting Task, PD 
patients had decreased activation compared with con-
trols in the ventrolateral prefrontal cortex when receiving 
negative feedback and in the posterior prefrontal cortex 
when matching after negative feedback. In controls, these 
prefrontal regions specifically coactivated with the stria-
tum during those stages of task performance. In contrast, 
greater activation was found in the PD group compared 
with the control group in prefrontal regions, such as the 
posterior and the dorsolateral prefrontal cortex when 
receiving positive or negative feedback, that were not 
coactivated with the striatum in controls (107). When 
a sentence comprehension task was used, less activation 
in the prefrontal cortex as well as in the striatal and 
right temporal regions was also found in PD patients. 
In addition, the study also explored compensatory acti-
vation of the right inferior frontal and left posterolat-
eral temporoparietal areas in PD patients similar to that 
observed during motor tasks (108).

Mattay et al. (109) studied the effects of dopami-
nergic deficit on working memory and the motor sys-
tem in PD patients. Dopamine administration increased 
activation in the cortical motor regions; in contrast, the 
cortical regions subserving working memory displayed 
greater activation during the hypodopaminergic state. 
The increase in cortical activation during the work-

ing memory task in the hypodopaminergic state cor-
related positively with errors in task performance. The 
increased activation in the cortical motor regions during 
the dopamine-replete state correlated positively with 
improvement in motor function. These results support 
the idea that dopamine modulates cortical networks 
subserving working memory and motor function via 
two distinct mechanisms: nigrostriatal projections facil-
itate motor function indirectly via thalamic projections 
to motor cortices, whereas the mesocortical dopami-
nergic system facilitates working memory function via 
direct inputs to prefrontal cortex. This study suggests 
that the hypodopaminergic state is associated with 
decreased efficiency of prefrontal cortical information 
processing and that dopaminergic therapy improves the 
physiologic efficiency of this region.

Hallucinations occur in some PD patients, and this 
problem has been investigated with fMRI. PD patients 
with visual hallucinations showed greater activation in 
the inferior frontal gyrus and the caudate nucleus, and 
less activation in the parietal lobe and cingulate gyrus 
compared to PD patients without hallucination dur-
ing stroboscopic (flashing) visual stimulation. During 
kinematic (apparent motion) stimulation, hallucinating 
PD subjects showed greater activation in the superior 
frontal gyrus and less activation in area V5/MT, parietal 
lobe, and cingulate gyrus compared to nonhallucinating 
PD subjects. These results suggest that PD patients with 
chronic visual hallucinations respond to visual stimuli 
with greater frontal and subcortical activation and less 
visual cortical activation than nonhallucinating PD sub-
jects. Shifting visual circuitry from posterior to anterior 
regions associated primarily with attention processes sug-
gests altered network organization may play a role in the 
pathophysiology of visual hallucinations in PD (110).

Modulation of brain activity can be detected in 
Parkin mutation carriers even without clinical symp-
toms. While performing internally selected or externally 
determined movements, asymptomatic carriers showed 
greater activity in the right rostral cingulate motor area 
(rCMA) and left dorsal premotor cortex specifically dur-
ing internally selected movement compared to controls. 
In addition, synaptic activity in the rCMA had a stronger 
influence on activity in the basal ganglia in the context 
of internally selected movements in asymptomatic carri-
ers. These results suggest that a subclinical nigrostriatal 
dysfunction exists even in asymptomatic Parkin mutation 
carriers. This deficit can be compensated by reorganiza-
tion of striatocortical motor loops (111).

Treatment of PD with DBS of the thalamus, STN, or 
globus pallidus is common. However, the mechanism of 
DBS and its effects on the central nervous system is unclear. 
DBS of STN or thalamus is accompanied by increased activ-
ity of the subcortical regions ipsilateral to the stimulated 
nucleus, such as the thalamus, globus pallidus, substantia 
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nigra, and superior colliculus and in prefrontal cortex and 
lateral premotor cortex (112) or decreased activation in the 
contralateral M1 and the ipsilateral cerebellum. Increased 
activation in the contralateral basal ganglia and insula 
region was also detected (113). Left-sided STN DBS, high-
frequency stimulation improved motor symptoms, while 
stimulation of the right DBS alone elicited several reproduc-
ible episodes of acute depressive dysphoria. The electrode 
on the left was within the inferior STN, whereas the right 
electrode was marginally superior and lateral to the intended 
STN target within the fields of Forel/zona incerta. Compar-
ing stimulation “off” versus “on” found that the left DBS 
was followed by increased activity in the M1, premotor 
cortex, ventrolateral thalamus, putamen, and cerebellum 
as well as decreased activity in the sensorimotor cortex and 
SMA. Right DBS showed increased activity in the superior 
prefrontal cortex, anterior cingulate, anterior thalamus, cau-
date, and brainstem and decreased activity in medial pre-
frontal cortex (114). These studies suggest that fMRI during 
DBS is safe, with considerable potential for investigating the 
functional connectivity of the stimulated nuclei.

SUMMARY

Conventional structural MRI shows no convincing 
structural changes in PD but may provide a useful tool 
in distinguishing PD from other neurodegenerative 
parkinsonian syndromes. However, the sensitivity and 
specificity of structural MRI on an individual basis is 
not sufficient for differential diagnosis of parkinsonian 
disorders, and further technical and methodological 
improvements are necessary. Other methods such as 
MRS, DWI, MRV, and MTI may help to differentiate 
between parkinsonian syndromes and PD and probably 
have superior sensitivity compared to structural MRI. 
Although some findings related to these techniques are 
promising and might even detect abnormalities in the 
early PD, they are still far from being standard meth-
ods in the routine clinical investigation of patients with 
parkinsonism and require additional extensive studies. 
Functional MRI is increasingly used in investigating PD 
and may be helpful in exploring PD related functional 
and pathologic changes.
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Controversies in 
Neuroimaging

If a man is offered a fact which goes against his instincts 
he will scrutinize it closely and, unless the evidence is 
overwhelming, he will refuse to believe it. If, on the 
other hand, he is offered something which affords a 
reason for acting in accordance to his instincts he will 
accept it even on the slightest evidence. The origin of 
myths is explained in this way.

Bertrand Russell

There is a series of speculative statements that, when 
coupled to persuasive images, may explain the appeal of 
functional imaging studies to learned publications and 
scientific meetings concerning Parkinson’s disease (PD).

The argument runs as follows: In PD, postmortem 
data tell us that symptoms begin when 70% of nigrostria-
tal dopaminergic neurons have been lost (1). [18F]dopa 
positron emission tomography (dopa-PET) and dopamine 
presynaptic transporter ligand single photon emission 
computed tomography (DAT-SPECT) provide a measure-
ment of the integrity of these dopaminergic neurons in 
the living human brain. These techniques can therefore be 
used to confirm the diagnosis in patients with PD (those 
that are symptomatic and have less than 70% dopami-
nergic neurons) and to identify asymptomatic individuals 
with preclinical disease (those with no symptoms but 
fewer than normal dopaminergic neurons). The tech-

Paul Morrish

niques also allow objective measurement of progression 
in the dopaminergic pathology that characterizes the dis-
ease. In contradiction to the “long latency” theory (2), the 
majority of dopa-PET and DAT-SPECT studies (3, 4) have 
shown the illness to have a short preclinical period and a 
rapid rate of progression; thus these indices can be used 
as biomarkers in neuroprotection studies. Two studies, 
CALM (5) and REAL (6), which used imaging endpoints, 
have shown that agonist drugs have a neuroprotective 
effect, while a third (ELLDOPA) (7) has shown levodopa 
to be toxic. These studies have also demonstrated that 
some recruited patients, clinically diagnosed as having 
PD, have normal scans. The patients in this group have 
been labeled as SWEDDs (symptomatic without evidence 
of dopaminergic deficit) and are likely to represent mis-
diagnoses. Because of its cost advantage and ease of use, 
DAT-SPECT is more likely than dopa-PET to become the 
invaluable aid to diagnosis and disease monitoring that 
has long been needed. Ultimately, and with further invest-
ment, dopa-PET and DAT-SPECT could be used to screen 
the population to identify those at risk of developing PD. 
Neuroprotective treatment might then be introduced for 
the vulnerable.

Controversy has arisen whenever this series or 
its component statements have been questioned. This 
chapter considers this set of statements and the argu-
ments that have been used for evidence in support and 
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in opposition. It also offers an alternative view of the 
contribution of dopa-PET and DAT-SPECT to knowledge 
about PD. The chapter is confined to dopa-PET and 
DAT-SPECT because these are the techniques and ligands 
that are most readily available and for which most has 
been claimed and disputed.

THE CONTROVERSIES AND THE EVIDENCE

In Parkinson’s Disease, Symptoms Begin 
When 70% of Nigrostriatal Dopaminergic 

Neurons Have Been Lost

Though not the basis of an imaging controversy, this 
statement has provided the supporting evidence for the 
results of many imaging studies (8). The understand-
ing that the nigrostriatal dopamine system is massively 
damaged at symptom onset began 46 years ago with 
the pioneering work of Ehringer and Hornykiewicz (9) 
and their recognition of the key role of dopamine in 
PD. In 1973, Bernheimer (1) and colleagues published a 
postmortem study of 69 cases of parkinsonism and 28 
controls showing severe depletion of dopamine in the 
striatum (greater than 80%) in PD and demonstrating 
a correlation between striatal dopamine and nigral cell 
count. Other authors (10) subsequently interpreted these 
data to imply that nigral cell loss was advanced by at 
least 50% at the onset of symptoms. Calne and Langs-
ton (2) assembled this and other evidence to argue that 
progression in PD was likely to be the consequence of 
the normal aging process superimposed on a previous 
insult to the striatum. Studying postmortem specimens 
from patients with a wide range of disease severity and 
duration, Fearnley and Lees (11) predicted, in contrast, 
an exponentially progressing disease course, a short 
preclinical period (4.7 years), and symptom onset when 
the nigral dopaminergic cell count was 69% of normal. 
The difficulties with all such postmortem studies include 
argument over the choice of cell counting method, the 
effects on biochemistry of delay between death and anal-
ysis, and extrapolating back from patients with unavoid-
ably prolonged duration and clinically advanced disease. 
Braak and colleagues (12) have provided a reevaluation 
of the relationship between pathology and symptoms. 
These authors hypothesize a pathologic progression 
before and during symptom progression, emphasizing 
that the nigral melanoneurons are not the first brain 
structures to develop PD-related lesions. With regard 
to this chapter, the most important point may be that 
Braak’s studies (12) do not necessarily imply massive 
nigral cell loss (or dopamine loss) at symptom presenta-
tion or that loss of dopaminergic nigrostriatal neurons 
is the most important pathologic or biochemical marker 
of preclinical PD.

The conclusion, pending further pathologic stud-
ies around symptom onset, has to be that assumptions 
about nigral cell loss at symptom onset may not be 
correct and do not give validity to matching imaging 
results.

Dopa-PET and DAT-SPECT Measure the 
Integrity of Nigrostriatal Dopaminergic Neurons

The meaning of dopa-PET and DAT-SPECT, in terms 
of dopaminergic pathology, is unknown. The crucial 
(and frequently overlooked) understanding is that they 
provide biochemical rather than pathologic or anatomic 
measurements. A recent multiauthor review (13) has 
looked for evidence that might validate them as markers 
of pathology but found it to be lacking. It is likely that 
dopa-PET makes a measurement of stored [18F]dopa or 
of aromatic acid decarboxylase (AADC) in whichever 
structure is being observed, but its relationship to actual 
cell or terminal count is unknown. Certainly dopa-PET 
results have been correlated with nigral neuron count 
in MPTP monkeys (14), but the single study (15) that 
describes a correlation in humans (and is invariably 
quoted in dopa-PET papers) examined only 5 subjects, 
4 of whom did not have PD. DAT-SPECT provides 
a measurement of the availability of the presynaptic 
dopamine reuptake transporter, the concentration of 
which declines in human PD (16), but its relationship 
to pathology is also unclear. The biochemical measure-
ments that arise from dopa-PET and DAT-SPECT may 
be vulnerable to up- or downregulation (17, 18) with 
disease progression or medication. They are certainly a 
product of complicated biochemical and mathematical 
analyses, and different machines and methods give dif-
ferent results (3). There is also significant error in the 
measurement of whatever they are measuring—a subject 
considered further on.

We cannot be confident that dopa-PET and DAT-
SPECT measure cell count, but we can be confident that 
their results relate to clinical progression in PD. Despite 
the theoretical use of these techniques in identifying pre-
clinical disease (i.e., where result is unrelated to symptom 
severity), one of the consistent findings in dopa-PET and 
DAT-SPECT studies has been a correlation between their 
indices and clinical severity (19, 20). The relationship 
between any aspect of disease severity measured clinically 
and that measured by these biochemical tools is likely to 
be imperfect. The changing pathology and neurochemis-
try that underlies the heterogeneous symptom progression 
of PD (21) is certainly likely to be a great deal more com-
plex than a change in the single biochemical and anatomic 
group of neurons examined. Dopa-PET and DAT-SPECT 
and clinical measurements also have error, and both may 
be affected by medication in different ways at different 
stages of disease. The advantages that biomarker mea-
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surements might offer over clinical measurements have 
been comprehensively considered (22–24). In brief they 
offer (in theory) a single objective (and possibly linear) 
continuous measurement free of mood and medication 
effect. Against that lie the expense, radiation exposure, 
and lack of availability.

Thus the answer to the question of what dopa-PET 
and DAT-SPECT results mean is that they measure some-
thing that deteriorates with clinical progression and are 
likely to be related in some as yet unknown way to the 
biochemical and pathologic processes underlying pro-
gression. It is overly simplistic (and perhaps incorrect) to 
conclude that they measure the integrity of nigrostriatal 
dopamine neurons.

What Happens to Dopa-PET and DAT-SPECT 
Results With Normal Aging?

This is an important question; yet, although it has been 
considered, it has not been well answered. It seems fair 
to remark here that the pathology of the aging nigros-
triatal dopaminergic system seems equally unclear. One 
study (25) suggests an age-dependent decline (5.8% 
per 10 years) in pigmented nigral neurons, whereas 
another (26) did not detect any loss in aged subjects. The 
question is crucial to the interpretation of imaging results; 
if there is no change in biomarker yet there is change in 
pathology with aging, then human biochemistry must be 
capable of compensation to provide continuing normal 
dopaminergic function (and presumably therefore normal 
dopa-PET and DAT-SPECT results). If the pathologists’ 
estimates of 70% loss before symptom onset are correct, 
then there must be upregulation (or inbuilt redundancy) 
to permit continuing (until this point) normal function. 
If the system does indeed upregulate, how can the tech-
niques be used to measure dopaminergic cell count? The 
question also seems apposite in assessing the validity of 
the technique in discriminating PD from normal. Should 
the results in the normal population be adjusted for age 
or should they not?

An early PET controversy considered the change in 
dopa-PET results with normal aging. The earliest study (27) 
identified deterioration in striatal Ki of 53% in 10 subjects 
between the ages of 22 and 80 years. The second published 
study (28), of 26 healthy individuals, showed no decline in 
caudate and putamenal Ki with aging. This led the author, 
Sawle (28), to make a direct and then controversial chal-
lenge to the long-latency theory of Calne and Langston 
(2), stating that the progression seen in PD (and poten-
tially measurable by dopa-PET) was not a consequence of 
aging. A later study of 19 individuals by Eidelberg and col-
leagues (29) supported the findings of Sawle. The subject 
has, however, been revisited by Kumakura and colleagues 
(30), who, with a new analytic method, identified a 58% 
reduction in [18F]dopa storage in the elderly human brain. 

This confusion and controversy (31, 32) regarding a group 
as apparently uncomplicated as the aging normal popula-
tion demonstrates many problems that recur in functional 
imaging studies; small samples, technical differences, and 
defensive argument.

There appears to be more unity in DAT-SPECT stud-
ies of aging. Striatal DAT binding has been demonstrated, 
in cross-sectional studies, to decrease by 6.6% (n � 126)
(33), 5% (n � 13) (34), and 7% (n � 36) (35) per decade. 
Sadly, without unity (or at least a firm majority) in patho-
logic studies, it cannot be concluded that DAT-SPECT is 
a better marker (assuming that all other things such as 
reproducibility, sensitivity, resistance to confounders are 
equal) of neuronal integrity than dopa-PET. If these aging 
studies are correct and dopamine reuptake transporter 
does not upregulate with age, then all DAT-SPECT stud-
ies (whether diagnostic or measuring progression) must 
be adjusted to compensate.

Can DAT-SPECT and Dopa-PET Reliably 
Discriminate Normal From PD at Symptom 

Onset and Can They Usefully Detect 
Preclinical PD?

It might be assumed that symptomatic individuals with 
dopa-PET and DAT-SPECT scan results in the normal 
range (SWEDDs) are misdiagnoses (36), while healthy 
individuals with results outside the normal range have 
preclinical disease (37). To answer these questions, it is 
necessary to consider the discriminating ability (the accu-
rate separation of normal from abnormal) of any test in 
a population—a subject considered (and explained with 
more clarity) in many statistics textbooks but included 
in brief here to assist the arguments.

In any measurement in a healthy population, there 
is a spread of results (following a normal distribution) 
around the mean. The extent of spread, or standard devi-
ation, around the mean depends on many factors. For 
imaging, it depends on the biochemical, physiologic, or 
anatomic differences within the population and also the 
reliability of the technique. An unreliable technique has 
the effect of scattering results (whether from healthy or 
unhealthy populations) around a mean. Some published 
mean and standard deviations (expressed as a percent-
age of the mean) from healthy individuals examined by 
dopa-PET and DAT-SPECT are given in Table 28-1. The 
assumption here is that the healthy normal is not age-
dependent.

In order to estimate the ability of the technique to 
detect abnormality, either in healthy or unhealthy popula-
tions, it is necessary to know or to estimate the threshold 
for symptom onset. This can be estimated by:

1. Examining either side in patients with a pure hemipar-
kinsonian syndrome (i.e., one striatum is connected 
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to an asymptomatic side, the other to a symptomatic 
side, so the threshold lies somewhere between).

2. Correlation in a cross-sectional study. The threshold 
is assumed to be the value of the imaging marker 
when the clinical measurement is zero. The flaw 
in this approach is the assumption of a linear rela-
tionship between a multicomponent ordinal scale 
such as the Unified Parkinson Disease Rating Scale 
(UPDRS) and the imaging measurement.

3. Extrapolating back from a longitudinal study, where 
the imaging measurement at symptom onset can be 
estimated. An assumption must be made here of 
either linearity or nonlinearity in index progression 
over time.

Some estimated thresholds (and the method used) for 
symptom development are given in Table 28-2.

Taking the study (41) with the widest range in 
the normal population, a healthy individual could 
have a result up to 60% (two SDs) below or above 
the mean,  with an inevitable overlap between the lower 
limit of normal and the estimated symptom threshold 
(of 47% to 72%) (43). A passing comment is that no 

one (yet, perhaps) has referred to the group above the 
normal mean as having dopaminergic superiority,  or PD 
resistance, despite the desire to label those below it as 
“preclinical.” If everyone within that broad but normal 
population lost sufficient dopaminergic metabolism to 
reach their personal threshold for disease, those start-
ing at the normal mean would now be at 47% to 72% 
of normal, but those who started out at 160% of the 
normal mean might still have a result above the normal 
mean. These latter individuals would be SWEDDs, with 
results within the normal range but still having PD. In 
a similar fashion, a population thought to be healthy 
will contain some individuals (those that start 50% to 
60% below the mean) falling into the area expected 
to be parkinsonian. This group will contain healthy 
individuals with a low PET/SPECT index, perhaps as a 
consequence of their personal biochemistry or anatomy 
(or measurement error); it is unnecessary to invoke or 
assume pathology. If there are “preclinical” individuals 
in such a broadly spread population, most will be hidden 
within the normal range.

Knowledge of the threshold and the spread around 
the normal mean allows a calculation of the sensitivity and 
specificity of the technique. False negatives are those from 
a population at threshold (i.e., mean � threshold) whose 
result lies in the normal range (more than 2 SDs below the 
normal mean). False positives are that group of the normal 
population whose results lie more than 2 SDs below the 
normal mean. Table 28-3 gives sensitivities and specificities 
with arbitrarily chosen (though similar to those from the 
studies in Tables 28-1 and 28-2) values of threshold and 
standard deviation around population means.

Armed with these estimates of sensitivity and speci-
ficity, it is possible to estimate the positive and negative 
predictive values (using Bayes’ theorem) of the techniques 
when they are used to examine populations in which we can 
give an arbitrary prevalence of abnormality (Table 28-4). 
The positive predictive value is the likelihood of an indi-

TABLE 28-1
Means and SDs in Studied Healthy Populations. Method of Analysis, Structure, 

and Units Are not Given*

STUDY LIGAND N NORMAL MEAN SD SD (AS % NORMAL MEAN)

Morrish (20) Dopa-PET 16 .0123 .0023 19%
Khan (38) Dopa-PET 16 .0169 .0031 18%
Hilker (39) Dopa-PET 16 .0126 .0013 10%
Haapaniemi (40) [123I]	-CIT DAT-SPECT 21 6.8 1.1 16%
Seibyl (41) [123I]	 -CIT DAT-SPECT 27 8.4 2.52 30%
Tissingh (42) [123I]FP-CIT DAT-SPECT 14 2.38–2.48 0.7–0.8 29%–32%

*For ease of presentation.

TABLE 28-2
Estimates of Threshold of Symptom Onset

PAPER N METHOD THRESHOLD

Morrish (3) Dopa PET 32 Longitudinal 75%
Hilker (39) Dopa PET 31 Longitudinal 69%
Haapaniemi [123I]	-DAT-

(40)  SPECT 21 X-sectional 66–72%
Tissingh (42) [123I]FP-CIT 

SPECT 8 X-sectional 47–62%
Marek (43) [123I]	-DAT-

SPECT 8 Hemi-PDs 47%–72%
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vidual having parkinsonism or preclinical disease after an 
abnormal scan. The term preclinical is used here to mean 
“abnormal,” although it does not imply that the individual 
will necessarily go on to develop clinical PD.

Column 3 of Table 28-4 shows the chance of an 
abnormal scan representing an abnormal patient, from 
a population in which 1% are abnormal (for example if 
1% of the population assumed to be healthy had preclini-
cal disease). It can be seen that with even the smallest SD 
and lowest threshold, only one-third of those identified as 
such are likely to be “preclinical.” The other two-thirds 
are those healthy individuals who happen to be at the 
lower end of the normal range. Comparison between these 
arbitrary SDs and thresholds and the technique’s published 
SDs and thresholds (Tables 28-1 and 28-2) gives us the con-
fidence to doubt that any currently available dopa-PET or 
DAT-SPECT technique can reliably identify an individual 
who is truly preclinical (at this prevalence within a popu-
lation). The situation is different where, perhaps through 
genetic susceptibility, 50% of the healthy individuals may 
be “preclinical.” Column 4 of Table 28-4 shows that for 
every SD and threshold, an identified abnormal will have 
a �90% chance of being abnormal/preclinical. These tech-
niques may therefore be useful in examining individuals in 
families with autosomal dominant parkinsonism.

What Are SWEDDs (Other Than Symptomatic 
Without Evidence of Dopaminergic Deficit)?

These calculations throw light on the examination of 
a group of patients with symptoms of recent onset, 
such those recruited for the CALM (5), REAL (6), and 
ELLDOPA (7) studies. Here we might anticipate [from 
knowledge of clinical accuracy (44) and can put into 
the calculation] that 10% of those recruited are healthy 
or have essential tremor (in which case they might also 
be expected to have normal dopa-PET and DAT-SPECT 
scans). The negative predictive value is the probability of 
being disease-free after a normal scan. Columns 5 and 6 
of Table 28-4 demonstrate that, for the first 4 examples, 
the SWEDDs are more likely to be abnormal than nor-
mal. It is only if the SD and threshold are as in example 5 
(which seems unlikely in the light of the published figures 
in Tables 28-1 and 28-2) that the SWEDDs are more 
likely to have a normal than an abnormal dopaminergic 
system. Sadly, the approximately 10% of recruits iden-
tified as SWEDDs in CALM, REAL, and ELLDOPA 
are unlikely to be the same 10% as the misdiagnoses. 
SWEDDs therefore exist not because of a failure in diag-
nosis but because of a failure in the techniques (45), which 
have the unfortunate combination of too wide a range of 

TABLE 28-3
Thresholds, Sensitivities, and Specificities

  FALSE TRUE  FALSE TRUE

SD THRESHOLD NEGATIVES POSITIVES SENSITIVITY POSITIVES NEGATIVES SPECIFICITY

20 75 77% 23% 23% 2% 98% 98%
10 75 31% 69% 69% 2% 98% 98%
30 60 75% 25% 25% 2% 98% 98%
20 60 50% 50% 50% 2% 98% 98%
10 60    2% 98% 98% 2% 98% 98%

TABLE 28-4
Positive and Negative Predictive Values with Arbitrary SDs and Thresholds

  NEGATIVE  POSITIVE NEGATIVE PREDICTIVE

  PREDICTIVE  PREDICTIVE VALUE IF 90% OF

  VALUE IF 1%  VALUE IF 50% PD POPULATION % OF SWEDDS WHO

OF POPULATION OF POPULATION IS AFFECTED (E.G.,  WILL HAVE PD (IN 90%
SD THRESHOLD IS AFFECTED IS AFFECTED DE NOVO PD) OF THE POPULATION)

20 75 10% 92% 12% 88%
10 75 26% 97% 26% 74%
30 60 11% 93% 13% 87%
20 60 20% 96% 18% 82%
10 60 33% 98% 84% 16%
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results in the healthy population and too high a threshold 
at symptom onset.

The other consideration, when the technique is used 
in this way, is reproducibility. The scan-to-scan errors (see 
below) may be sufficient to take any individual’s result 
from unhealthy to healthy and vice versa.

Should Suspected New PD Patients Have a 
DAT-SPECT or Dopa-PET Scan?

Should a clinician therefore request a DAT-SPECT scan 
when he or she is unsure whether the diagnosis is PD 
or ET? Taking figures for SD (30) and threshold (60) 
from studies using these ligands by Tissingh (42) and 
Marek (43), positive and negative predictive values can 
be estimated in a similar way. If we assume the chance 
of the patient being normal (or having ET) or having PD 
is 50/50, then 93% of those with abnormal scans will 
have parkinsonism (an abnormal result cannot distin-
guish idiopathic PD from other akinetic-rigid disorders). 
If, on the other hand, the scan is normal, the chance of 
the patient not having PD (the negative predictive value) 
is 57%. So an abnormal scan in an abnormal patient may 
be helpful, but a normal scan in an abnormal patient will 
not be (because it is only marginally more likely that the 
patient is normal than abnormal). The clinician must then 
ask how much is likely to be gained by this technique in 
comparison with a colleague’s opinion or reassessment 
3 months later. My feeling, on the basis of this evidence, 
is that the techniques are rarely diagnostically helpful, 
nor are the radiation exposure and expense justifiable. 
The clinician must also remember the reliability of the 
technique (see below); today’s scan result might be sig-
nificantly different from tomorrow’s.

What Is the Latency of PD? What Is 
the Rate of Progression? What Is the 

Pattern of Progression?

In the absence of evidence to demonstrate the relationship 
of dopa-PET and DAT-SPECT to cell count, speculation 
must be confined to considering the latency of the bio-
chemical change leading to PD. The majority of evidence 
from both techniques suggests an average biochemical 
latency of between 5 and 12 (3, 39, 46, 47) years. Such 
estimates of latency and the average rate of progression 
in PD must be approached with a degree of caution. Most 
make an assumption of linearity, though not always (39), 
and frequently a jump is made from the biochemical data 
to speculation on pathology (39).

Commentators on the latency of PD and the tempo-
ral pattern of progression may also be guilty of a failure 
of logic in assigning a single latency or pattern of pro-
gression. We know that dopa-PET and DAT-SPECT give 

surrogate measurements of clinical severity, and we know 
that rate of progression varies widely between individu-
als. The logical assumption, therefore, is that latency and 
rate of progression measured by PET and SPECT must 
also have a wide range, and that there may even be a mul-
titude of patterns of progression. The long-latency theory 
of PD appears to have many commentators to hold the 
unnecessary idea of a slow, uniform, linear progression, 
even if this was not its author’s intent.

Should and Can Dopa-PET and DAT-SPECT 
Be Used in Longitudinal Studies of Disease 

Progression and Neuroprotection?

There are two contentious issues here. First comes the 
question of whether whatever is measured by imaging is 
sufficiently representative of the clinical or pathologic state 
of the illness to be useful in clinical trials. This chapter 
and previous comment (13, 22) have already considered 
the difficulty in the assumption that dopa-PET or DAT-
SPECT measure dopaminergic pathology and have pointed 
out that parkinsonian deterioration is heterogeneous and 
much more widespread than striatal dopaminergic func-
tion alone. The indices do, however, show, in most stud-
ies (19, 20), a correlation with global clinical scores. If 
one can accept them solely as an index of something that 
reduces with deterioration in clinical function, they have 
a value in progression studies. The possibility of an objec-
tive measurement of a single variable that appears to be 
both continuous and linear, that may be unaffected by 
medication or mood, and that correlates with progression 
is hugely attractive. Yet whether scoring illness severity 
with a functional imaging index is of greater value than 
scoring an illness with a clinical or quality-of-life scale is 
debatable (22). There is an important point that appears 
to be forgotten in trial design but which can be made here. 
The question of how one would like one’s illness to be 
measured, in a society that places value on democracy 
and personal freedom, is a personal decision. In clinical 
practice we ask whose life and whose illness it is; but when 
we design and recruit for medical trials, we do not yet 
ask whose endpoint it is. Some individuals might choose 
the more objective measurement of a dopa-PET or DAT-
SPECT scan, but others might attach more importance to 
the point at which disability causes loss of employment, 
the point at which dyskinesia causes embarrassment, or 
the point at which they can no longer walk unaided to the 
coffee shop. A patient-oriented decision on therapy needs 
evidence from trials with patient-oriented measures and 
perhaps patient-chosen endpoints.

If we do assume that dopa-PET and DAT-SPECT 
provide a useful measurement, the second bone of 
contention is whether the techniques, at their existing 
level of development, can perform that role (3, 22, 48).
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The first published longitudinal dopa-PET study of 
PD (49) measured a rate of decline in PET index of 0.78% 
of the normal mean per year, while the second (50) gave a 
rate 10 times that. The patients and PET machines were 
essentially similar; therefore, in order to understand the 
disparity, both the previous method of analysis (Ki in 
putamen) and the method used in the Vancouver study 
(total striatal ratios) were applied to a single group of 
patients (3). This demonstrated that the measured rate of 
progression depends on the method of analysis; the corol-
lary being that some methods might not have sufficient 
reproducibility or sensitivity to make a measurement.

To understand this it is necessary to make a para-
digm shift, from the simplistic or instinctive belief that 
the techniques measure something as concrete as cell 
count to the concept that the measurement of rate is 
determined more by method than by pathology. The key 
features of a technique (whether imaging or other) in 
measuring progression are sensitivity to clinical change 
and reproducibility. Other features, such as resistance to 
confounders and linearity of scale (51), are also impor-
tant. Many cross-sectional studies show a relationship 
between dopa-PET and DAT-SPECT index and clinical 
state. The difficulty seems to be the idea (and evidence 
(3)] that, with a given amount of clinical deterioration, 
some techniques measure a greater change in imaging 
index than others. Without this consideration, there is the 
danger of using a technique and method that is incapable 
of accurately measuring the small difference in striatal 
dopaminergic biochemistry that accompanies the small 
degree of clinical progression which may be occurring 
in, for example, the single year of a progression study. 
Different dopa-PET indices, for example, might measure 
from 3% to 7% of the normal mean (3) with a clinical 
change of 10 total UPDRS points. There are no published 
studies of sensitivity in DAT-SPECT, although some esti-
mates (making many assumptions) from published data 
have been made (48). If the technique is insensitive to 
clinical progression and the index changes only by tiny 
amounts (for example, 1.5% of normal mean for 8 total 
UPDRS points—see consideration of ELLDOPA below), 
its usefulness as a measuring tool is limited.

Although sensitivity is vital, its importance is best 
appreciated alongside reproducibility (3); one would wish 
the change in imaging index as a consequence of progres-
sion to be significantly greater than the change in index 
due to error. Reproducibility is the Achilles’ heel in PD 
imaging studies (whether measuring progression, iden-
tifying PD or preclinical disease, or gauging medication 
effect), yet this frequently escapes attention, even in the 
most comprehensive reviews (13). Would it be too con-
troversial to ask that reproducibility data (in that specific 
machine with that ligand and method of analysis) be 
published to accompany every dopa-PET or DAT-SPECT 

study? Studies have addressed the issue, but rarely in a 
manner sufficiently critical for the claims being made for 
the techniques (52). Table 28-5 shows the results of some 
reproducibility studies.

The challenge is for techniques with such potential 
to scan error so as to measure something that might 
change—for example in a year’s progression—by as little 
as 1% to 2% (a figure determined both by the sensitiv-
ity of the technique to clinical progression and by the 
actual clinical progression). It is possible, but only if 
the numbers scanned are so great that positive error 
inevitably cancels negative error. The great difficulty for 
progression studies is that greater sensitivity to progres-
sion unfortunately appears to come only with reduced 
reproducibility (3); sensitivity is gained and reproduc-
ibility lost by analysis of data taken from smaller and 
smaller components of the striatum (46). Comment on 
data from CALM and ELLDOPA has concentrated on 
the possible confounding effects of the study medication 
(36, 55). It should be possible, in study design (and was 
achieved in REAL), to eliminate an effect of medica-
tion, but studies of medication effect are also vulnerable 
to poor reproducibility, and sample sizes thus far have 
probably not been large enough to permit conclusive 
results.

If PET/SPECT indices are surrogate measures, the 
range of rate of progression measured by these techniques 
is likely to be similar to that seen clinically; it is inevitable 
that groups comparable in size to those of studies using 
clinical indices will be needed.

In conclusion, dopa PET and DAT-SPECT may be 
useful in progression studies if it is acknowledged that 
they provide a surrogate measure and if the study design 
takes sufficient account of reproducibility, sensitivity, 

TABLE 28-5
Reproducibility Studies* 

    MEAN VARIABILITY

(SD) AS % OF

STUDY METHOD N SUBJECTS BASELINE

Seibyl (53) [123I]	-CIT   7 Healthy 12.8 (8.9)
DAT-SPECT

Seibyl (53) [123I]	-CIT   7 PD 16.8 (13.3)
DAT SPECT

Booij (54) (123I)FP-CIT   6 Healthy 7.2 (3.2)
DAT SPECT

Booij (54) (123I)FP-CIT 10 PD 7.9 (6.9)
DAT SPECT

Morrish (3) Dopa-PET   8 Healthy 12 (7)%

*Variability � difference between scans 1 and 2 divided by 
mean of scans 1 and 2.
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resistance to confounders, and the likely wide range in 
rate of progression within each cohort.

How Do We Interpret the 3 Longitudinal 
Neuroprotection Imaging Studies?

The CALM (5), REAL (6), and ELLDOPA (7) studies 
have generated a great deal of correspondence (55, 56), 
and the debate around each can be viewed as instructive 
for future imaging trials.

REAL recruited 186 new-onset patients who were 
treated either with L-dopa or agonist; they were assessed 
by [18F]dopa PET upon starting medication and again at 
2 years. Patients were recruited at 34 sites and scanned 
twice, on any of 6 different PET machines, with data sent 
to one central unit for subsequent analysis. Centrally, data 
were normalized to a standard brain volume; the pri-
mary outcome measure was a change in mean putamen Ki 
between the first and second scans. A nonsignificant trend 
in favor of the dopamine agonist was reported first, in 
abstract (57). The data were published formally in 2003 
(6), achieving significance in favor of the agonist after 
central analysis and the removal of SWEDDs. Putamen Ki 
dropped by 13.4 (2.14%) from baseline in the ropinirole 
group and by 20.3 (2.35%) in the L-dopa group, a rate 
of progression broadly in keeping with other dopa-PET 
estimates. The study concluded that either ropinirole was 
neuroprotective or that L-dopa was neurotoxic. Another 
possibility (if one accepts the adjustment as legitimate) is 
that L-dopa has a greater biochemical (rather than patho-
logic) effect on the outcome measure than ropinirole. 
The removal of SWEDDs was a belated addition to the 
trial protocol, and the author’s reply to criticism of study 
design (58) confirmed that 2 datasets (with and without 
removal of SWEDDs) were available at study comple-
tion. To formally publish only the results that favored 
the sponsor’s product was ill judged at best. In the trial’s 
favor were the large number of patients scanned and the 
fact that such a complicated trial and analysis could be 
accomplished at all. Its failure and its expense make it 
unlikely to be repeated.

CALM examined 82 new-onset patients by DAT-
SPECT over a 4-year period. At 46 months, the agonist 
group had shown a decline in striatal B-CIT uptake of 
16 (13.3%) from baseline compared to 25.5 (14.1%) 
in the L-dopa group. The patients, in the “defined off” 
state deteriorated to an identical degree, by 4.1 (9.9) 
total UPDRS points in the agonist group and by 4.0 (8.7) 
total UPDRS points in the L-dopa group. The principal 
criticism [which Ahlskog (59) has argued well] is that 
this study could simply be demonstrating a biochemi-
cal effect. Another counterargument (56) is that it is 
hard to understand how a technique could demonstrate 
such large changes in dopaminergic function with such 
small changes in clinical function when we know that 

the imaging technique is likely to be relatively insensitive 
to clinical progression (see below). Add into the argu-
ment of limited reproducibility and we are left to wonder 
whether the study measured progression, pharmacologic 
effect, or error.

ELLDOPA sought to establish whether L-dopa was 
likely to be neurotoxic. Here 142 new-onset patients were 
scanned twice (with a 1-year interval) off medication 
at the start and then either off medication or on vary-
ing doses of levodopa at the end. Striatal B-CIT uptake 
decreased by 2.6% of baseline in the placebo group and 
by between 4% and 7% of baseline in the L-dopa groups 
in that time. The placebo arm of ELLDOPA provides 
evidence of a lack of sensitivity of the technique to clini-
cal progression. This untreated group deteriorated (typi-
cally for PD) by an average of 7.8 total UPDRS points, 
yet the SPECT index in the subgroup of 29 who under-
went scanning changed by only 2.6% of baseline (or 
only 1.3% of normal if baseline is assumed to be 50% 
normal mean). This suggests that the technique has not 
adequately detected the deterioration in dopaminergic 
biochemistry that one might have expected to accompany 
the clinical progression in this group. The result seems 
particularly inexplicable compared with CALM (which 
used a similar technique), where changes of 16% (in the 
L-dopa group) and 25% (in the agonist group) in SPECT 
index (from baseline) were accompanied by a clinical 
(total UPDRS off medication) change of 4 points in each 
group. Possibly the UPDRS change was undervalued (if 
the patients were not assessed truly off medication) in 
CALM. Possibly the apparent huge changes in SPECT 
index (for such a small clinical deterioration) measured 
in CALM were phamacologic, and the greater change in 
the L-dopa group than in the placebo group in ELLDOPA 
was also a pharmacologic effect. Possibly instead, the 
subgroups in each study were too small for negative error 
to cancel positive error and, because of the poor sensi-
tivity of the technique to progression, the only thing the 
studies are demonstrating is the balance of error. I would 
not have enough faith in the technique (particularly the 
balance between sensitivity and reproducibility) to draw 
any conclusion from the data.

Perhaps the lesson from all 3 studies is to understand 
the abilities and limitations of a technique and to expose 
the sponsorship agreement, trial design, and assumptions 
to a critical audience before starting.

CONCLUSIONS: AN ALTERNATIVE VIEW OF 
THE CONTRIBUTION OF DOPA-PET AND 

DAT-SPECT DATA

In conclusion, I have argued for and present here an 
alternative interpretation of dopa-PET and DAT-SPECT 
studies in PD. In PD we know that the loss of nigral 
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dopaminergic cells is one of many components of the 
neurodegenerative pathology of PD. We do not know 
the extent of this deficit at presentation nor the extent to 
which dopaminergic loss in the basal ganglia contributes 
to the symptom complex and progressive disability of PD. 
Imaging of the dopaminergic system is therefore, at best, 
a marker of one biochemical component of the complex 
clinical picture that makes up PD.

Scrutiny of assumptions and available data suggests 
that the techniques, in their current state of development, 
do not completely discriminate PD from normality, nor 
can they reliably identify true preclinical disease. As a 
diagnostic tool in the new-onset parkinsonian patient, 
they can confirm an abnormality, but a negative scan is 
no assurance of normality. In measuring progression and 
assessing neuroprotection, it may be naive to believe that 
the measurements made by the techniques hold great rel-
evance to the multifaceted progression of PD or that they 
are capable of doing so sensitively, accurately, reproduc-
ibly, and without being affected by other factors. With 
further technical developments and large sample num-
bers, it remains a possibility that they will have a value in 
progression studies, but only if the lessons from CALM, 
REAL, and ELLDOPA are heeded.

This appraisal of the merits of the techniques might 
be viewed as unreasonably negative and that the pros and 
the cons must be viewed in balance. Yet it is striking to 
note how much has been claimed for these techniques over 
so many years when so little has been known about them. 
We do not know precisely what they measure, how useful 
that measurement is (compared with the clinical picture of 
PD), how well each separates PD from normality, how pre-
dictive the claimed identification of preclinical disease is, 
how reliable the measurements are, whether results change 
with age in the healthy, and what factors might confound 
results. Yet in the design and publication of imaging stud-
ies, particularly the longitudinal neuroprotection studies, 
enthusiasm has been allowed to take precedence over intel-
lectual and scientific rigor. The most important thing that 
must emerge from the “imaging and neuroprotection” 
debacle (no other word will fit the radioisotope scanning 
of several hundred patients with little useful conclusion) 
is that the PD scientific community should not be dazzled 
by pictures or seduced by new techniques and ligands. 
Instead we should be healthily skeptical about the studies, 
consider the science behind them as we would with regard 
to any new technique, and reject the study designs and their 
findings if they do not have credibility.
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Animal Models

nimal models of neurologic disease 
are of increasing importance but 
have also come under increasing 
scrutiny. Basic research involving 

these models is expanding, while concerns over the dif-
ficulty in translational therapeutic research also rise. 
Animal models of Parkinson’s disease (PD) are particu-
larly notable for their diversity as well as their varied 
utility. These models in general cannot be viewed as 
replicates of human disease occurring in animals. Beal 
has summarized the desirable characteristics of a model 
system, which include gradual loss of dopamine neurons, 
presence of Lewy bodies, easily detectable motor deficits 
with similarity to PD signs, and a relatively short disease 
course (1). It is not surprising that no existing animal 
model fulfills these criteria. Each model has particular 
strengths in addressing specific questions about the dis-
ease, ranging from pathogenesis to therapeutic efficacy. 
Each model provides insight to different aspects of the 
molecular biology, pathology, pathogenesis, and clinical 
phenotype. It is not sufficient simply to raise the ques-
tion of the validity of each model; we must evaluate the 
specific research studies using these models, examining 
how they employ them to address and interpret particular 
scientific questions. This chapter reviews two different 
forms of models, those generated by toxin administration 
and those carrying mutant genes associated with familial 
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PD. These animal models range in focus from pathologic 
and clinical model systems for therapeutic assessment to 
proof-of-principle experiments addressing fundamental 
questions of the underlying cause of PD.

TOXIN MODELS OF PARKINSON’S DISEASE

Six Hydroxy Dopamine (6-OHDA)

The first widely used toxicant-induced animal model still 
plays a large role in PD research. Intracerebral injection of 
the toxin became a form of dopaminergic chemodenerva-
tion; it replaced previous older stereotactic physical or 
electrical lesioning methods for studying dopaminergic 
deficits and evaluating dopaminergic therapy.

Unilateral injection of this chemical results in local 
dopaminergic denervation of the nigrostriatal path-
way and a reproducible clinical syndrome (2). Rodents 
injected intracerebrally show circling behavior toward 
the injected side, representing reduced motor activity 
of the affected nigrostriatal pathway (3, 4). This cir-
cling behavior is exaggerated with systemic administra-
tion of amphetamine, which stimulates catecholamine 
release. Within a few weeks after 6-OHDA treatment, 
striatal denervation hypersensitivity to dopamine 
develops; it is demonstrated by circling behavior in 

A
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the opposite (away from the side of the injection site) 
direction with administration of the dopamine agonist 
apomorphine.

This hypersensitivity response in general requires 
substantial loss of dopaminergic innervation, but it can 
be proportional to the degree of dopamineric denervation 
(4–7). Although such circling behavior has no analogous 
symptom in humans, abnormalities of forepaw move-
ment resembling parkinsonian bradykinesia have also 
been described in rats (8). Such behavior, although not 
reminiscent of PD, is quantitatively related to the degree 
of unilateral dopaminergic denervation. This model also 
shows a reproducible and quantitative corrective response 
to antiparkinsonian agents such as L-dopa and dopamine 
agonists (9, 10). The quantitative behavioral relationship 
of unilateral intracerebral 6-OHDA injection to dopami-
nergic denervation has driven its continued use to assess 
novel dopaminergic-based therapeutics such trophic 
factors, gene therapy, and cell transplantation (11–19). 
6-OHDA is selectively taken up by all catecholaminer-
gic terminals but does not cross the blood-brain barrier, 
so that it produces sympathetic chemodenervation rather 
than parkinsonian signs when given systemically (20). 
Although animals given bilateral intracerebral injections 
of 6-OHDA show symptoms more analogous to PD, 
such as akinesia, affected animals show such depressed 
feeding behavior, so that considerable support is needed 
for them to survive (21, 22). Such global decreases in 
behavior are also less specific for a dopaminergic defi-
cit and are more difficult to quantify. In rodents, three 
different anatomic sites can be utilized for stereotactic 
injection. 6-OHDA injections into the nigra or median 
forebrain bundle cause the most rapid and complete loss 
of nigral dopaminergic neurons, while injections into the 
striatum result in a dying back form of dopaminergic 
axonal loss, followed by nigral cell degeneration (23–26). 
The majority of 6-OHDA use has been in rodents, likely 
due to the necessity of intracerebral injection of the toxin 
and the preference of many investigators to employ the 
MPTP (1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine) 
model in primates.

Like most of the dopaminergic toxins, 6-OHDA 
causes cell death through the inhibition of oxidative 
metabolism (27, 28). After selective uptake by catechol-
aminergic terminals, 6-OHDA accumulates in mitochon-
dria and inhibits complex I of the electron transport 
chain (29). Complex I inhibition not only interferes 
with mitochondrial ATP and energy generation but also 
results in an accumulation of free electrons and increased 
production of reactive oxygen. However 6-OHDA also 
undergoes auto-oxidation, particularly in the pres-
ence of iron, generating reactive oxygen species (30). 
6-OHDA also oxidizes to paraquinone, a molecule 
capable of amplifying oxidative injury (31). Oxidative 
injury appears to be the major source of dopaminergic 

cell death after 6-OHDA exposure, as evidenced by its 
enhancement by iron and prevention by iron chelation 
or antioxidant therapy with agents such as vitamin E 
(32–34). The response of 6-OHDA–treated animals to 
both oxidative stress and antioxidant strategies makes it 
a useful model in assessing the role of these processes 
in dopaminergic injury. To what extent these processes 
resemble those involved in PD continues to be debated. 
Although the major pathologic feature of PD, the Lewy 
body, is not seen in 6-OHDA–treated animals, there are 
pathologic similarities (35–37). The initial loss of dopa-
minergic terminals with striatal injection of 6-OHDA 
resembles the dying back axonal terminal loss seen in 
early PD (38–40). Although onset of dopaminergic injury 
with 6-OHDA is usually rapid and acute, over days, 
intrastriatal 6-OHDA has been used to create a more 
chronically progressive model of PD, with continuing 
loss of nigral dopaminergic cells over many weeks (38). 
6-OHDA–treated rats remain the most popular animal 
model of PD, probably due to its reliable and quantita-
tive relationship of symptoms to dopaminergic activity 
in the nigrostriatal pathway.

MPTP

Few events have revolutionized the understanding of PD 
as much as the initial human experience with MPTP. 
This meperidine analog was unintentionally generated in 
the process of attempting to create a synthetic narcotic 
and was self-administered by a group of narcotic abus-
ers. These patients were initially identified in northern 
California with a profound irreversible parkinsonian 
syndrome (41). Although the syndrome was of acute 
onset, it was remarkable for its clinical similarity to PD 
and its degree of specificity for the nigrostriatal dopami-
nergic system (42). This syndrome—and its dopaminer-
gic specificity—was subsequently reproduced by systemic 
injection of MPTP in nonhuman primates (43, 44). Over 
the next decade, the mechanism by which MPTP showed 
its nigral/dopaminergic-specific toxicity would be eluci-
dated. The multiple mechanisms underlying toxicity can 
be viewed as a perfect storm for nigral dopaminergic 
toxicity. After systemic uptake, MPTP requires biocon-
version to an active metabolite, MPP�, to be toxic (45). 
Within the brain, this bioconversion is performed by 
monoamine oxidase (MAO) type B, which is localized 
primarily to astrocytes (46). Unlike MPTP, MPP� gen-
erated in the perineuronal environment is internalized 
by dopaminergic neurons via the high-affinity dopa-
mine transporters (DAT) localized on the membranes 
of dopaminergic terminals and cell bodies (47). After 
internalization, MPP�, like 6-OHDA, acts as a mito-
chondrial inhibitor of complex I (48). In both primates 
and rodents, MPTP-induced neuronal loss shows a level 
of specificity for the nigral dopaminergic pathways that 
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highly resembles that seen in PD (49–52). Not only are 
mesencephalic neurons preferentially affected compared 
to dopaminergic neurons in other locations, such as the 
limbic system, but nigral neurons are more affected than 
dopaminergic neurons of the adjacent ventral tegmental 
area (53–56). The specificity of MPTP among dopami-
nergic neurons is less well understood. Initial hypoth-
eses regarding the role of neuromelanin have not been 
supported with more current studies pointing to DAT 
density, calabindin levels, �-synuclein expression, and 
trophic factors (57, 58).

Primate Models. MPTP is the most common toxin 
used in primate models of PD. Responses to MPTP vary 
among species of nonhuman primates, with African green 
monkeys showing a clinical syndrome that has strik-
ing similarity to PD, including resting tremor (59–61). 
Although systemic administration of MPTP can result 
in a model of PD in both rodents and primates, some of 
the primate studies utilize a hemiparkinsonian model. 
This is usually accomplished by unilateral intracarotid 
injection of MPTP rather than unilateral intracerebral 
injection, as performed with 6-OHDA (62). Although in-
tracarotid injection is also technically difficult, the uni-
lateral nature of symptoms allows even severely affected 
monkeys to use their unaffected limbs in grooming and 
feeding, thus reducing overall morbidity (63). For the 
majority of primate studies, MPTP is administered via 
one of several systemic means— intravenously, intramus-
cularly, or subcutaneously. Although resulting symptoms 
can be severe, they are significantly improved with 
L-dopa, as in PD (64). The response to antiparkinsonian 
therapies is one of several strengths of the MPTP model. 
Animals respond not only to L-dopa and dopamine ago-
nists but, as a result of chronic L-dopa treatment, also 
develop drug-induced dyskinesias (65–67). There are 
other similarities between MPTP-exposed humans and 
primates. Although intracellular inclusions have been 
described, typical Lewy bodies are not seen in either 
setting (68–70). While acute administration of large 
doses of MPTP produces an acute syndrome with mas-
sive nigral cell loss, chronic exposure to lower doses 
results in a progressive cell loss of more gradual onset, 
with similarity to cases of delayed onset of parkinsonian 
symptoms in some patients exposed to MPTP (71–73). 
However, in some species of nonhuman primates, low-
level chronic administration results in a syndrome that 
is eventually reversible (74, 75).

Chronic compared to acute use of MPTP in primates 
illustrates two distinct goals of the MPTP model: (a) 
elucidation of the mechanisms of MPTP parkinsonism 
to further clarify possible pathogenetic mechanisms of 
PD and (b) assessment of potential therapeutics for PD. 
Although the chronic progressive models have use in 
assessing therapeutics that have potential neuroprotective 

properties, they remain based on the assumption that 
the mechanisms underlying cell death following MPTP 
administration are the same as those underlying the 
pathogenesis of PD. Assessment of therapeutics with 
a goal of correcting symptoms or restoring function in 
PD does not require mechanistic assumptions, so that 
primates with severe irreversible MPTP-induced par-
kinsonism have been viewed as the most valid model. 
Because primates treated with MPTP clearly respond 
to conventional dopaminegeric therapy, they have been 
employed as preclinical models of more novel therapies. 
The validity of resemblance of MPTP primates to PD 
has been established with regard to nigrostriatal circuitry 
by electrophysiologic studies in both settings (76–78). 
The response of MPTP-treated primates to stereotactic 
lesions led to the successful development of new targets 
for surgical approaches in PD, particularly the subtha-
lamic nucleus (79–81). The primate MPTP model has 
also provided pivotal preclinical data for experimental 
forms of restorative therapies—such as trophic factor 
infusion, gene therapy, and tissue transplantation—which 
have led to clinical trials in patients (82–84). Some of 
these clinical studies are in progress, so that they have 
not yet fully validated the MPTP primate model for such 
forms of therapy.

Although several primate studies support the effi-
cacy of fetal tissue transplant in MPTP-treated primates, 
these results were not predictive of later human trials. 
Although fetal tissue does survive and show signs of 
dopaminergic differentiation in both settings, relief of 
clinical symptoms has been, in general, more robust in 
treated primates (85–91). Some patients with fetal mes-
encephalic transplants developed dyskinesias even off 
treatment with dopaminergic drugs, while these “run-
away dyskinesias” have not been described in MPTP/
transplant–treated primates.

The current experience with MPTP–treated primates 
as preclinical models for the assessment of infusion of 
the trophic factor GDNF is also worrisome. Intraven-
tricular infusion of GDNF produced significant relief of 
symptoms and enhanced striatal innervation in MPTP-
treated primates (92–95). Subsequent human trials of 
intraventricular infusion of GDNF, however, did not dem-
onstrate significant improvement of PD (96). Because of 
the concern that tissue penetration of GDNF into the 
larger human brain may have accounted for the lack of 
translation of the clinical benefit of GDNF, subsequent 
primate and human trials were performed with infusion 
of this tropic factor directly into the parenchyma of the 
striatum (97–100). It is unclear if the benefit of GDNF 
intracerebral infusion in the MPTP primate can be repli-
cated in humans. There has been an unsuccessful blinded 
multicenter trial; however, 2 smaller but technically dif-
ferent open-label trials have shown benefit of GDNF 
treatment. This experience supports a conclusion that 
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the MPTP primate has not yet been fully validated as 
a preclinical model for novel (nondopaminergic) treat-
ments of PD.

Rodent Models. Although rodents, particularly mice, 
are significantly more resistant to MPTP toxicity than 
primates, they are also a useful model (101–103). Trans-
genic mice have been particularly enlightening in unrav-
eling the molecular mechanisms of MPTP toxicity, with 
implications for the pathogenesis of PD. By evaluating 
mice that overexpress or lack specific genes for MPTP 
susceptibility or resistance, several proteins and pathways 
have been implicated. For example, resistance to MPTP 
of mice overexpressing the Cu/Zn form of superoxide dis-
mutase demonstrates the importance of oxidative injury, 
while the resistance of mice that lack the enzyme nitric 
oxide synthetase (NOS) emphasizes the role of reactive 
nitrogen species such as peroxynitrate in MPTP toxic-
ity (104, 105). Several compounds have been proposed 
as potential neuroprotectants on the basis of their abil-
ity to prevent MPTP toxicity in rodents and primates. 
Although it is clear that MPTP is a highly nigral-specific 
dopaminergic neurotoxin, it is not clear to what extent 
the underlying mechanisms of PD and MPTP-induced 
parkinsonism resemble each other. The initial experience 
with MPTP-induced parkinsonism led to the first large-
scale evaluation of putative neuroprotectants—selegiline 
and vitamin E—with the initial interpretation of neuro-
protection by selegiline now viewed as an artifact of the 
study’s design (106, 107). Two decades later, there are 
several other putative but still unproven neuroprotec-
tants in clinical trials, all of which have shown protection 
from MPTP (CoQ10, creatine, minocycline, CEP-1347, 
and rasagiline) (108–112). The results of these ongoing 
clinical trials will either validate or refute MPTP treated 
animals as a preclinical model for the assessment of clini-
cal neuroprotectants for PD (113). The current status, 
however, is of concern with the recent failure of CEP-
1347 to slow the clinical progression of PD(114).

Rotenone

Rodents treated with the insecticide and piscicine rote-
none should be viewed as a proof-of-concept model for 
the role of oxidative injury, rather than a preclinical 
model of PD. The critical studies of Greenamyre and col-
leagues demonstrated that some rats chronically exposed 
to intravenous or subcutaneous infusion of rotenone 
developed massive and selective nigrostriatal degenera-
tion (114). Although subsequent studies have focused 
on the narrow parameters within which this phenom-
enon occurs, it remains remarkable. Both MPTP and 
rotenone act primarily through mitochondrial complex 
I inhibition. However, unlike MPTP, rotenone shows 
no selective uptake for dopaminergic neurons (115). 

Rotenone-induced parkinsonism is a direct demon-
stration and extension from cell and explant culture 
studies showing that dopaminergic nigral neurons are 
particularly susceptible to oxidative injury (116, 117). 
Unlike the much more predictable MPTP and 6-OHDA 
models, rotenone-infused rats are more likely to show 
�-synuclein–positive protein aggregates suggestive of 
Lewy bodies (114). This phenomenon may relate to 
another action of rotenone besides its complex I inhi-
bition. Rotenone inhibits the polymerization of tubulin 
into microtubles, which may interfere with the elimi-
nation of other aggregation-prone proteins such as 
�-synuclein (118, 119). Rotenone is not the only toxin 
in widespread use that causes parkinsonism in animals. 
The herbicide paraquat, which has a great deal of struc-
tural similarity to MPTP, has been a reported cause of 
nigrostriatal degeneration in mice, but studies have given 
disparate results (120, 121). A fungicide termed Maneb 
has also been shown to cause locomotor abnormalities 
in mice, along with dopaminergic nigral degeneration, 
but with uncertain specificity (122, 123).

Proteasomal Inhibitors

A recently reported proof- of-concept model was the 
development of progressive parkinsonian symptoms in 
animals treated with proteosomal inhibitors (124). In a 
manner similar to the previous experience with rotenone, 
the demonstration that repeated systemic injections of 
such compounds can cause a parkinsonian syndrome in 
rats with associated nigrostriatal denervation is the cul-
mination of new concepts and in vitro studies. The initial 
discoveries of genes underlying familial PD (in particular 
parkin) emphasized the potential role of proteasomal dys-
function in both sporadic and familial PD (125, 126). The 
proteasomal inhibitor lactacystin causes acute degenera-
tion of dopaminergic neurons when injected stereotacticly 
into the nigra. This degeneration was associated with 
�-synuclein–positive aggregates and changes in motor 
behavior typical of a hemiparkinsonian rodent (127). 
Lactacystin and another proteasomal inhibitor, epoxo-
mycin, cause selective dopaminergic neurotoxicity when 
injected into the striatum, with retrograde degeneration 
of the nigrostriatal projection and apoptotic death of 
nigral neurons (128).

These proteasomal inhibitors have no obvious means 
of selective neurotoxicity in dopaminergic neurons, as 
they inhibit the catalytic activity of the proteolytic core 
of all cellular proteasomes. Systemic administration of 
proteasomal inhibitors including the synthetic peptide 
inhibitor PSI causes selective dopaminergic nigral toxic-
ity without signs of systemic toxicity or neurotoxicity of 
other brain regions. The reasons for such selective toxic-
ity appear to be twofold. Most brain regions except for 
ventral mesencephalon respond to these inhibitors with 
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a compensatory upregulation of proteosomal function. 
Dopaminergic nigral neurons appear to have a naturally 
high burden of proteins that must be degraded, including 
oxidatively modified forms of �-synuclein. (129–133). 
The proteasome inhibition model shares some features 
with chronic MPTP administration in that a brief course 
(2 weeks) of exposure leads to a delayed, progressive, 
and apparently irreversible severe parkinsonism syn-
drome. As with the rotenone model, the initial publica-
tion of the proteasomal model resulted in attempts by 
several independent laboratories to replicate the original 
observations, but with mixed results Follow-up studies 
by the original group found that although they were 
able to replicate their core observations, the effect of 
the inhibitor PSI on motor behavior had a narrow dose 
window and raised questions about both the solubility 
and bioavailability of this compound (133a). Two other 
laboratories have reported nigral dopaminergic cell loss 
after systemic treatment with PSI. However, in only one 
of these studies were behavioral changes and synuclein-
positive inclusion bodies seen (133b, 133c.) Three other 
groups failed to reproduce either the original pathologic 
or behavioral observations in spite of attempts to both 
follow the reported protocol or improve the bioavail-
ability of the compound. At this point there is no clear 
explanation for the failures of proteasomal inhibitors 
to reproduce nigral loss, which also includes a study in 
monkeys (133d, 133e, 133f, 133g).

The proteasomal inhibition model adds a new tool 
to the study of potential mechanisms of PD. Current 
hypotheses of the underlying basis of PD emphasize the 
interaction of multiple factors. The availability of this new 
model will allow investigators to study the interaction 
of proteosomal inhibition with oxidative injury in dopa-
minergic cell degeneration. Both forms of toxic models 
(mitochondrial and proteasomal inhibition) can be used in 
combination with the genetic models to develop an overall 
working model of neuronal degeneration in PD.

GENETIC MODELS

Genetic animal models of PD usually have very different 
goals and uses than the toxin-induced models. No genetic 
model can approach the degree of nigral cell loss or motor 
symptoms seen with 6-OHDA or MPTP. In the investi-
gation of mechanisms underlying cell loss in PD, several 
genetic models have equal or greater validity than these 
well-described toxin models. Most of the genetic models 
are animals that harbor gene alterations causing familial 
forms of PD. In this manner, they may reproduce and help 
elucidate cellular pathways that are clearly causative of 
PD, albeit in a minority of cases.

Genetic models of degenerative diseases utilize sev-
eral different forms of manipulation. Where genes cause 

inherited disease with an autosomal dominant pattern, 
a common working assumption is that the mutation 
creates an aberrant protein with new toxic properties. 
This assumption has been very useful in earlier genetic 
models of Huntington’s disease and familial amyotrophic 
lateral sclerosis (ALS) and was in part the rationale for the 
creation of transgenic animals that overexpress human 
�-synuclein genes containing mutations associated with 
inherited PD. Such animals usually carry multiple copies 
of this gene and produce the related protein at a much 
higher rate than PD patients, in the hope that signs of 
disease (phenotype) will occur within the much shorter 
animal lifetime. Overexpression can occur throughout all 
cells in the animal or can be directed to restricted groups 
of cells by having the mutant human gene under the con-
trol of a cell type–specific gene promoter. Although gene 
promoters can be nonspecific, neuron-specific or dopami-
nergic cell type–specific, the difference in gene regulation 
between humans and other species usually does not allow 
the use of the gene’s normal promoter.

In the case of genes that cause disease with an auto-
somal recessive pattern of inheritance such as parkin, 
the assumption is that lack of the protein’s normal func-
tion causes disease. This is commonly seen in inherited 
enzyme deficiency diseases, and the initial prediction 
that parkin would be proven to be an enzyme was accu-
rate. Animal models of genes like parkin are commonly 
“knockout” or null mutations that render the homolo-
gous gene in the animal nonfunctional. Overexpression 
of parkin and other autosomal recessive disease genes 
is useful to test the assumption that an overabundance 
of the normal protein confers resistance to abnormal 
genes or toxins.

The current identification of 6 genes associated with 
familial PD with either autosomal dominant or reces-
sive inheritance has allowed for the creation of several 
overexpression and knockout animal models (143, 144). 
These transgenic animal lines can also be mated to pro-
duce progeny carrying 2 or more genetic manipulations 
for the study of interactions between disease-causing and 
potentially disease-mitigating genes (145).

Drosophila

With a short reproductive cycle, methods for rapid 
screening, and ease of manipulation of genetic mate-
rial, few animals rival the wealth of genetic studies as 
Drosophila. Several transgenic lines of Drosophila
have been developed that carry genes associated with 
familial PD. The first PD model in Drosophila, human 
�-synuclein, is illustrative of both the strengths and dif-
ficulties of this approach. Although Drosophila has a 
small number of dopaminergic neurons (209) it does not 
have a homologous protein to human �-synuclein (146). 
However, when the normal human �-synuclein gene is 
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overexpressed in Drosophila, loss of dopaminergic neu-
rons is observed (147). This observation is consistent 
with the discovery that PARK 4 is actually a duplication 
of the normal �-synuclein gene (149–154). The neuronal 
motor system of insects, however, has little homology to 
that of any vertebrate, and there has been disagreement 
between laboratories over the nature of the abnormal 
movements (climbing defects or overactive startle) seen in 
flies (147, 155–157). Overexpression of �-synuclein does 
appear to be somewhat selectively toxic to Drosophila
dopaminergic neurons, since serotonergic neurons do not 
appear to be affected (147). There is not a uniform cor-
respondence of toxicity of a particular protein in humans 
and animal models. The mutation of �-synuclein initially 
identified to cause familial PD (A3OP) is not particularly 
toxic in Drosophila. Overall, �-synuclein overexpress-
ing Drosophila has been very useful in assessing hypoth-
eses concerning the protein’s toxicity. Wild-type human 
�-synuclein–overexpressing flies show protein aggregates 
reminiscent of Lewy bodies (143, 156). Drosophila with
mutations in �-synuclein has been created to evaluate 
the relationship of synuclein aggregation to cytotoxicity. 
A mutation (S129A) that prevents phosphorylation—a 
necessary step in aggregation—shows enhanced cyto-
toxicity, supporting the concept that sequestration of 
alpha-synuclein into large visible aggregates reduces 
its toxicity (158, 159). This observation in Drosophila
is consistent with a view of Lewy body formation as a 
potentially beneficial process. In a manner similar to find-
ings with Huntington’s disease model flies, �-synuclein-
overexpressing Drosophila shows improvement when 
crossed with flies overexpressing the molecular chaper-
one heat-shock protein (HSP) 70 (156, 160, 161). The 
role of molecules that assist in proper protein folding is 
reaffirmed by similar improvement in �-synuclein toxic-
ity with treatment with the small molecule chaperone 
geldenamycin (157).

Drosophila possesses a gene with significant sequence 
homology to the human parkin gene (162, 163). Young-
onset PD has been associated with mutations that result 
in a loss of parkin function (164, 165). This protein is 
an E3 class ubiquitin ligase that is involved in facilitating 
the degradation of several potentially harmful proteins 
by the proteasome (166, 167). In spite of this poten-
tially vital function, Drosophila with null mutations of 
the parkin homolog shows relatively subtle abnormalities, 
such as reduced life span and male sterility (168, 169). 
Although these flies also show motor abnormalities, this 
is a result of muscle abnormalities rather than the degen-
eration of a subset of dopaminergic neurons. Parkin-null 
Drosophila has disease susceptibility features of potential 
relevance to PD, such as enhanced lethality to paraquat, 
along with signs of oxidative stress, including mitochon-
drial abnormalities in muscle with apoptosis (168, 170). 
The role of oxidative injury in parkin-deficient flies is 

supported when the flies are crossed with Drosophila
transgenic for glutathione S-transferase (GST), an anti-
oxidant enzyme. In a study that also illustrates the value 
of Drosophila for rapid screening of gene-gene interac-
tions, GST-overexpressing flies improved parkin-deficient 
pathology, while GST-deficient/parkin deficient flies had 
enhanced dopaminergic neurodegeneration (171). The 
human parkin substrate PAEL-R (a transmembrane endo-
plasmic reticulum protein of unknown function) causes 
dopaminergic neuronal degeneration when overexpressed 
in Drosophila; this degeneration is suppressed by  co-
overexpression of human parkin (172). Overexpression 
of parkin also suppresses the toxic effects of human 
�-synuclein overexpression in Drosophila (173, 174).

A transgenic type of Drosophila has also been 
created, which carries either null mutations or overex-
presses the DJ-1 gene. Autosomal recessive mutations 
of this gene, the function of which is unclear, have also 
been associated with young-onset familial PD (175). 
Drosophila has 2 genes that are homologous with human 
DJ-1, but only 1 is expressed within the nervous system. 
Double-knockout mutations of both Drosophila DJ-1 
genes produce no overt abnormalities or dopaminergic 
neurodegeneration, but, in a manner analogous to parkin-
null mutations, they enhance susceptibility to oxidative 
injury. These mutant flies showed strikingly enhanced 
lethality, locomotor dysfunction, and dopaminergic 
degeneration when exposed to rotenone or paraquat, 
with evidence of oxidative modification similar to that 
seen with mammalian DJ-1 (176, 177). Neuronal and 
dopaminergic hypersensitivity to oxidative injury has 
been demonstrated in transgenic Drosophila that over-
expresses interfering RNA to inhibit expression of the 
normal DJ-1 gene (178).

Recently transgenic flies have been created that 
manipulate PINK1, another gene responsible for reces-
sive young onset PD. PINK1 (PTEN-induced kinase-1) 
is a mitochondrial associated protein of unclear function
(179). Drosophila with homozygous loss of function 
mutations of PINK1 shows motor abnormalities that 
appear to be related to both muscular and dopaminergic 
deficits (180). These abnormalities along with mitochon-
drial dysfunction and male sterility are reminiscent of flies 
with parkin mutations (181). Overexpression of parkin 
significantly ameliorates these PINK1 knockout abnor-
malities (but not the converse), suggesting that PINK1 
and parkin function in the same pathways (182).

Transgenic Mice

Although mice have a nervous system more homologous 
to humans than insects do, transgenic mice carrying 
mutations of human PD– associated genes demonstrate 
many of the same successes and difficulties described with 
Drosophila (183).



29 • ANIMAL MODELS 335

Transgenic mice overexpressing human wild-type 
�-synuclein also show intraneuronal protein inclusions in 
several brain areas, including the substantia nigra (184). 
Transgenic lines with the highest levels of expression 
showed significant loss of TH-positive cells and terminals 
along with motor abnormalities, but not to the extent 
seen in toxin models of PD. Although �-synuclein-null
mice have also been created, they have modest reduc-
tions in striatal dopamine; they are also notable for their 
resistance to MPTP toxicity, further reinforcing concepts 
of interaction between oxidative injury and potentially 
toxic proteins (185, 186). Transgenic mice overexpressing 
human �-synuclein with PD-associated mutations have 
also been created. When the A53T and A30P mutant 
genes are overexpressed using a neuron-specific promoter 
(Thy1), animals showed �-synuclein–related pathology, 
including synaptic degeneration and motor abnormali-
ties, but were without dopaminergic degeneration due to 
poor transgene expression in the nigra (187). However, 
even when overexpression of the same �-synuclein muta-
tions is targeted to nigral cells using the TH promoter, 
neither Lewy body–like inclusions nor dopaminergic 
degeneration was observed (188). The lack of striking 
dopaminergic or nigral degeneration in any of the human 
mutant �-synuclein transgenic mouse lines illustrates that 
level of expression or promoter qualities cannot com-
pletely account for the inability of these animals to closely 
reproduce a PD phenotype. However several of these lines 
show motor abnormalities as well as enhanced toxicity 
to MPTP (183, 189, 190). High levels of expression of 
human mutant �-synuclein (driven by the murine PrP 
promoter) appear to be capable of producing Lewy body 
and Lewy dendrite pathology. But although these animals 
have more widespread neuronal loss, their preservation 
of nigral neurons remains unexplained (191, 192). Trans-
genic mice overexpressing human mutant �-synuclein do 
show some useful PD-like abnormalities such as reduced 
DAT expression and abnormal motor responses to apo-
morphine and amphetamine (193, 194). The widespread 
pathology and neurodegeneration of the most severely 
affected lines of �-synuclein mice also make them appro-
priate models for studying �-synuclein toxicity in vivo. 
Identified factors that can reduce �-synuclein pathology 
include overexpression of beta-synuclein and vaccination 
for �-synuclein (195, 196).

Transgenic mice that are parkin-deficient have been 
created and also show modest nigrostriatal abnormali-
ties. Parkin mice with null mutations do show abnormal 
dopamine release and metabolism, reduced DAT con-
tent, and reduced neuronal numbers in the locus ceruleus 
(exon 7 deletion only), but normal nigral cell numbers 
(197, 198). Unlike Drosophila models, crossing parkin-
deficient mice with mutant �-synuclein overexpressers 
does not result in enhanced pathology (200). Parkin does 
appear to have a role in abnormal protein degradation 

in mice, since parkin null crosses with mice overexpress-
ing mutant human tau show enhanced nigral and motor 
neuron abnormalities (201). In a manner similar to results 
in flies, mice with either �-synuclein overexpression or 
parkin-null mice show mitochondrial stress and enhanced 
susceptibility to rotenone (202, 203).

DJ-1 null mice have recently been created and 
show interesting abnormalities. As with virtually all of 
the transgenic mouse lines mentioned earlier, DJ-1 null 
mice have normal numbers of nigral dopaminergic neu-
rons. However, striatal dopamine reuptake and release 
is substantially reduced in these animals (204). DJ-1 null 
transgenic mice also share an enhanced susceptibility to 
MPTP (205).

Viral Vector Gene Delivery

Another method for introducing PD-associated genes into 
animal models is through the use of a viral vector carrying 
the gene. This is an invasive and labor-intensive procedure 
where pathogenic human genes such as �-synuclein are 
packaged into replication-deficient viruses and stereo-
tacticly injected into brain. This method has been useful 
in causing significant nigral pathology in rodents, where 
transgenic mice show little nigral cell loss. Targeted 
overexpression of human �-synuclein to nigra has been 
accomplished with adeno-associated or lentiviral vectors, 
and animals show accumulation and aggregation of the 
human protein, nigral cell loss, and evidence of apoptosis 
(206–209). In a manner analogous to toxin injections 
in animals where cell loss was moderate (50%), motor 
abnormalities were not observed. Viral delivery of mutant 
PD genes also allows assessment of their effects in vivo in 
primates, where creation of transgenic lines is not prac-
tical. Adeno-associated viral (AAV) vectors expressing 
human mutant �-synuclein cause substantial loss of TH-
positive neurons with synuclein-related cellular changes 
in adult marmosets (210). In this model, coexpression 
of a parkin-expressing vector reduced synuclein-related 
cell loss; with a lentiviral vector, an increase in Lewy 
body–like inclusions was observed (211–213).

It is likely that there will be an increasing diver-
sity and number of animal models of PD. These models 
will continue to vary in their respective applicability to 
assessment of pathogenetic mechanism underlying PD 
and identification and evaluation of potential therapeu-
tics. Although the vast majority of PD patients have no 
evidence of a clearly inherited or environmental cause, 
there is increasing evidence for a role for both environ-
mental and genetic factors. The diversity of these models 
and their increasing use in combination will contribute 
to 2 important goals: (a) elucidation of how genetic and 
environmental factors interact to cause disease and (b) 
improved validation of potential therapeutics prior to 
their entry into clinical trials.
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Pathogenesis: Oxidative 
Stress, Mitochondrial 
Dysfunction, and 
Excitotoxicity

arkinson’s disease (PD) is associated 
with progressive loss of dopaminergic 
neurons in the substantia nigra (SN), 
which leads to characteristic motor 

features of the disease as well as more widespread neuronal 
changes causing complex and variable nonmotor symptoms. 
Recent major advances in PD genetics have emphasized 
that mitochondrial dysfunction plays a significant role in 
PD pathogenesis. Impaired mitochondrial function likely 
increases oxidative stress and may render cells more vul-
nerable to this and other interrelated processes, including 
excitotoxicity. This process is therefore a highly promis-
ing target for therapeutic intervention. While numerous 
agents are effective in treating the symptoms of PD, a more 
informed understanding of underlying pathophysiological 
mechanisms is imperative in order to guide development of 
novel neuroprotective therapies. In this chapter we review 
evidence for the roles of the interrelated mechanisms of 
mitochondrial dysfunction, oxidative stress, and excito-
toxicity in neuronal loss leading to PD.

MITOCHONDRIAL DYSFUNCTION IN 
PARKINSON’S DISEASE

Mitochondria play a crucial role in energy metabolism 
and are abundant in tissues with high metabolic demands, 

Claire Henchcliffe
M. Flint Beal

such as brain and muscle. There is now strong evidence 
supporting mitochondrial dysfunction, either primarily 
or secondarily, in the PD pathogenetic process (1–5). The 
substantia nigra (SN) may be particularly vulnerable to 
such conditions, and sophisticated microarray analysis 
demonstrates intriguing differences in expression of genes 
involved in energy metabolism in dopamine neurons of 
the SN compared to other dopamine neurons (6).

Mitochondria are central to a number of processes 
thought to be integral to PD pathophysiology (Figure 30-1). 
These complex organelles are bounded by an inner and 
outer membrane and are crucial in cellular processes, 
including energy production, the oxidative stress response, 
apoptosis, calcium homeostasis, fatty acid metabolism, 
and pyrimidine biosynthesis. Five multisubunit com-
plexes (I to V) function in electron transport and oxi-
dative phosphorylation. Adenosine triphosphate (ATP) 
is generated during electron transfer to oxygen via the 
electron transport chain (ETC) of the inner mitochondrial 
membrane.

Oxidative stress, thought to play a significant role 
in PD pathogenesis (7, 8), may occur either by increased 
exposure to free radicals or by heightened susceptibility and 
impairment of the oxidative stress response. Mitochondrial 
dysfunction may affect either of these pathways. First, the 
ETC is a major source of free radicals (9)—molecules con-
taining one or more unpaired electrons, such as superoxide 

P
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and hydroxyl radicals. These are highly reactive and induce 
oxidative damage to neighboring molecules by extracting 
electrons. Impaired ETC function results in increased gen-
eration of free radicals (10–15), to which mitochondrial 
proteins and DNA may be particularly susceptible. Second, 
impaired mitochondrial function leads to increased suscep-
tibility to oxidative stress.

Impaired energy metabolism resulting from mito-
chondrial dysfunction has been proposed to render cells 
vulnerable to excitotoxicity. In contrast to acute excito-
toxic injury, “weak excitotoxicity’’ has been proposed to 
occur as a result of changes in the energy-dependent cell 
membrane potential due to impaired energy metabolism 
in PD. Mitochondrial dysfunction could therefore poten-
tially result in a lowering in the threshold for excitotoxic 
injury. This excitotoxic injury may increase free radical 
generation and add to cellular injury (8, 16).

Mitochondria also play an integral role in the apop-
totic cell death pathway. When the outer mitochondrial 
membrane is permeabilized by action of “death agonists” 
such as Bax, cytochrome c is released into the cytosol, lead-
ing to caspase activation and apoptosis (17). Similar path-
ways are also activated by opening of the mitochondrial 

permeability transition pore, which may occur under con-
ditions of oxidative stress or electron transport chain inhi-
bition (18), with subsequent collapse of the mitochondrial 
membrane potential (19). This is associated with release of 
apoptosis activators, including apoptosis-inducing factor 
(AIF) and cytochrome c (20). Mitochondrial dysfunction 
and oxidative stress may therefore “reset” the threshold 
for activation of apoptotic pathways in response to Bax 
and similar signals.

Studying mitochondrial function directly in vivo 
in individuals with PD is technically challenging, but 
results of several studies support the existence of 
impaired oxidative phosphorylation in PD. A decrease 
in high-energy phosphates as examined by phosphorus 
magnetic resonance spectroscopy (MRS) was found in 
the temporoparietal regions of a small series of non-
demented PD patients (21). Abnormal occipital lobe 
metabolism has also been observed in subjects with PD 
(22). Bowen and colleagues have reported high occipi-
tal lobe lactate/N-acetyl aspartate ratios in PD (23) 
detected by proton MRS, although other investigators 
have failed to detect increased lactate in basal ganglia 
in PD (24, 25).

IMPAIRED 
OXIDATIVE STRESS 
RESPONSE

INCREASED FREE
RADICAL PRODUCTION

DECREASED ATP 
PRODUCTION

IMPAIRED CALCIUM
HOMEOSTASIS

CYTC & AIF
RELEASE

OXIDATIVE STRESS WEAK EXCITOTOXOCITY APOPTOSIS

+

FIGURE 30-1

Mitochondrial dysfunction affects a number of cellular pathways leading to damage of intracellular components and to cell 
death. Mitochondria are not only a major source of free radicals resulting in oxidative stress but also integral to the oxidative
stress response itself. Mitochondria sequester calcium when intracellular levels rise during the excitotoxic process. A decreased
threshold for excitotoxicity may occur if mitochondrial ATP production is impaired. Mitochondria also have a pivotal role in 
apoptotic cell death. Mitochondrial release of cytochrome c and other “pro-apoptotic factors” such as apoptosis-initiating fact or
(AIF) into the cytoplasm triggers a cascade of events culminating in cell death.
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Mitochondrial Complex I Impairment in 
Parkinson’s Disease

Complex I is the largest of the ETC complexes, with 46 
subunits, 7 of which are encoded by mitochondrial DNA 
(mtDNA). It is the major site of superoxide production 
in the ETC (26, 27). In PD patients, complex I activity is 
decreased in the brain to a greater extent than that accounted 
for by normal aging (28–31). Complex I impairment has 
been detected in the SN (29, 31) and other brain regions 
in individuals with PD. Using immunocapture to detect 
catalytically active protein, Keeney and colleagues found 
a differential decrease in an 8-kDa subunit of complex I 
in PD brain, with increased oxidative damage to complex 
I subunits and reduced electron transfer rates through the 
complex I (32). The authors suggested, therefore, that ele-
ments of complex I might be labile or misassembled in PD. 
Such ETC impairment may be systemic: decreased complex 
I activity has been demonstrated in platelets in multiple inde-
pendent studies (33–37), although not by all authors (31, 
38). Reports of complex I activity in muscle (39, 40) and 
lymphocytes (34, 41, 42) of PD patients have been vari-
able. One question is whether impaired complex I activity 
represents a primary defect contributing to PD pathogenesis 
or whether it is secondary to the disease or associated pro-
cesses, such as medication administration. Several findings 
argue that complex I deficiency is a primary defect in PD. 
Complex I activity is normal in other neurodegenerative 
diseases, such as multiple system atrophy (MSA), suggest-
ing that its dysfunction is not a nonspecific consequence of 
neurodegeneration (29, 36). In addition, complex I activity 
does not correlate with levodopa dosage, is normal in MSA 
patients taking levodopa (29, 36), and is abnormal in plate-
lets of individuals with PD who are levodopa-naive (37).

Complex I deficiency is known to have multiple con-
sequences for cell viability but may directly lead to activa-
tion of apoptotic pathways due to impaired mitochondrial 
respiration and release of mitochondrial cytochrome c 
(17, 18, 43, 44). In rodents, experimental inhibition of 
complex I results in apoptosis of dopaminergic neurons 
(45, 46) in a Bax-dependent manner (47). Careful study 
of isolated complex I–deficient mitochondria reveals evi-
dence of heightened oxidative stress, increased releasable 
soluble cytochrome c pool in the intermembrane space, 
with Bax-dependent permeabilization leading to release 
of more cytochrome c (48). It is therefore possible that 
mitochondrial function and oxidative stress, stemming 
in part from complex I deficiency, are important triggers 
and modulators of apoptosis in PD (49).

The Origin of Complex I Deficiency in 
Parkinson’s Disease

While the reasons for complex I deficiency and mitochon-
drial dysfunction in PD are not yet well understood, it is 

thought that both environmental and genetic factors may 
contribute to the complex I defect in PD.

Complex I Inhibitors and Parkinsonism: Evidence for 
an Environmental Influence. Three different complex 
I inhibitors recapitulate many motor and pathologic fea-
tures of PD and lead to the demise of dopamine neurons 
(50–52). Langston provided a groundbreaking description 
of parkinsonism resulting from unintentional exposure of 
humans to 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine 
(MPTP) (53). MPTP is a complex I inhibitor that leads to 
dopamine neuron cell death through its active metabolite 
MPP�. This compound has been extensively used in ani-
mal models of PD to understand the cellular mechanisms 
that go awry in nigral dopaminergic neuronal cell death 
(50, 54–57). Moreover, when chronically infused in ani-
mals, it leads to the formation of inclusions that contain 
�-synuclein (58). Rotenone, a naturally occurring com-
pound found in many pesticides, is a specific inhibitor of 
mitochondrial complex I. Chronic infusion of rotenone at 
low doses can reproduce a PD-like syndrome in rats, with 
selective loss of dopaminergic neurons, Lewy body–like 
fibrillar cytoplasmic inclusions containing ubiquitin and 
�-synuclein, and motor dysfunction including hypokinesia 
and rigidity (51). In addition, chronic rotenone adminis-
tration in Drosophila results in levodopa-responsive loco-
motor deficits and loss of dopamine neurons (59). Another 
naturally occurring complex I inhibitor, isolated from the 
plant species Annona, is annonacin. It causes dopaminergic 
neuronal cell death in mesencephalic cell cultures (60) and 
nigral and striatal degeneration in rats (61). Annonacin
ingestion by humans has been suggested to lead to atypical 
parkinsonism in Guadeloupe (62).

The effects of these compounds demonstrate the 
principle that complex I inhibition can lead to parkin-
sonism, supporting the hypothesis that dysfunction of the 
ETC could play a causal role in PD. There is also the ques-
tion of whether endogenous or exogenous compounds 
might exert similar effects leading to PD. Several epide-
miologic studies have suggested an association between 
certain environmental factors and the risk of PD (63–65). 
In addition, endogenous MPP� analogs are capable of 
inducing parkinsonism in nonprimate animals (66) and 
have been identified in the cerebrospinal fluid of PD 
patients (63, 64, 67–69). The origin of such endogenous 
toxins is unclear, but nicotinamide N-methyltransferase 
has been detected in brain and is capable of converting 
pyridines to MPP� analogs (70).

Genetic Effects upon Complex I Function in PD: 
Mitochondrial Genetics and Parkinsonism. The mito-
chondrial genome (mtDNA), a 16.5-kb circular molecule, 
encodes 13 critical components of the electron transfer 
chain. Mitochondrial genetic inheritance is maternal. Het-
eroplasmy and expansion of acquired somatic mutations 
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complicate study interpretation (mitochondrial genetics are 
well reviewed in Ref. 71). Nonetheless, there is accumulat-
ing evidence that alterations in mtDNA play a role in PD.

Fusion of platelets of PD patients in which complex I 
deficiency has been demonstrated, with cell lines deficient 
in mitochondria (Rho0), produces cell cybrids that have 
a corresponding complex I deficiency (72, 73). This sug-
gests that complex I deficiency results from mtDNA in at 
least some instances. Two studies have now demonstrated 
high levels of acquired mtDNA deletions leading to mito-
chondrial dysfunction in PD (74) and in aging substantia 
nigra tissue (75) that cause mitochondrial dysfunction. 
Bender and colleagues pooled laser microdissected neurons 
obtained from autopsy tissue of PD-dementia patients. 
Using long-range polymerase chain reaction (PCR), these 
investigators demonstrated higher levels of mtDNA dele-
tions in PD compared with age-matched controls (74). 
Importantly, higher levels of deletions were associated with 
cytochrome c oxidase (COX) deficiency. It is unclear how 
these mtDNA deletions arise or why they should clonally 
expand to a degree that impairs COX activity. Addition-
ally, regional predisposition to such a process is poorly 
understood, although it seems that the substantia nigra 
has particularly high levels of mtDNA deletions (76). Evi-
dence from a mouse model suggests that oxidative dam-
age could lead to mtDNA double strand DNA breaks and 
hence to deletions (77). Impaired mtDNA replication might 
also be responsible for generating deletions: a mutation in the 
mitochondrial-encoded mitochondrial DNA polymerase 
subunit  (POLG) leads to a phenotype of clinical parkin-
sonism, associated with multiple mtDNA deletions (78).

Maternally inherited mitochondrial mutations 
have rarely been linked to parkinsonism, suggesting that 
acquired mutations may be more important; 1 kindred 
has been reported with maternally inherited PD and com-
plex I deficiency (79), and 5 families with likely maternal 
inheritance have been reported by Wooten and colleagues 
(80). A missense mutation in subunit ND4 of complex I 
(position 11778) is responsible for atypical parkinson-
ism accompanied by nigral neuron loss in 1 kindred (81), 
but this mutation is better characterized as a cause of 
Leber’s hereditary optic neuropathy (82). Several studies 
have suggested that specific clusters of polymorphisms, 
termed haplogroups, may decrease the risk of PD. The 
presence of haplogroups UJKT in Europeans is associated 
with a decreased risk of PD compared with haplogroup H 
(83–86) through a hypothesized reduction in free radical 
generation (87).

OXIDATIVE STRESS IN 
PARKINSON’S DISEASE

Oxidative stress is thought to contribute to PD patho-
genesis through multiple pathways, and increased sus-

ceptibility to oxidative stress may render certain cell 
populations more vulnerable to damage in PD. Over-
production of reactive oxygen and nitrogen species can 
result in protein oxidation, lipid peroxidation, and DNA 
damage (88). This places undue stress upon the cellular 
system required for degradation of damaged proteins, 
which is itself involved in PD pathogenesis. Several fac-
tors may contribute to an increase in oxidative damage 
in PD: dysfunction of the mitochondrial ETC, impaired 
antioxidant mechanisms, increased exposure to environ-
mental or endogenous sources of oxidative stress, and 
excitotoxicity. The potential health policy ramifications 
are profound. For example, the herbicide paraquat causes 
oxidative stress (89–91), leading to loss of dopamine neu-
rons and motor deficits in rodents (92). This compound 
has been linked via epidemiologic studies to an increased 
risk of PD. Moreover, it has been suggested that a diet 
high in animal fat may be linked to PD risk, possibly by 
affecting redox balance (93–95).

Markers of Oxidative Damage in 
Parkinson’s Disease

Direct evidence of oxidative stress in PD patients comes 
from analyses of levels of biochemical markers for oxida-
tive damage in postmortem brains. Postmortem analyses 
of PD SN reveal increased levels of malondialdehyde and 
cholesterol lipid hydroperoxides markers of lipid peroxi-
dation and other markers of oxidative stress (96–100). 
The increase in oxidative damage to lipids in the SN 
occurs within pigmented neurons, based on increased 
immunostaining for 4-hydroxynonenal, a marker of 
membrane lipid peroxidation (101). Oxidative damage 
to DNA has also been identified in postmortem SN of 
PD patients (102–104). Based upon a diffusely distrib-
uted increase in protein carbonyls, PD brain tissue has 
elevated levels of oxidative damage to proteins as well 
(102, 105). In addition, increased 3-nitrotyrosine and 
nitrated �-synuclein immunoreactivity has been reported 
in Lewy bodies in PD (106, 107). Intracellular production 
of peroxynitrite actually induces �-synuclein aggrega-
tion (108), and  oxidative damage impairs ubiquitination 
and degradation of proteins by the proteasome (109). 
These findings thus provide a plausible link between 
oxidative damage and formation of protein aggregates 
characteristic of PD.

In vivo studies of PD patients have yielded variable 
results. Elevation of both cerebrospinal fluid and blood 
concentrations of malondialdehyde in PD patients has 
been demonstrated by Ilic and colleagues, coupled with 
increased activity of gluthathione reductase and Cu, Zn-
superoxide-dismutase (110). An increase in oxidative 
damage to DNA has also been reported in leukocytes, 
serum, and cerebrospinal fluid (CSF) of PD patients (111, 
112). However, other investigators have not  reproduced
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these results, and Ahlskog and colleagues found no sig-
nificant increase in malondialdehyde levels in plasma of 
PD patients compared to controls (113).

Oxidative Stress as a Consequence of Mitochondrial 
Complex I Dysfunction. Oxidative stress due to com-
plex I deficiency may play a key role in PD. Cell cybrids 
expressing mtDNA from PD patients may exhibit com-
plex I deficiency. These demonstrate increased susceptibil-
ity to MPP�, the active metabolite of MPTP, associated 
with free radical production (72). Increased produc-
tion of superoxide radicals is also seen in patients with 
syndromes resulting from complex I deficiency, such as 
Leigh’s disease and fatal infantile lactic acidosis (114). 
Much of our understanding of the downstream molecular 
pathways derives from studies of complex I inhibitors, 
such as MPTP (50, 52, 55). Systemic administration of 
MPTP or intrastriatal injection of MPP� results in deple-
tion of striatal ATP (115, 116) and increased free radi-
cal production (10–13) and nitrotyrosine levels (117). 
MPTP-induced neuron cell death is modulated by cellular 
anti-oxidants. For example, MPTP induces neuronal cell 
death in mice deficient in the antioxidant mitochondrial 
superoxide dismutase (MnSOD) at greater levels than in 
normal mice (14). Mice overexpressing MnSOD, con-
versely, display attenuated levels of MPTP-induced neu-
ronal cell death (118, 119).

Other Sources of Oxidative Stress

Dopamine and Other Monoamine Oxidase-B 
Substrates. Central dopamine metabolism by mono-
amine oxidase B (MAO-B) is associated with the genera-
tion of hydrogen peroxide (H2O2), normally inactivated 
by reaction with glutathione. However, if excess H2O2
reacts with ferrous iron (the “Fenton reaction’’), a highly 
reactive hydroxyl radical is produced, potentially causing 
lipid peroxidation (7). This raises a much debated ques-
tion of whether dopamine, either endogenous or from 
levodopa metabolism, might lead to toxicity by increasing 
oxidative stress (120). There is no evidence to support 
this, however, in individuals with PD. In addition, MAO-B 
converts MPTP to its active metabolite MPP� (121), and 
it has also been suggested to activate putative endogenous 
or environmental MPTP-like compounds (67–69). It has 
therefore been hypothesized that inhibition of MAO-B 
might prevent oxidative stress and slow neuronal loss 
in PD. Whether MAO-B gene polymorphisms alter PD 
risk is controversial (122–126). However, two MAO-B 
inhibitors, selegiline (deprenyl) and rasagiline, provide 
neuroprotection against MPTP, or other toxins, in vitro 
and in animal models of PD (127–129). Whether these 
activities extend to the clinical realm remains contro-
versial. A large multicenter placebo-controlled clinical 
trial (Deprenyl and Tocopherol Antioxidant Therapy of 

Parkinsonism: DATATOP) was conducted to determine if 
deprenyl could slow disease progression in early PD patients 
(21, 130–132): however, a clear neuroprotective effect 
could not be demonstrated. A smaller study reported 
sustained benefits from deprenyl even after a 2-month 
washout period (133), and Palhagen and colleagues 
recently suggested slower disease progression in PD sub-
jects taking selegiline over a 7-year study period (134). 
There is also suggestive evidence from a delayed-start 
clinical trial of rasagiline in early PD that this MAO-B 
inhibitor may have a disease-modifying effect(135), but 
further studies are required to support such a conclu-
sion. Whether these drugs are neuroprotective or not, it 
is currently difficult to argue their implications regard-
ing oxidative stress, as many of their activities may not 
result from MAO inhibition but rather from other prop-
erties of these compounds (136).

Iron. Iron can act as a catalyst in the formation of 
hydroxyl radicals from hydrogen peroxide (137). Neu-
romelanin, which chelates iron, is present in some 
dopamine neurons, but its level is decreased in PD SN 
(138–140). Several studies have demonstrated increased 
iron levels in the brain of PD patients (100, 141, 142) as 
well as decreased amounts of ferritin, which inhibits iron’s 
catalytic properties (143). However, it is unclear whether 
iron accumulation is a primary or secondary event in PD 
pathogenesis. The finding of increased iron accumulation 
in the substantia nigra of 6-hydroxydopamine (6-OHDA) 
–treated rats (144) and in MPTP-treated monkeys (145) 
indicates that it may accumulate secondarily. This does 
not rule out the possibility that increased iron content 
in the substantia nigra of PD patients can contribute to 
disease progression secondarily by increasing oxidative 
stress. Therefore the potential use of iron chelators, com-
bined with MAO inhibition, is being pursued (146).

Impaired Antioxidant Mechanisms. In addition to 
increased exposure to free radicals, the substantia nigra 
may have increased susceptibility to oxidative stress. This 
concept is now supported by genetic studies, particularly 
that of DJ-1 (see below and Table 30-1). There is also 
substantial evidence that normal function of glutathione, 
an important antioxidant that can prevent formation of 
hydroxyl radicals from hydrogen peroxide, is disrupted in 
PD. Levels of the reduced form of glutathione are decreased 
in the substantia nigra of PD patients by approximately 
50% (141, 147–149), and by 35% in individuals with 
“incidental” Lewy bodies (99). This may be secondary to 
excess mitochondrial production of hydrogen peroxide, 
and may result in a predisposition to further oxidative 
damage (150). Glutathione depletion results in abnormal 
mitochondrial ultrastructure and decreased activity of 
mitochondrial enzymes in newborn rats (151) and leads 
to impaired complex I activity in PC12 cells.
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Parkinson’s Disease Genes Affecting Mitochondrial 
Function and the Oxidative Stress Response

Mounting evidence points to important roles of PD gene 
products in mitochondrial function and oxidative stress 
(see Table 30-1). Although our understanding of their 
exact functions is in its infancy (Chapter 37), several of 
these gene products localize at least partially to mito-
chondria (Figure 30-2).

�-Synuclein (PARK1, 4). There is no direct link between 
�-synuclein and mitochondria, but a number of lines of 
evidence point to important and reciprocal effects between 
them. Manipulating �-synuclein in Caenorhabditis results 
in abnormal mitochondrial function (152). Overexpres-
sion of �-synuclein in vitro impairs mitochondrial function 

and �-synuclein itself leads to increased oxidative damage 
(153–156). MPTP administered to mice overexpressing 
�-synuclein results in enlarged and morphologically 
abnormal mitochondria (157). Consistent with this 
finding, Dauer and colleagues demonstrated increased 
resistance, at the level of complex I activity, to MPTP in 
�-synuclein knockout mice (158, 159). Mice overexpress-
ing the human mutant �-synuclein A53T gene develop 
a severe movement disorder, with electron microscopy 
revealing degenerating mitochondria; interestingly, neu-
ronal mitochondria had evidence of DNA damage (160). 
The same mutation expressed in PC12 cells results in 
mitochondrial cytochrome c release (161), again suggest-
ing that at least some of the effects of �-synuclein in PD 
may be mediated by mitochondrial processes. �-Synuclein 

TABLE 30-1
Genetics: Implication of Mitochondrial Dysfunction and Oxidative Stress in Parkinson’s Disease

GENE FUNCTION OBSERVATION REF.

�–Synuclein ? Wild type: mitochondrial function, oxidative stress; 153–156
(PARK1, 4)   overexpression � MPTP leads to abnormal mitochondria 157

Knockout mutant: resistance to MPTP (mice) 158–159
Mutation: A53T overexpression: abnormal 160

mitochondria, mtDNA damage (mice); cytochrome c 161
release (PC12 cells) 

Parkin Ubiquitin E3 Mitochondrial outer membrane association (partial), 171, 173
(PARK2)  ligase  mitochondrial localization in proliferating cells 

Mutation: abnormal mitochondria, sensitivity to 166, 167
oxidative stress (Drosophila); complex I/IV (mouse, 168, 169
human); increased oxidative stress (mouse) 

Wild type: mitochondrial biogenesis/mtDNA replication 173

PINK1 Serine– Mitochondrial membrane localization 174–176
(PARK6)  threonine kinase siRNA: sensitivity to MPP�, rotenone 178

Mutation: abnormal mitochondria, sensitivity to 179, 180
oxidative stress (Drosophila)

Wild type: mitochondrial cytochrome c release, 178
   apoptosis (cell culture)

DJ–1 Oxidative stress Oxidative stress causes relocalization to mitochondria 185, 186
(PARK7)  sensor,  (matrix/intermembrane space) 

chaperone Protects against oxidative stress 182, 183
siRNA: sensitivity to oxidative stress (Drosophila) 191
Mutation: sensitivity to rotenone, paraquat, 188, 189

hydrogen peroxide (Drosophila); sensitivity to 192
oxidative stress (mice)

LRRK2 Serine–threonine �10% located in outer mitochondrial membrane 198
(PARK8)  kinase 

Omi/HtrA2 Serine protease Mitochondrial localization 200
(no PARK  Mutation: mitochondrial swelling, membrane potential, 201
locus)   neuroprotection
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itself increases oxidative damage in vitro, as well as cellular 
susceptibility to oxidative insults. Finally, oxidative damage to 
�-synuclein may occur, affecting aggregation (108, 162, 163), 
which is linked to its toxicity (162, 164, 165). Lewy bodies in 
PD are nitrated, suggesting a role for peroxynitrite-mediated 
oxidative damage (107). Oxidative damage induced by 
rotenone and chronic MPTP administration produces 
�-synuclein aggregates that resemble Lewy bodies (51, 58).

Parkin (PARK2). Mutations in parkin, a ubiquitin E3 
ligase, support an important role for the ubiquitin proteoso-
mal system (UPS) for protein degradation in PD pathogen-
esis. However, the consequences of parkin mutation are 
likely broad-ranging and appear to include effects upon 
mitochondria. Parkin-null Drosophila develops prominent 
apoptotic muscle degeneration with mitochondrial pathol-

ogy and decreased resistance to oxidative stress (166, 167). 
Similarly, mice deficient in parkin show reduced striatal 
mitochondrial respiratory capacity with a decrease in 
the level of subunits of mitochondrial electron trans-
port complexes I and IV (168). Interestingly, mitochon-
drial complexes I and IV activities are reduced in parkin 
patients’ leukocytes (169). Parkin-null mice also manifest 
increased protein and lipid peroxidation (168). A further 
link between parkin and oxidative stress is provided by the 
finding that loss-of-function mutations in the glutathione 
s-transferase S1 (Gst-S1) gene are enhancers of the neurode-
generative parkin-null phenotype in Drosophila, whereas 
overexpression of the Gst-SI gene suppresses neurodegen-
eration in parkin Drosophila mutants (170). Although 
not primarily located in mitochondria, parkin associates 
with the outer mitochondrial membrane and prevents 

ETC
- source of ROS
- acquired deletions
  impair function

PARKIN
- protects vs. oxidative stress
- component of UPS
- role in mitochondrial 
  proliferationOMI/HTRA2

- serine protease

PINK1
- serine-threonine kinase

DJ-1
- relocates to mitochondria
  under conditions of oxidative 
  stress
- protects vs. oxidative stress

LRRK2
- serine-threonine 
kinase

FIGURE 30-2

Expansion of acquired somatic mutations may affect mitochondrial electron transport chain (ETC) function and are 
increased in the SN in PD. Rare inherited mutations in ETC components have been associated with parkinsonism. Of 
the nuclear-encoded genes that can lead to PD, gene products of parkin, PINK1, DJ-1, LRRK2, and Omi/Htr2A all show a 
degree of localization to the mitochondria. Parkin, although better characterized as a component of the ubiquitin protea-
somal system (UPS), has been localized to the outer mitochondrial membrane, and has been hypothesized to play a role 
in mitochondrial biogenesis. LRRK2 possesses a conserved serine-threonine MAPKKK domain and Ras ATPase domain: 
LRRK2 protein has recently been found to associate in part with the outer mitochondrial membrane, but its function in that 
location is unclear. Omi/HtrA2 is a mitochondrial serine protease, whose release may be involved in apoptotic cell death. 
PINK1 is a mitochondrial serine-threonine kinase, although its consequences for mitochondrial function are not yet well 
understood. DJ-1 is relocated to mitochondria under conditions of oxidative stress, and is thought to be neuroprotective 
under such conditions.
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ceramide-induced mitochondrial swelling and cytochrome 
c release in mitochondria-dependent cell death (171). This 
localization raises the question of whether parkin has a 
critical role in degrading mitochondrial proteins, which are 
vulnerable to oxidative stress. In addition to being impor-
tant in the degradation of oxidatively damaged proteins, 
oxidative damage to parkin itself may occur: S-nitrosylation 
of parkin reduces its ubiquitin ligase function (172). Finally, 
parkin may have an effect upon mitochondrial biogenesis. 
In proliferating cells, parkin is located within mitochondria, 
while rotenone and agents that block progression of the cell 
cycle result in release of parkin to the cytosol, opening the 
mitochondrial permeability transition pore (173). More-
over, in proliferating cells, transcription and replication of 
mitochondrial DNA is enhanced by parkin overexpression 
but attenuated by a parkin siRNA.

PTEN-Induced Kinase 1/PINK1 (PARK6). PINK1 is 
a serine threonine kinase localized to the mitochondrial 
membrane (174–176). The exact function of PINK1 and 
its consequences for cellular energetics are not well under-
stood, but the G309D mutation that leads to autosomal 
recessive PD has reduced kinase activity, suggesting that 
phosphorylation of as yet unknown substrates is impor-
tant (177). When wild-type but not mutant PINK1 is 
overexpressed in SH-SY5Y cells, staurosporine-induced 
apoptosis is attenuated and mitochondrial cytochrome c 
release reduced (178). Expression of siRNA for PINK1 
increases susceptibility to MPP� or rotenone (178). 
PINK1 deficiency results in abnormal mitochondrial mor-
phology and enhanced susceptibility to oxidative stress in 
Drosophila (179, 180). Intriguingly, parkin overexpres-
sion can rescue some features of the PINK1–deficient 
phenotypes (179, 180), suggesting that they may function 
in a common pathway (181).

DJ-1 (PARK7). DJ-1 has multiple functions, includ-
ing putative chaperone activity, but its overall wild-
type function appears to be protection from oxidative 
stress–related cell death (182, 183). DJ-1 itself is oxi-
datively damaged at cysteine and methionine residues 
in brain tissue in PD (184). Oxidative stress leads to a 
change in DJ-1 isoforms, detected on the basis of their 
isoelectric points (185), leading to relocalization of 
DJ-1 from nuclei to mitochondria, where it is found 
in the matrix and intermembrane space (186). Muta-
tion at cysteine 106 prevents mitochondrial relocaliza-
tion and attenuates protection afforded by DJ-1 against 
oxidative stress and mitochondrial damage (187). 
In Drosophila, double-knockout mutations of the 
DJ-1 homologs DJ-1� and DJ-1	 are exquisitely sensitive 
to the complex I inhibitor rotenone and to the environ-
mental toxin paraquat (188). DJ-1	 deficient flies have 
heightened susceptibility to hydrogen peroxide (189) and 
display a marked locomotor deficit, which is exacerbated 

by oxidative stress (190). Furthermore, introduction of 
siRNA for DJ-1� increases levels of reactive oxygen 
species and sensitivity to oxidative stress and results in 
degeneration of dopaminergic neurons (191): alterations 
in the phosphatidyl-inositol 3-kinase (PI3K)/Akt signaling 
pathway modulate these phenotypes. DJ-1 knockout mice 
have enhanced sensitivity to MPTP, and mutant embry-
onic cortical neurons are more susceptible than the wild 
type to oxidative stress (192).

Leucine-Rich Repeat Kinase 2/LRRK2/Dardarin 
(PARK7). Mutations in LRRK2 represent the most 
common known cause of familial PD and also account for 
cases of sporadic, late-onset PD (193–197). LRRK2 has 
a conserved serine-threonine kinase mitogen– associated
protein kinase kinase kinase (MAPKKK) domain and is 
a member of the Roc (Ras of complex proteins) family, 
with a GTPase domain. The common G2019S mutation 
occurs in the MAPKKK domain and augments kinase 
activity (198). Although the majority of LRRK2 is pres-
ent in the cytoplasm, West and colleagues demonstrated 
that approximately 10% is associated with the outer 
mitochondrial membrane (198). This raises the question 
of whether mutant LRRK2 kinase hyperactivity might 
directly affect mitochondrial function in those affected 
by this gain-of-function mutation (199).

Omi/HtrA2. Omi/HtrA2 is a serine protease localized 
to the mitochondria. Homozygous Omi/HtrA2 knock-
out mice develop striatal degeneration and parkinsonism 
(200), and mutations in this gene have been detected in 
rare PD subjects but not controls (201). Expression of 
the G399S mutation and the A141S Omi/HtrA2 polymor-
phism found in PD subjects impairs normal activation 
of Omi/HtrA2, causes mitochondrial swelling, decreases 
mitochondrial membrane potential, and increases 
staurosporine-induced cell death (201). It is thought that 
permeabilization of the mitochondrial membrane by pro-
apoptotic molecules may result in release of Omi/HtrA2, 
as part of the programmed cell death pathway (202).

Some of these gene products appear to influence 
each other either directly or indirectly. DJ-1 interacts with 
PINK1 in transfected cells, affecting PINK1 steady-state 
levels (203), and one PD kindred has been reported to 
harbor heterozygous missense mutations in both PINK1 
and DJ-1. A further link to PINK1 function is suggested by 
identification of DJ-1 as a PTEN suppressor in Drosophila
(204). DJ-1 is detected in Lewy bodies (205), and forms 
part of a large molecular complex in association with 
�-synuclein (206). While Zhou and colleagues found no 
evidence for �-synuclein and native DJ-1 association, 
their connection may be modulated by DJ-1 oxidation 
status, suggesting that the putative chaperone activity 
of DJ-1 could be altered by oxidative stress (207). DJ-1 
may also interact with parkin in a manner influenced by 
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both DJ-1 mutations and oxidative stress (208). LRRK2 
physically interacts with parkin; coexpression of parkin 
results in the presence of more protein aggregates in cell 
cultures overexpressing LRRK2 and higher levels of ubiq-
uitination of these protein aggregates (209).

Clearly there is more to learn regarding the func-
tions of the PD genes identified so far. However, the data 
described above supports a role for several of these genes 
either directly or secondarily in mitochondrial function 
and cellular response to oxidative stress. Identification of 
these genes has opened the door to a better understanding 
of these processes and their interplay in PD.

EXCITOTOXICITY

A large body of evidence implicates excitotoxic cell death 
in acute neurologic injury, and a form of “weak excito-
toxicity” has been suggested to contribute to neurode-
generation in PD (8, 16). Excitotoxicity, a term coined 
by Olney in 1969 (210), is neuronal cell death resulting 
from excitatory amino acid receptor activation. The most 
prominent brain excitatory neurotransmitter is glutamate 
(211, 212), which plays a key role in neural circuits that 
are disrupted in PD. Its excitotoxic effects are mediated 
via the ionotropic NMDA receptor present on neurons 
and glia, although a role for AMPA and metabotropic 
receptors has also been proposed (213–215).

Excitotoxic processes are closely linked to mito-
chondrial function and oxidative stress. Calcium influx, 
triggered by NMDA receptor activation, is required for 
glutamate-induced excitotoxic cell death (216). Calcium
is sequestered in mitochondria (217–219), but cell cybrid 
studies suggest that buffering capacity may be impaired in 
PD (220). Mitochondrial calcium sequestration results in 
the opening of the permeability transition pore complex 
and the release of cytochrome c and other proapoptotic 
factors (Figure 30-3). The PI3K/Akt pathway plays a 
central role in signaling (221), but multiple pathways 
are involved (222), including activation of proteases and 
endonucleases, inhibition of protein synthesis, mitochon-
drial damage (223), and free radical generation (224, 
225), particularly through NOS activation (226–229). 
Activation of NOS is thought to occur by coupling of 
the NMDA receptor to NOS by PSD-95 (postsynaptic 
density-95) (230–232). The resulting elevated NO and 
superoxide radicals lead directly to neurotoxicity but also 
to inhibition of mitochondrial respiration (223, 233–235). 
Excitotoxic injury can be attenuated by free radical scav-
engers such as ubiquinone and ascorbic acid (236, 237), 
and by superoxide dismutase (SOD) (238, 239) as well 
as hydroxy radical scavengers such as mannitol (239). 
Interestingly, there may also exist an inbuilt feedback 
mechanism: redox-related forms of NO react with the 
NMDA receptor-ion channel complex by S-nitrosylation, 

resulting in blockade of the ion channel, and therefore 
protection against excitotoxic damage (240, 241).

The “Weak Excitotoxicity” Hypothesis

A modified form of acute excitotoxic injury, that is, “weak 
excitotoxicity,” has been proposed as a potential mecha-
nism of cell injury and loss in PD (8, 16). At the nor-
mal resting membrane potential, calcium influx through 
NMDA receptor channels is blocked by magnesium. 
Maintenance of the resting potential, however, is energy-
dependent. Therefore impaired energy metabolism resulting 
from mitochondrial dysfunction may lead to a reduction in 
membrane potential, resulting in calcium influx (see Figure 30-
3). This may, in turn, induce mitochondrial generation of 
free radicals (242) and activate NOS (232), as described 
above. Mitochondrial dysfunction may also result in an 
increased susceptibility to excitotoxicity. Inhibition of oxi-
dative phosphorylation in cultured rat cerebellar neurons 
results in an increased sensitivity to excitotoxic damage 
from glutamate exposure (243). Inhibition of complex IV 
by cyanide also increases susceptibility of cultured hippo-
campal or cortical cells to excitotoxicity (244). A cycle of 
mitochondrial dysfunction resulting in increased suscep-
tibility to excitotoxicity, which then induces further mito-
chondrial damage, may therefore be active in a vulnerable 
neuronal population in PD.

There is no direct evidence of a role for excitotoxic-
ity in PD, but there are several lines of evidence suggest-
ing a toxic effect of glutamate in neurodegeneration of 
dopaminergic neurons in the SN pars compacta (SNpc) 
(228, 245–247). In animal models of PD, antiexcitotoxic 
agents and NMDA antagonists protect dopaminergic 
neurons against excitotoxic cell death. The selective 
NMDA antagonists AP7, CPP, and MK-801 attenuate 
dopamine neuron loss induced by intranigral injection 
of MPP� (248) or by systemic MPTP administration 
(249–253). Infusion of MK-801 into rat STN over a 
4-week period reduced SNpc cell loss and behavioral 
changes measured by amphetamine-induced turning after 
unilateral 6-OHDA lesions (254). However, other groups 
have not reproduced these results (255–257). While the 
significance of these results from animal models is unclear 
in PD itself, it is intriguing that overexpression of par-
kin protects cultured midbrain dopamine neurons from 
kainate-induced excitotoxicity (258).

Changes in neuronal network activity in PD result 
in the subthalamic nucleus (STN), a source of glu-
tamate, developing more synchronous and rhythmic 
neuronal firing (259, 260). This raises the question 
of whether its targets—which include the SN, globus 
pallidus, and pedunculopontine nucleus (PPN)—are at 
risk for excitotoxic damage. Furthermore, with pro-
gressive loss of nigral neurons, there is increased dis-
inhibition of the STN, thus potentially leading to more 
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nigral damage (261, 262). Animal models of PD have 
been used to address whether altering STN activity 
could protect dopamine neurons in response to various 
insults. STN ablation (263–265) and microelectrode 
stimulation (266) attenuate nigral neuron loss. In pri-
mates chronically administered MPTP, lesions of the 
PPN reduced nigral cell loss and motor deficits (267). 
Luo and colleagues (268) used adeno- associated viral 
vector–mediated gene transfer to express the glutamic 
acid decarboxylase (GAD) gene in glutamatergic neu-
rons of rat STN, resulting in increased GABA levels 
in the SN pars reticulate (SNpr), as predicted. Inter-
estingly, this intervention provided protection against 

dopamine neuron loss after 6-OHDA injection, raising 
the possibility that increasing inhibitory (GABAergic) 
output from the STN at the expense of excitatory 
(glutamatergic) output may be neuroprotective in cer-
tain conditions. The relevance of these animal stud-
ies remains to be determined in humans. Unilateral 
STN GAD gene therapy was safe and well-tolerated 
in 12 PD patients in an open label phase I trial, offer-
ing the possibility of a novel approach to investigate 
how glutamate affects long term disease course (269). 
Unfortunately, there is no evidence supporting neuro-
protection from STN deep brain stimulation (DBS) or 
lesion therapy in PD. Most likely, however, DBS has 
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FIGURE 30-3

In PD, “weak excitotoxicity” is hypothesized to result from impaired mitochondrial metabolism leading to depletion of intra-
cellular ATP stores, with subsequent membrane depolarization lowering the threshold for excitotoxicity. The NMDA receptor 
(NMDA-R), an ionotropic glutamate (GLU) receptor, has been best studied in excitotoxic processes. The AMPA and kain-
ate glutamate receptors are not shown, but these and the metabotropic glutamate receptors may also play a role, albeit 
less well defined. NMDA-R regulates a channel allowing Ca2� influx, gated in a voltage-dependent fashion by Mg2�,
with glycine as coagonist. Mitochondria buffer the calcium influx, but mitochondrial Ca2� uptake can be associated with 
neuronal cell loss. Ligand binding at the NMDA-R leads to activation of multiple pathways including a protein kinase 
signaling cascade proteases, and nitric oxide synthase, this last mediated by a link to postsynaptic density protein PSD-
95. This results in formation of reactive oxygen species (ROS), which inhibit mitochondrial respiration and contribute to 
neuronal cell death.
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complex effects upon glutamate release from the STN 
that remain far from clear (270, 271).

THERAPEUTIC IMPLICATIONS

Anti-PD treatment over the past decades has focused 
overwhelmingly on dopamine replacement. However, a 
greater understanding of the molecular processes involved 
in this disease now suggests a number of novel targets for 
drug development. The concept of “mitochondrial ther-
apy,” either pharmacologic (272) or genetic (273), may 
help to develop new approaches to PD as well as other 
neurodegenerative diseases and aging. Based on evidence 
discussed in this chapter, desirable drug  activities include 
reducing oxidative stress, stabilizing the mitochondrial 
outer membrane against permeabilization, enhanc-
ing function of the mitochondrial electron transport 
chain, and modulating downstream steps in the apop-
totic pathway. As noted earlier, certain drugs in use 
for PD, such as selegiline and rasagiline, may actually 
possess some of these properties. Dopamine agonists 
possess antioxidant activity: for example, cabergoline 
decreases lipid peroxidation and protects against oxi-
dative stress in cell culture (274), pergolide enhances 
serum catalase activity (275), and pramipexole pro-
tects against MPTP-mediated neuron loss in primates 
as well as inhibiting mitochondrial membrane depolar-
ization and cytochrome c release in cells. Unfortunately, 
separating symptomatic dopaminergic effects from other 
activities has been hampered by a lack of adequate dis-
ease biomarkers. Although nuclear imaging techniques 
have been used to investigate dopamine agonist effects 
on disease progression, it is not yet clear how to interpret 
those findings (276, 277). There are at present no clini-
cal data to support the use of antiexcitotoxic agents for 
the purpose of neuroprotection in PD. Despite promising 
findings from preclinical studies of riluzole (278–284), a 
2-year placebo-controlled double-blind multicenter trial 
of 1084 PD patients was terminated early after meeting 
predefined criteria for futility (285).

With increasing interest in “mitochondrial 
therapy,” several compounds have come to the fore. 
Coenzyme Q10 (CoQ10) is an antioxidant that has 
effects upon mitochondrial depolarization and acts as 
an electron transporter for mitochondrial complexes I 
and II (286, 287). Interestingly, CoQ10 is contained in 
mucuna extract, an Ayurvedic treatment for PD (288). 
CoQ10 levels are low in mitochondria isolated from 
individuals with PD (289) and are present more in the 
oxidized form than in controls, suggestive of increased 
oxidative stress affecting this compound (290). CoQ10 
protects against paraquat-induced oxidative stress 
(291), dopamine neuron loss from rotenone (292), and 
MPTP-induced dopamine cell death in mice (293) and 

primates (294). CoQ10 can cross the blood-brain bar-
rier when orally administered, resulting in increased 
mitochondrial CoQ10 content measured in the frontal 
cortex in rats (295). It has been well tolerated in clini-
cal trials of PD for example at doses of 2400 mg daily 
in early PD as part of the Neuroprotection Explor-
atory Trials for Parkinson Disease (NET PD) program 
(296) as well as in other nevrodegenerative diseases. 
In a small randomized double-blind placebo-controlled 
study in untreated individuals with early PD, high-dose 
supplementation with CoQ10 up to 1200 mg daily in 
conjunction with �-tocopherol appeared to slow pro-
gression of disease in the absence of symptomatic ben-
efit (297). A large phase III trial, nicknamed “QE3,” 
is underway to confirm this effect.

Creatine has multiple modes of action, and phos-
phocreatine buffers cellular ATP and prevents opening of 
the mitochondrial permeability transition pore. Creatine 
attenuates MPP�-mediated toxicity in ventral embryonic 
mesencephalic neurons and is protective against MPTP 
(298). In individuals with PD participating in the NET PD 
investigation (296), creatine was well tolerated and could 
not be rejected as futile (299). Minocycline, which has anti-
inflammatory activity and reduces mitochondrial membrane 
permeabilization, was included in the same analysis; like cre-
atine, it was not demonstrated to be futile. However, mino-
cycline may increase neuronal cell loss from MPTP (300).

CONCLUSIONS

A growing body of evidence indicates a central role for 
mitochondrial dysfunction and the related mechanism 
of oxidative stress in the pathogenesis of PD. Although 
PD is unlikely to result from excitotoxicity as classically 
described, “weak excitotoxicity” acting chronically due 
to mitochondrial impairment may contribute second-
arily to cell dysfunction and may itself result in increased 
oxidative stress. More detailed study of these pathways, 
and how they interconnect, is now possible due to major 
advances in identifying genes that lead to PD. Strategies 
to block oxidative stress and excitotoxicity are effective in 
animal models of PD, and there are encouraging, though 
preliminary, data suggesting that agents affecting mito-
chondrial function may be effective in slowing down PD 
progression. Such agents will likely have a place as part 
of a multidrug regimen, addressing the complex intercon-
necting cellular processes important in neurodegeneration. 
Finally, PD is clearly a multifactorial disorder. An individ-
ual’s susceptibility to developing PD probably involves a 
combination of nuclear genetic, mitochondrial genetic, 
and environmental factors. Developing better measures of 
how a variety of cellular processes may contribute differ-
ently to PD in certain individuals will offer the potential 
to tailor and individualize patients’ therapies.



VI • PATHOGENESIS AND ETIOLOGY352

References

1. Beal MF. Mitochondria take center stage in aging and neurodegeneration. Ann Neurol
2005; 58:495–505.

2. Beal MF. Mitochondria, oxidative damage, and inflammation in Parkinson’s disease.
Ann N Y Acad Sci 2003; 991:120–131.

3. Abou–Sleiman PM, Muqit MM, Wood NW. Expanding insights of mitochondrial dys-
function in Parkinson’s disease. Nat Rev Neurosci 2006; 7:207–219.

4. Muqit MM, Gandhi S Wood NW. Mitochondria in Parkinson disease: Back in fashion 
with a little help from genetics. Arch Neurol 2006; 63:649–654.

5. Schapira AH, Gu M, Taanman JW, et al. Mitochondria in the etiology and pathogenesis 
of Parkinson’s disease. Ann Neurol 1998; 44:S89–S98.

6. Greene JG, Dingledine R, Greenamyre JT. Gene expression profiling of rat midbrain 
dopamine neurons: Implications for selective vulnerability in parkinsonism. Neurobiol
Dis 2005; 18:19–31.

7. Jenner P, Olanow CW. Oxidative stress and the pathogenesis of Parkinson’s disease.
Neurology 1996; 47:S161–S170.

8. Beal MF, Hyman BT, Koroshetz W. Do defects in mitochondrial energy metabolism underlie 
the pathology of neurodegenerative diseases? Trends Neurosci 1993; 16:125–131.

9. Guidot DM, McCord JM, Wright RM, et al. Absence of electron transport (Rho 0 
state) restores growth of a manganese-superoxide dismutase-deficient Saccharomyces 
cerevisiae in hyperoxia. Evidence for electron transport as a major source of superoxide 
generation in vivo. J Biol Chem 1993; 268:26699–26703..

10. Zang LY Misra HP. Superoxide radical production during the autoxidation of 1-methyl-
4-phenyl-2, 3-dihydropyridinium perchlorate. J Biol Chem 1992; 267:17547–17552.

11. Sinha BK, Singh Y Krishna G. Formation of superoxide and hydroxyl radicals from 
1-methyl-4-phenylpyridinium ion (MPP�): Reductive activation by NADPH cytochrome 
P-450 reductase. Biochem Biophys Res Commun 1986; 135:583–588..

12. Poirier J, Barbeau A. A catalyst function for MPTP in superoxide formation. Biochem
Biophys Res Commun 1985; 131:1284–1289.

13. Hasegawa E, Takeshige K, Oishi T, et al. 1-Methyl-4-phenylpyridinium (MPP�) induces 
NADH-dependent superoxide formation and enhances NADH-dependent lipid peroxi-
dation in bovine heart submitochondrial particles. Biochem Biophys Res Commun 1990; 
170:1049–1055.

14. Cortopassi G, Wang E. Modelling the effects of age-related mtDNA mutation accumu-
lation: Complex I deficiency, superoxide and cell death. Biochim Biophys Acta 1995;
1271:171–176.

15. Cleeter MW, Cooper JM, Schapira AH. Irreversible inhibition of mitochondrial complex 
I by 1-methyl-4-phenylpyridinium: Evidence for free radical involvement. J Neurochem
1992; 58:786–789.

16. Albin RL, Greenamyre JT. Alternative excitotoxic hypotheses. Neurology 1992; 42:
733–738.

17. Green DR, Kroemer G. The pathophysiology of mitochondrial cell death. Science 2004;
305:626–629.

18. Clayton R, Clark JB, Sharpe M. Cytochrome c release from rat brain mitochondria is 
proportional to the mitochondrial functional deficit: Implications for apoptosis and 
neurodegenerative disease. J Neurochem 2005; 92:840–849.

19. Zamzami N, Marchetti P, Castedo M, et al. Reduction in mitochondrial potential con-
stitutes an early irreversible step of programmed lymphocyte death in vivo. J Exp Med
1995; 181:1661–1672.

20. Bras M, Queenan B, Susin SA. Programmed cell death via mitochondria: Different modes 
of dying. Biochemistry (Mosc) 2005; 70:231–239.

21. Effects of tocopherol and deprenyl on the progression of disability in early Parkinson’s 
disease. The Parkinson Study Group. N Engl J Med 1993; 328:176–183.

22. Barbiroli B, Montagna P, Martinelli P, et al. Defective brain energy metabolism shown 
by in vivo 31P MR spectroscopy in 28 patients with mitochondrial cytopathies. J Cereb 
Blood Flow Metab 1993; 13:469–474.

23. Bowen BC, Block RE, Sanchez-Ramos J, et al. Proton MR spectroscopy of the brain in 
14 patients with Parkinson disease. AJNR 1995; 16:61–68.

24. Tedeschi G, Litvan I, Bonavita S, et al. Proton magnetic resonance spectroscopic imaging 
in progressive supranuclear palsy, Parkinson’s disease and corticobasal degeneration.
Brain 1997; 120( Pt 9):1541–1552.

25. Holshouser BA, Komu M, Moller HE, et al. Localized proton NMR spectroscopy in 
the striatum of patients with idiopathic Parkinson’s disease: A multicenter pilot study.
Magn Reson Med 1995; 33:589–594.

26. Kudin AP, Bimpong-Buta NY, Vielhaber S, et al. Characterization of superoxide-produc-
ing sites in isolated brain mitochondria. J Biol Chem 2004; 279:4127–4135.

27. Lambert AJ, Brand MD. Inhibitors of the quinone-binding site allow rapid superoxide 
production from mitochondrial NADH:ubiquinone oxidoreductase (complex I). J Biol 
Chem 2004; 279:39414–39420.

28. Janetzky B, Hauck S, Youdim MB, et al. Unaltered aconitase activity, but decreased 
complex I activity in substantia nigra pars compacta of patients with Parkinson’s disease.
Neurosci Lett 1994; 169:126–128.

29. Schapira AH, Cooper JM, Dexter D, et al. Mitochondrial complex I deficiency in 
Parkinson’s disease. J Neurochem 1990; 54:823–827.

30. Schapira AH, Cooper JM, Dexter D, et al. Mitochondrial complex I deficiency in 
Parkinson’s disease. Lancet 1989; 1:1269.

31. Mann VM, Cooper JM, Krige D, et al. Brain, skeletal muscle and platelet homogenate 
mitochondrial function in Parkinson’s disease. Brain 1992; 115( Pt 2):333–242.

32. Keeney PM, Xie J, Capaldi RA, et al. Parkinson’s disease brain mitochondrial complex 
I has oxidatively damaged subunits and is functionally impaired and misassembled.
J Neurosci 2006; 26:5256–5264.

33. Parker WD Jr, Boyson SJ Parks JK. Abnormalities of the electron transport chain in 
idiopathic Parkinson’s disease. Ann Neurol 1989; 26:719–723.

34. Yoshino H, Nakagawa-Hattori Y, Kondo T, et al. Mitochondrial complex I and II 
activities of lymphocytes and platelets in Parkinson’s disease. J Neural Transm Park 
Dis Dement Sect 1992; 4:27–34.

35. Krige D, Carroll MT, Cooper JM, et al. Platelet mitochondrial function in Parkinson’s 
disease. The Royal Kings and Queens Parkinson Disease Research Group. Ann Neurol
1992; 32:782–788.

36. Benecke R, Strumper P, Weiss H. Electron transfer complexes I and IV of platelets are 
abnormal in Parkinson’s disease but normal in Parkinson-plus syndromes. Brain 1993;
116 ( Pt 6):1451–1463.

37. Haas RH, Nasirian F, Nakano K, et al. Low platelet mitochondrial complex I and complex 
II/III activity in early untreated Parkinson’s disease. Ann Neurol 1995; 37:714–722.

38. Bravi D, Anderson JJ, Dagani F, et al. Effect of aging and dopaminomimetic therapy on 
mitochondrial respiratory function in Parkinson’s disease. Mov Disord 1992; 7:228–231.

39. Schapira AH. Evidence for mitochondrial dysfunction in Parkinson’s disease: A critical 
appraisal. Mov Disord 1994; 9:125–138.

40. Bindoff LA, Birch-Machin MA, Cartlidge NE, et al. Respiratory chain abnormalities in 
skeletal muscle from patients with Parkinson’s disease. J Neurol Sci 1991; 104:203–208.

41. Martin MA, Molina JA, Jimenez-Jimenez FJ, et al. Respiratory-chain enzyme activities 
in isolated mitochondria of lymphocytes from untreated Parkinson’s disease patients. 
Grupo-Centro de Trastornos del Movimiento. Neurology 1996; 46:1343–1346.

42. Barroso N, Campos Y, Huertas R, et al. Respiratory chain enzyme activities in 
lymphocytes from untreated patients with Parkinson disease. Clin Chem 1993; 
39:667–669.

43. Kroemer G, Reed JC. Mitochondrial control of cell death. Nat Med 2000; 6:513–519.
44. Cassarino DS, Parks JK, Parker WD Jr, et al. The parkinsonian neurotoxin MPP� opens

the mitochondrial permeability transition pore and releases cytochrome c in isolated 
mitochondria via an oxidative mechanism. Biochim Biophys Acta 1999; 1453:49–62.

45. Vila M Przedborski S. Targeting programmed cell death in neurodegenerative diseases.
Nat Rev Neurosci 2003; 4:365–375.

46. Tatton NA Kish SJ. In situ detection of apoptotic nuclei in the substantia nigra com-
pacta of 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine–treated mice using terminal 
deoxynucleotidyl transferase labelling and acridine orange staining. Neuroscience 1997;
77:1037–1048.

47. Vila M, Jackson-Lewis V, Vukosavic S, et al. Bax ablation prevents dopaminergic neu-
rodegeneration in the 1-methyl- 4-phenyl-1, 2, 3, 6-tetrahydropyridine mouse model 
of Parkinson’s disease. Proc Natl Acad Sci USA 2001; 98:2837–1842.

48. Perier C, Tieu K, Guegan C, et al. Complex I deficiency primes Bax-dependent neuronal 
apoptosis through mitochondrial oxidative damage. Proc Natl Acad Sci USA 2005; 
102:19126–19231.

49. Ziv I, Melamed E. Role of apoptosis in the pathogenesis of Parkinson’s disease: A novel 
therapeutic opportunity? Mov Disord 1998; 13:865–870.

50. Dauer W Przedborski S. Parkinson’s disease: Mechanisms and models. Neuron 2003;
39:889–909.

51. Betarbet R, Sherer TB, MacKenzie G, et al. Chronic systemic pesticide exposure repro-
duces features of Parkinson’s disease. Nat Neurosci 2000; 3:1301–1306.

52. Bove J, Prou D, Perier C, et al. Toxin-induced models of Parkinson’s disease. NeuroRx
2005; 2:484–494.

53. Langston JW, Ballard P, Tetrud JW, et al. Chronic parkinsonism in humans due to a 
product of meperidine-analog synthesis. Science 1983; 219:979–980.

54. Smeyne RJ, Jackson-Lewis V. The MPTP model of Parkinson’s disease. Brain Res Mol 
Brain Res 2005; 134:57–66.

55. Langston JW. The etiology of Parkinson’s disease with emphasis on the MPTP story.
Neurology 1996; 47:S153–S160.

56. Jackson-Lewis V Smeyne RJ. MPTP and SNpc DA neuronal vulnerability: Role of 
dopamine, superoxide and nitric oxide in neurotoxicity. Minireview. Neurotox Res
2005; 7:193–202.

57. Jakowec MW, Petzinger GM. 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine–lesioned 
model of parkinson’s disease, with emphasis on mice and nonhuman primates. Comp
Med 2004; 54:497–513.

58. Fornai F, Schluter OM, Lenzi P, et al. Parkinson-like syndrome induced by continu-
ous MPTP infusion: Convergent roles of the ubiquitin-proteasome system and alpha-
synuclein. Proc Natl Acad Sci USA 2005; 102:3413–3418.

59. Coulom H, Birman S. Chronic exposure to rotenone models sporadic Parkinson’s disease 
in Drosophila melanogaster. J Neurosci 2004; 24:10993–10998.

60. Lannuzel A, Michel PP, Hoglinger GU, et al. The mitochondrial complex I inhibitor 
annonacin is toxic to mesencephalic dopaminergic neurons by impairment of energy 
metabolism. Neuroscience 2003; 121:287–296.

61. Champy P, Hoglinger GU, Feger J, et al. Annonacin, a lipophilic inhibitor of mitochon-
drial complex I, induces nigral and striatal neurodegeneration in rats: Possible relevance 
for atypical parkinsonism in Guadeloupe. J Neurochem 2004; 88:63–69.

62. Champy P, Melot A, Guerineau Eng V, et al. Quantification of acetogenins in Annona muri-
cata linked to atypical parkinsonism in guadeloupe. Mov Disord 2005; 20:1629–1633.

63. Tanner CM Langston JW. Do environmental toxins cause Parkinson’s disease? A critical 
review. Neurology 1990; 40(Suppl):17–30; discussion 30–31.

64. Rajput AH. Environmental causation of Parkinson’s disease. Arch Neurol 1993; 50:
651–652.

65. Petrovitch H, Ross GW, Abbott RD, et al. Plantation work and risk of Parkinson disease 
in a population-based longitudinal study. Arch Neurol 2002; 59:1787–1792.



30 • PATHOGENESIS: OXIDATIVE STRESS, MITOCHONDRIAL DYSFUNCTION, AND EXCITOTOXICITY 353

66. Matsubara K, Gonda T, Sawada H, et al. Endogenously occurring beta-carboline 
induces parkinsonism in nonprimate animals: A possible causative protoxin in idiopathic 
Parkinson’s disease. J Neurochem 1998; 70:727–735.

67. Moser A Kompf D. Presence of methyl-6, 7-dihydroxy-1, 2, 3, 4-tetrahydroisoquinolines, 
derivatives of the neurotoxin isoquinoline, in parkinsonian lumbar CSF. Life Sci 1992;
50:1885–1891.

68. Matsubara K, Kobayashi S, Kobayashi Y, et al. Beta-carbolinium cations, endogenous 
MPP� analogs, in the lumbar cerebrospinal fluid of patients with Parkinson’s disease.
Neurology 1995; 45:2240–2245.

69. Hao R, Norgren RB Jr, Lau YS, et al. Cerebrospinal fluid of Parkinson’s disease patients 
inhibits the growth and function of dopaminergic neurons in culture. Neurology 1995;
45:138–142.

70. Williams AC, Ramsden DB. Autotoxicity, methylation and a road to the prevention of 
Parkinson’s disease. J Clin Neurosci 2005; 12:6–11.

71. Dimauro S, Davidzon G. Mitochondrial DNA and disease. Ann Med 2005; 37:
222–232.

72. Swerdlow RH, Parks JK, Miller SW, et al. Origin and functional consequences of the 
complex I defect in Parkinson’s disease. Ann Neurol 1996; 40:663–671.

73. Gu M, Cooper JM, Taanman JW, et al. Mitochondrial DNA transmission of the mito-
chondrial defect in Parkinson’s disease. Ann Neurol 1998; 44:177–186.

74. Bender A, Krishnan KJ, Morris CM, et al. High levels of mitochondrial DNA dele-
tions in substantia nigra neurons in aging and Parkinson disease. Nat Genet 2006; 
38:515–517.

75. Kraytsberg Y, Kudryavtseva E, McKee AC, et al. Mitochondrial DNA deletions are 
abundant and cause functional impairment in aged human substantia nigra neurons.
Nat Genet 2006; 38:518–520.

76. Soong NW, Hinton DR, Cortopassi G, et al. Mosaicism for a specific somatic mitochon-
drial DNA mutation in adult human brain. Nat Genet 1992; 2:318–323.

77. Srivastava S Moraes CT. Double-strand breaks of mouse muscle mtDNA promote 
large deletions similar to multiple mtDNA deletions in humans. Hum Mol Genet 2005;
14:893–902.

78. Luoma P, Melberg A, Rinne JO, et al. Parkinsonism, premature menopause, and mito-
chondrial DNA polymerase gamma mutations: Clinical and molecular genetic study.
Lancet 2004; 364:875–882.

79. Swerdlow RH, Parks JK, Davis JN II, et al. Matrilineal inheritance of complex I dysfunction 
in a multigenerational Parkinson’s disease family. Ann Neurol 1998; 44:873–881.

80. Wooten GF, Currie LJ, Bennett JP, et al. Maternal inheritance in Parkinson’s disease.
Ann Neurol 1997; 41:265–268.

81. Simon DK, Pulst SM, Sutton JP, et al. Familial multisystem degeneration with parkin-
sonism associated with the 11778 mitochondrial DNA mutation. Neurology 1999; 
53:1787–1793.

82. Wallace DC, Singh G, Lott MT, et al. Mitochondrial DNA mutation associated with 
Leber’s hereditary optic neuropathy. Science 1988; 242:1427–1430.

83. Ghezzi D, Marelli C, Achilli A, et al. Mitochondrial DNA haplogroup K is associated with 
a lower risk of Parkinson’s disease in Italians. Eur J Hum Genet 2005; 13:748–752.

84. Huerta C, Castro MG, Coto E, et al. Mitochondrial DNA polymorphisms and risk of 
Parkinson’s disease in Spanish population. J Neurol Sci 2005; 236:49–54.

85. Pyle A, Foltynie T, Tiangyou W, et al. Mitochondrial DNA haplogroup cluster UKJT 
reduces the risk of PD. Ann Neurol 2005; 57:564–567.

86. van der Walt JM, Nicodemus KK, Martin ER, et al. Mitochondrial polymorphisms sig-
nificantly reduce the risk of Parkinson disease. Am J Hum Genet 2003; 72:804–811.

87. Wallace DC. A mitochondrial paradigm of metabolic and degenerative diseases, aging, 
and cancer: A dawn for evolutionary medicine. Annu Rev Genet 2005; 39:359–407.

88. Berg D, Youdim MB, Riederer P. Redox imbalance. Cell Tissue Res 2004; 318:201–213.
89. McCormack AL, Atienza JG, Johnston LC, et al. Role of oxidative stress in paraquat-

induced dopaminergic cell degeneration. J Neurochem 2005; 93:1030–1037.
90. Yang W, Tiffany-Castiglioni E. The bipyridyl herbicide paraquat produces oxidative 

stress–mediated toxicity in human neuroblastoma SH-SY5Y cells: Relevance to the 
dopaminergic pathogenesis. J Toxicol Environ Health A 2005; 68:1939–1961.

91. Patel S, Singh V, Kumar A, et al. Status of antioxidant defense system and expression of 
toxicant responsive genes in striatum of maneb- and paraquat-induced Parkinson’s disease 
phenotype in mouse: Mechanism of neurodegeneration. Brain Res 2006; 1081:9–18.

92. Cicchetti F, Lapointe N, Roberge-Tremblay A, et al. Systemic exposure to paraquat 
and maneb models early Parkinson’s disease in young adult rats. Neurobiol Dis 2005;
20:360–371.

93. Choi JY, Jang EH, Park CS, et al. Enhanced susceptibility to 1-methyl-4-phenyl-1, 2, 
3, 6-tetrahydropyridine neurotoxicity in high-fat diet-induced obesity. Free Radic Biol 
Med 2005; 38:806–816.

94. Logroscino G, Marder K, Graziano J, et al. Dietary iron, animal fats, and risk of 
Parkinson’s disease. Mov Disord 1998; 13(Suppl 1):13–16.

95. Logroscino G, Marder K, Cote L, et al. Dietary lipids and antioxidants in Parkinson’s 
disease: A population-based, case-control study. Ann Neurol 1996; 39:89–94.

96. Yoritaka A, Hattori N, Uchida K, et al. Immunohistochemical detection of 4-
hydroxynonenal protein adducts in Parkinson disease. Proc Natl Acad Sci USA 1996;
93:2696–2701.

97. Dexter DT, Carter CJ, Wells FR, et al. Basal lipid peroxidation in substantia nigra is 
increased in Parkinson’s disease. J Neurochem 1989; 52:381–389.

98. Dexter DT, Holley AE, Flitter WD, et al. Increased levels of lipid hydroperoxides in the 
parkinsonian substantia nigra: An HPLC and ESR study. Mov Disord 1994; 9:92–97.

99. Dexter DT, Sian J, Rose S, et al. Indices of oxidative stress and mitochondrial function 
in individuals with incidental Lewy body disease. Ann Neurol 1994; 35:38–44.

100. Dexter DT, Wells FR, Lees AJ, et al. Increased nigral iron content and alterations in other 
metal ions occurring in brain in Parkinson’s disease. J Neurochem 1989; 52:1830–1836.

101. Esterbauer H, Schaur RJ Zollner H. Chemistry and biochemistry of 4-hydroxynonenal, 
malonaldehyde and related aldehydes. Free Radic Biol Med 1991; 11:81–128.

102. Alam ZI, Jenner A, Daniel SE, et al. Oxidative DNA damage in the parkinsonian 
brain: An apparent selective increase in 8-hydroxyguanine levels in substantia nigra.
J Neurochem 1997; 69:1196–203.

103. Zhang J, Perry G, Smith MA, et al. Parkinson’s disease is associated with oxidative 
damage to cytoplasmic DNA and RNA in substantia nigra neurons. Am J Pathol 1999;
154:1423–1429.

104. Montine KS, Quinn JF, Zhang J, et al. Isoprostanes and related products of lipid per-
oxidation in neurodegenerative diseases. Chem Phys Lipids 2004; 128:117–124.

105. Alam ZI, Daniel SE, Lees AJ, et al. A generalised increase in protein carbonyls in the brain 
in Parkinson’s but not incidental Lewy body disease. J Neurochem 1997; 69:1326–1329.

106. Good PF, Hsu A, Werner P, et al. Protein nitration in Parkinson’s disease. J Neuropathol 
Exp Neurol 1998; 57:338–342.

107. Giasson BI, Duda JE, Murray IV, et al. Oxidative damage linked to neurodegenera-
tion by selective alpha-synuclein nitration in synucleinopathy lesions. Science 2000; 
290:985–989.

108. Paxinou E, Chen Q, Weisse M, et al. Induction of alpha-synuclein aggregation by intra-
cellular nitrative insult. J Neurosci 2001; 21:8053–8061.

109. Jenner P. Oxidative stress in Parkinson’s disease. Ann Neurol 2003; 53(Suppl 3):S26–S36; 
discussion S36–S38.

110. Ilic T, Jovanovic M, Jovicic A, et al. Oxidative stress and Parkinson’s disease. Vojnosanit
Pregl 1998; 55:463–468.

111. Kikuchi A, Takeda A, Onodera H, et al. Systemic increase of oxidative nucleic acid damage 
in Parkinson’s disease and multiple system atrophy. Neurobiol Dis 2002; 9:244–248.

112. Migliore L, Petrozzi L, Lucetti C, et al. Oxidative damage and cytogenetic analysis in 
leukocytes of Parkinson’s disease patients. Neurology 2002; 58:1809–1815.

113. Ahlskog JE, Uitti RJ, Low PA, et al. No evidence for systemic oxidant stress in Parkinson’s 
or Alzheimer’s disease. Mov Disord 1995; 10:566–573.

114. Pitkanen S Robinson BH. Mitochondrial complex I deficiency leads to increased produc-
tion of superoxide radicals and induction of superoxide dismutase. J Clin Invest 1996;
98:345–351.

115. Chan P, DeLanney LE, Irwin I, et al. Rapid ATP loss caused by 1-methyl-4-phenyl-1, 2, 
3, 6-tetrahydropyridine in mouse brain. J Neurochem 1991; 57:348–351.

116. Storey E, Hyman BT, Jenkins B, et al. 1-Methyl-4-phenylpyridinium produces excitotoxic 
lesions in rat striatum as a result of impairment of oxidative metabolism. J Neurochem
1992; 58:1975–1978.

117. Przedborski S Jackson-Lewis V. Mechanisms of MPTP toxicity. Mov Disord 1998; 
13(Suppl 1):35–38.

118. Przedborski S, Kostic V, Jackson_Lewis V, et al. Transgenic mice with increased Cu/Zn-
superoxide dismutase activity are resistant to N-methyl-4-phenyl-1, 2, 3, 6-tetrahydro-
pyridine-induced neurotoxicity. J Neurosci 1992; 12:1658–1667.

119. Andrews AM, Ladenheim B, Epstein CJ, et al. Transgenic mice with high levels of super-
oxide dismutase activity are protected from the neurotoxic effects of 2’-NH2-MPTP on 
serotonergic and noradrenergic nerve terminals. Mol Pharmacol 1996; 50:1511–1529.

120. Muller T, Hefter H, Hueber R, et al. Is levodopa toxic? J Neurol 2004; 251 (Suppl 6):
VI/44–VI/46.

121. Singer TP, Castagnoli N Jr, Ramsay RR, et al. Biochemical events in the development of 
parkinsonism induced by 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine. J Neurochem
1987; 49:1–8.

122. Kurth JH, Kurth MC, Poduslo SE, et al. Association of a monoamine oxidase B allele 
with Parkinson’s disease. Ann Neurol 1993; 33:368–372.

123. Hotamisligil GS, Girmen AS, Fink JS, et al. Hereditary variations in monoamine oxidase 
as a risk factor for Parkinson’s disease. Mov Disord 1994; 9:305–310.

124. Costa P, Checkoway H, Levy D, et al. Association of a polymorphism in intron 13 
of the monoamine oxidase B gene with Parkinson disease. Am J Med Genet 1997; 
74:154–156.

125. Ho SL, Kapadi AL, Ramsden DB, et al. An allelic association study of monoamine 
oxidase B in Parkinson’s disease. Ann Neurol 1995; 37:403–405.

126. Plante-Bordeneuve V, Taussig D, Thomas F, et al. Evaluation of four candidate genes 
encoding proteins of the dopamine pathway in familial and sporadic Parkinson’s disease: 
Evidence for association of a DRD2 allele. Neurology 1997; 48:1589–1593.

127. Gerlach M, Youdim MB, Riederer P. Pharmacology of selegiline. Neurology 1996; 47:
S137–S145.

128. Finberg JP, Takeshima T, Johnston JM, et al. Increased survival of dopaminergic neurons 
by rasagiline, a monoamine oxidase B inhibitor. Neuroreport 1998; 9:703–707.

129. Heikkila RE, Duvoisin RC, Finberg JP, et al. Prevention of MPTP-induced neurotoxic-
ity by AGN-1133 and AGN-1135, selective inhibitors of monoamine oxidase-B. Eur J 
Pharmacol 1985; 116:313–317.

130. Impact of deprenyl and tocopherol treatment on Parkinson’s disease in DATATOP sub-
jects not requiring levodopa. Parkinson Study Group. Ann Neurol 1996; 39:29–36.

131. Effect of deprenyl on the progression of disability in early Parkinson’s disease. The 
Parkinson Study Group. N Engl J Med 1989; 321:1364–1371.

132. DATATOP: A multicenter controlled clinical trial in early Parkinson’s disease. Parkinson 
Study Group. Arch Neurol 1989; 46:1052–1060.

133. Olanow CW, Hauser RA, Gauger L, et al. The effect of deprenyl and levodopa on the 
progression of Parkinson’s disease. Ann Neurol 1995; 38:771–777.

134. Palhagen S, Heinonen E, Hagglund J, et al. Selegiline slows the progression of the 
symptoms of Parkinson disease. Neurology 2006; 66:1200–1206.

135. A controlled, randomized, delayed-start study of rasagiline in early Parkinson disease.
Arch Neurol 2004; 61:561–566.

136. Olanow CW. Rationale for considering that propargylamines might be neuroprotective 
in Parkinson’s disease. Neurology 2006; 66:S69–S79.



VI • PATHOGENESIS AND ETIOLOGY354

137. Olanow CW. An introduction to the free radical hypothesis in Parkinson’s disease. Ann
Neurol 1992; 32(Suppl):S2–S9.

138. Zecca L, Gallorini M, Schunemann V, et al. Iron, neuromelanin and ferritin content in 
the substantia nigra of normal subjects at different ages: Consequences for iron storage 
and neurodegenerative processes. J Neurochem 2001; 76:1766–1773.

139. Ben-Shachar D, Riederer P Youdim MB. Iron-melanin interaction and lipid peroxidation: 
Implications for Parkinson’s disease. J Neurochem 1991; 57:1609–1614.

140. Double KL, Gerlach M, Schunemann V, et al. Iron-binding characteristics of neuromela-
nin of the human substantia nigra. Biochem Pharmacol 2003; 66:489–494.

141. Riederer P, Sofic E, Rausch WD, et al. Transition metals, ferritin, glutathione, and 
ascorbic acid in parkinsonian brains. J Neurochem 1989; 52:515–520.

142. Sofic E, Riederer P, Heinsen H, et al. Increased iron (III) and total iron content in post 
mortem substantia nigra of parkinsonian brain. J Neural Transm 1988; 74:199–205.

143. Dexter DT, Carayon A, Vidailhet M, et al. Decreased ferritin levels in brain in Parkinson’s 
disease. J Neurochem 1990; 55:16–20.

144. Oestreicher E, Sengstock GJ, Riederer P, et al. Degeneration of nigrostriatal dopaminergic 
neurons increases iron within the substantia nigra: A histochemical and neurochemical 
study. Brain Res 1994; 660:8–18.

145. Mochizuki H, Imai H, Endo K, et al. Iron accumulation in the substantia nigra of 
1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)–induced hemiparkinsonian 
monkeys. Neurosci Lett 1994; 168:251–253.

146. Zheng H, Gal S, Weiner LM, et al. Novel multifunctional neuroprotective iron chela-
tor–monoamine oxidase inhibitor drugs for neurodegenerative diseases: In vitro studies 
on antioxidant activity, prevention of lipid peroxide formation and monoamine oxidase 
inhibition. J Neurochem 2005; 95:68–78.

147. Perry TL, Godin DV Hansen S. Parkinson’s disease: A disorder due to nigral glutathione 
deficiency? Neurosci Lett 1982; 33:305310.

148. Perry TL, Yong VW. Idiopathic Parkinson’s disease, progressive supranuclear palsy and glu-
tathione metabolism in the substantia nigra of patients. Neurosci Lett 1986; 67:269–274.

149. Sofic E, Lange KW, Jellinger K, et al. Reduced and oxidized glutathione in the substantia 
nigra of patients with Parkinson’s disease. Neurosci Lett 1992; 142:128–130.

150. Di Monte DA, Chan P, Sandy MS. Glutathione in Parkinson’s disease: A link between 
oxidative stress and mitochondrial damage? Ann Neurol 1992; 32(Suppl):S111–S115.

151. Jain A, Martensson J, Stole E, et al. Glutathione deficiency leads to mitochondrial dam-
age in brain. Proc Natl Acad Sci USA 1991; 88:1913–1917.

152. Ved R, Saha S, Westlund B, et al. Similar patterns of mitochondrial vulnerability and 
rescue induced by genetic modification of alpha-synuclein, parkin, and DJ-1 in Cae-
norhabditis elegans. J Biol Chem 2005; 280:42655–42668.

153. Hsu LJ, Sagara Y, Arroyo A, et al. alpha-synuclein promotes mitochondrial deficit and 
oxidative stress. Am J Pathol 2000; 157:401–410.

154. Ko L, Mehta ND, Farrer M, et al. Sensitization of neuronal cells to oxidative stress with 
mutated human alpha-synuclein. J Neurochem 2000; 75:2546–2554.

155. Ostrerova-Golts N, Petrucelli L, Hardy J, et al. The A53T alpha-synuclein mutation 
increases iron-dependent aggregation and toxicity. J Neurosci 2000; 20:6048–6054.

156. Lee M, Hyun D, Halliwell B, et al. Effect of the overexpression of wild-type or mutant 
alpha-synuclein on cell susceptibility to insult. J Neurochem 2001; 76:998–1009.

157. Song DD, Shults CW, Sisk A, et al. Enhanced substantia nigra mitochondrial pathology 
in human alpha-synuclein transgenic mice after treatment with MPTP. Exp Neurol 2004; 
186:158–172.

158. Dauer W, Kholodilov N, Vila M, et al. Resistance of alpha-synuclein null mice to the 
parkinsonian neurotoxin MPTP. Proc Natl Acad Sci USA 2002; 99:14524–14529.

159. Klivenyi P, Siwek D, Gardian G, et al. Mice lacking alpha-synuclein are resistant to 
mitochondrial toxins. Neurobiol Dis 2006; 21:541–548.

160. Martin LJ, Pan Y, Price AC, et al. Parkinson’s disease alpha-synuclein transgenic mice develop 
neuronal mitochondrial degeneration and cell death. J Neurosci 2006; 26:41–50.

161. Smith WW, Jiang H, Pei Z, et al. Endoplasmic reticulum stress and mitochondrial cell 
death pathways mediate A53T mutant alpha-synuclein–induced toxicity. Hum Mol 
Genet 2005; 14:3801–3811.

162. Conway KA, Lee SJ, Rochet JC, et al. Accelerated oligomerization by Parkinson’s disease 
linked alpha-synuclein mutants. Ann N Y Acad Sci 2000; 920:42–45.

163. Souza JM, Giasson BI, Chen Q, et al. Dityrosine cross-linking promotes formation of stable 
alpha-synuclein polymers. Implication of nitrative and oxidative stress in the pathogenesis 
of neurodegenerative synucleinopathies. J Biol Chem 2000; 275:18344–18349.

164. Choi W, Zibaee S, Jakes R, et al. Mutation E46K increases phospholipid binding and 
assembly into filaments of human alpha-synuclein. FEBS Lett 2004; 576:363–368.

165. Greenbaum EA, Graves CL, Mishizen-Eberz AJ, et al. The E46K mutation in alpha-
synuclein increases amyloid fibril formation. J Biol Chem 2005; 280:7800–7807.

166. Greene JC, Whitworth AJ, Kuo I, et al. Mitochondrial pathology and apoptotic muscle degen-
eration in Drosophila parkin mutants. Proc Natl Acad Sci USA 2003; 100:4078–4083.

167. Pesah Y, Pham T, Burgess H, et al. Drosophila parkin mutants have decreased mass 
and cell size and increased sensitivity to oxygen radical stress. Development 2004; 
131:2183–2194.

168. Palacino JJ, Sagi D, Goldberg MS, et al. Mitochondrial dysfunction and oxidative dam-
age in parkin-deficient mice. J Biol Chem 2004; 279:18614–18622.

169. Muftuoglu M, Elibol B, Dalmizrak O, et al. Mitochondrial complex I and IV activities 
in leukocytes from patients with parkin mutations. Mov Disord 2004; 19:544–548.

170. Whitworth AJ, Theodore DA, Greene JC, et al. Increased glutathione S-transferase 
activity rescues dopaminergic neuron loss in a Drosophila model of Parkinson’s disease.
Proc Natl Acad Sci USA 2005; 102:8024–8029.

171. Darios F, Corti O, Lucking CB, et al. Parkin prevents mitochondrial swelling and 
cytochrome c release in mitochondria-dependent cell death. Hum Mol Genet 2003; 
12:517–526.

172. Chung KK, Thomas B, Li X, et al. S-nitrosylation of parkin regulates ubiquitination 
and compromises parkin’s protective function. Science 2004; 304:1328–1331.

173. Kuroda Y, Mitsui T, Kunishige M, et al. Parkin enhances mitochondrial biogenesis in 
proliferating cells. Hum Mol Genet 2006; 15:883–995.

174. Valente EM, Abou-Sleiman PM, Caputo V, et al. Hereditary early-onset Parkinson’s 
disease caused by mutations in PINK1. Science 2004; 304:1158–1160.

175. Silvestri L, Caputo V, Bellacchio E, et al. Mitochondrial import and enzymatic activ-
ity of PINK1 mutants associated to recessive parkinsonism. Hum Mol Genet 2005; 
14:3477–3492.

176. Gandhi S, Muqit MM, Stanyer L, et al. PINK1 protein in normal human brain and 
Parkinson’s disease. Brain 2006; 129:1720–1731.

177. Beilina A, Van Der Brug M, Ahmad R, et al. Mutations in PTEN-induced putative kinase 
1 associated with recessive parkinsonism have differential effects on protein stability.
Proc Natl Acad Sci USA 2005; 102:5703–5708.

178. Petit A, Kawarai T, Paitel E, et al. Wild-type PINK1 prevents basal and induced neuronal 
apoptosis, a protective effect abrogated by Parkinson’s disease–related mutations. J Biol 
Chem 2005; 280:34025–34032.

179. Clark IE, Dodson MW, Jiang C, et al. Drosophila pink1 is required for mitochondrial 
function and interacts genetically with parkin. Nature 2006; 441:1162–1166.

180. Park J, Lee SB, Lee S, et al. Mitochondrial dysfunction in Drosophila PINK1 mutants 
is complemented by parkin. Nature 2006; 441:1157–1161.

181. Tan JM Dawson TM. Parkin Blushed by PINK1. Neuron 2006; 50:527–529.
182. Bonifati V, Rizzu P, van Baren MJ, et al. Mutations in the DJ-1 gene associated with 

autosomal recessive early-onset parkinsonism. Science 2003; 299:256–259.
183. Yokota T, Sugawara K, Ito K, et al. Down regulation of DJ-1 enhances cell death by 

oxidative stress, ER stress, and proteasome inhibition. Biochem Biophys Res Commun
2003; 312:1342–1348.

184. Choi J, Sullards MC, Olzmann JA, et al. Oxidative damage of DJ-1 is linked to sporadic 
Parkinson and Alzheimer diseases. J Biol Chem 2006; 281:10816–10824.

185. Taira T, Saito Y, Niki T, et al. DJ-1 has a role in antioxidative stress to prevent cell death.
EMBO Rep 2004; 5:213–218.

186. Zhang L, Shimoji M, Thomas B, et al. Mitochondrial localization of the Parkinson’s 
disease related protein DJ-1: Implications for pathogenesis. Hum Mol Genet 2005; 
14:2063–2073.

187. Canet-Aviles RM, Wilson MA, Miller DW, et al. The Parkinson’s disease protein DJ-1 
is neuroprotective due to cysteine-sulfinic acid-driven mitochondrial localization. Proc
Natl Acad Sci USA 2004; 101:9103–9108.

188. Meulener M, Whitworth AJ, Armstrong-Gold CE, et al. Drosophila DJ-1 mutants are 
selectively sensitive to environmental toxins associated with Parkinson’s disease. Curr
Biol 2005; 15:1572–1577.

189. Menzies FM, Yenisetti SC, Min KT. Roles of Drosophila DJ-1 in survival of dopaminergic 
neurons and oxidative stress. Curr Biol 2005; 15:1578–1582.

190. Park J, Kim SY, Cha GH, et al. Drosophila DJ-1 mutants show oxidative stress-sensitive 
locomotive dysfunction. Gene 2005; 361:133–139.

191. Yang Y, Gehrke S, Haque ME, et al. Inactivation of Drosophila DJ-1 leads to impairments 
of oxidative stress response and phosphatidylinositol 3-kinase/Akt signaling. Proc Natl 
Acad Sci USA 2005; 102:13670–13675.

192. Kim RH, Smith PD, Aleyasin H, et al. Hypersensitivity of DJ-1-deficient mice to 1-
methyl-4-phenyl-1, 2, 3, 6-tetrahydropyrindine (MPTP) and oxidative stress. Proc Natl 
Acad Sci USA 2005; 102:5215–5220.

193. Zimprich A, Biskup S, Leitner P, et al. Mutations in LRRK2 cause autosomal-dominant 
parkinsonism with pleomorphic pathology. Neuron 2004; 44:601–607.

194. Paisan-Ruiz C, Jain S, Evans EW, et al. Cloning of the gene containing mutations that 
cause PARK8-linked Parkinson’s disease. Neuron 2004; 44:595–600.

195. Ozelius LJ, Senthil G, Saunders-Pullman R, et al. LRRK2 G2019S as a cause of 
Parkinson’s disease in Ashkenazi Jews. N Engl J Med 2006; 354:424–425.

196. Lesage S, Durr A, Tazir M, et al. LRRK2 G2019S as a cause of Parkinson’s disease in 
North African Arabs. N Engl J Med 2006; 354:422–423.

197. Gilks WP, Abou-Sleiman PM, Gandhi S, et al. A common LRRK2 mutation in idiopathic 
Parkinson’s disease. Lancet 2005; 365:415–416.

198. West AB, Moore DJ, Biskup S, et al. Parkinson’s disease–associated mutations in 
leucine-rich repeat kinase 2 augment kinase activity. Proc Natl Acad Sci USA 2005; 
102:16842–16847.

199. Li C Beal MF. Leucine-rich repeat kinase 2: A new player with a familiar theme for 
Parkinson’s disease pathogenesis. Proc Natl Acad Sci USA 2005; 102:16535–16536.

200. Martins LM, Morrison A, Klupsch K, et al. Neuroprotective role of the Reaper-related 
serine protease HtrA2/Omi revealed by targeted deletion in mice. Mol Cell Biol 2004;
24:9848–9862.

201. Strauss KM, Martins LM, Plun-Favreau H, et al. Loss of function mutations in the gene 
encoding Omi/HtrA2 in Parkinson’s disease. Hum Mol Genet 2005; 14:2099–2111.

202. Ravagnan L, Roumier T, Kroemer G. Mitochondria, the killer organelles and their 
weapons. J Cell Physiol 2002; 192:131–137.

203. Tang B, Xiong H, Sun P, et al. Association of PINK1 and DJ-1 confers digenic inheritance 
of early-onset Parkinson’s disease. Hum Mol Genet 2006; 15:1816–1825.

204. Kim RH, Peters M, Jang Y, et al. DJ-1, a novel regulator of the tumor suppressor PTEN.
Cancer Cell 2005; 7:263–273.

205. Jin J, Meredith GE, Chen L, et al. Quantitative proteomic analysis of mitochondrial 
proteins: Relevance to Lewy body formation and Parkinson’s disease. Brain Res Mol 
Brain Res 2005; 134:119–138.

206. Meulener MC, Graves CL, Sampathu DM, et al. DJ-1 is present in a large molecular 
complex in human brain tissue and interacts with alpha-synuclein. J Neurochem 2005;
93:1524–1532.



30 • PATHOGENESIS: OXIDATIVE STRESS, MITOCHONDRIAL DYSFUNCTION, AND EXCITOTOXICITY 355

207. Zhou W, Zhu M, Wilson MA, et al. The oxidation state of DJ-1 regulates its chaperone 
activity toward alpha-synuclein. J Mol Biol 2006; 356:1036–1048.

208. Moore DJ, Zhang L, Troncoso J, et al. Association of DJ-1 and parkin medi-
ated by pathogenic DJ-1 mutations and oxidative stress. Hum Mol Genet 2005; 
14:71–84.

209. Smith WW, Pei Z, Jiang H, et al. Leucine-rich repeat kinase 2 (LRRK2) interacts with 
parkin, and mutant LRRK2 induces neuronal degeneration. Proc Natl Acad Sci USA
2005; 102:18676–18681.

210. Olney JW. Brain lesions, obesity, and other disturbances in mice treated with monoso-
dium glutamate. Science 1969; 164:719–721.

211. Schwartz M, Shaked I, Fisher J, et al. Protective autoimmunity against the enemy within: 
Fighting glutamate toxicity. Trends Neurosci 2003; 26:297–302.

212. Bruijn LI, Miller TM, Cleveland DW. Unraveling the mechanisms involved in motor 
neuron degeneration in ALS. Annu Rev Neurosci 2004; 27:723–749.

213. Pintor A, Pezzola A, Reggio R, et al. The mGlu5 receptor agonist CHPG stimulates 
striatal glutamate release: Possible involvement of A2A receptors. Neuroreport 2000;
11:3611–3614.

214. Bruno V, Ksiazek I, Battaglia G, et al. Selective blockade of metabotropic glutamate 
receptor subtype 5 is neuroprotective. Neuropharmacology 2000; 39:2223–2230.

215. Battaglia G, Fornai F, Busceti CL, et al. Selective blockade of mGlu5 metabotropic 
glutamate receptors is protective against methamphetamine neurotoxicity. J Neurosci
2002; 22:2135–2141.

216. Choi DW. Ionic dependence of glutamate neurotoxicity. J Neurosci 1987; 7:369–379.
217. Tymianski M, Wallace MC, Spigelman I, et al. Cell-permeant Ca2� chelators reduce 

early excitotoxic and ischemic neuronal injury in vitro and in vivo. Neuron 1993; 
11:221–235.

218. Wang GJ, Randall RD, Thayer SA. Glutamate-induced intracellular acidification of 
cultured hippocampal neurons demonstrates altered energy metabolism resulting from 
Ca2� loads. J Neurophysiol 1994; 72:2563–2569.

219. White RJ, Reynolds IJ. Mitochondria and Na�/Ca2� exchange buffer glutamate-
induced calcium loads in cultured cortical neurons. J Neurosci 1995; 15:1318–1328.

220. Sheehan JP, Swerdlow RH, Parker WD, et al. Altered calcium homeostasis in cells trans-
formed by mitochondria from individuals with Parkinson’s disease. J Neurochem 1997;
68:1221–1233.

221. Perkinton MS, Ip JK, Wood GL, et al. Phosphatidylinositol 3-kinase is a central mediator 
of NMDA receptor signalling to MAP kinase (Erk1/2), Akt/PKB and CREB in striatal 
neurones. J Neurochem 2002; 80:239–254.

222. Crossthwaite AJ, Valli H Williams RJ. Inhibiting Src family tyrosine kinase activity 
blocks glutamate signalling to ERK1/2 and Akt/PKB but not JNK in cultured striatal 
neurones. J Neurochem 2004; 88:1127–1139.

223. Nicholls DG. Mitochondrial dysfunction and glutamate excitotoxicity studied in primary 
neuronal cultures. Curr Mol Med 2004; 4:149–177.

224. Dugan LL, Sensi SL, Canzoniero LM, et al. Mitochondrial production of reactive oxygen 
species in cortical neurons following exposure to N-methyl-D-aspartate. J Neurosci
1995; 15:6377–6388.

225. Reynolds IJ, Hastings TG. Glutamate induces the production of reactive oxygen species 
in cultured forebrain neurons following NMDA receptor activation. J Neurosci 1995;
15:3318–3327.

226. Dawson VL, Dawson TM, London ED, et al. Nitric oxide mediates glutamate neuro-
toxicity in primary cortical cultures. Proc Natl Acad Sci USA 1991; 88:6368–6371.

227. Lafon-Cazal M, Pietri S, Culcasi M, et al. NMDA-dependent superoxide production 
and neurotoxicity. Nature 1993; 364:535–537.

228. Beal MF. Excitotoxicity and nitric oxide in Parkinson’s disease pathogenesis. Ann 
Neurol 1998; 44:S110–S114.

229. Mungrue IN Bredt DS. nNOS at a glance: Implications for brain and brawn. J Cell Sci
2004; 117:2627–2629.

230. Sattler R, Xiong Z, Lu WY, et al. Specific coupling of NMDA receptor activation to 
nitric oxide neurotoxicity by PSD-95 protein. Science 1999; 284:1845–1848.

231. Aarts MM, Tymianski M. Molecular mechanisms underlying specificity of excitotoxic 
signaling in neurons. Curr Mol Med 2004; 4:137–147.

232. Garthwaite J. Neural nitric oxide signalling. Trends Neurosci 1995; 18:51–52.
233. Dawson VL, Dawson TM, Bartley DA, et al. Mechanisms of nitric oxide-mediated 

neurotoxicity in primary brain cultures. J Neurosci 1993; 13:2651–2661.
234. Beckman JS, Crow JP. Pathological implications of nitric oxide, superoxide and per-

oxynitrite formation. Biochem Soc Trans 1993; 21:330–334.
235. Ciccone CD. Free-radical toxicity and antioxidant medications in Parkinson’s disease.

Phys Ther 1998; 78:313–319.
236. Favit A, Nicoletti F, Scapagnini U, et al. Ubiquinone protects cultured neurons against spontane-

ous and excitotoxin-induced degeneration. J Cereb Blood Flow Metab 1992; 12:638–645.
237. Majewska MD, Bell JA. Ascorbic acid protects neurons from injury induced by glutamate 

and NMDA. Neuroreport 1990; 1:194–196.
238. Chan PH, Chu L, Chen SF, et al. Reduced neurotoxicity in transgenic mice overexpressing 

human copper-zinc-superoxide dismutase. Stroke 1990; 21:III80–III82.
239. Dykens JA, Stern A, Trenkner E. Mechanism of kainate toxicity to cerebellar neurons 

in vitro is analogous to reperfusion tissue injury. J Neurochem 1987; 49:1222–1228.
240. Kim WK, Choi YB, Rayudu PV, et al. Attenuation of NMDA receptor activity and 

neurotoxicity by nitroxyl anion, NO. Neuron 1999; 24:461–469.
241. Choi YB, Tenneti L, Le DA, et al. Molecular basis of NMDA receptor–coupled ion 

channel modulation by S-nitrosylation. Nat Neurosci 2000; 3:15–21.
242. Dykens JA. Isolated cerebral and cerebellar mitochondria produce free radicals when 

exposed to elevated CA2� and Na�: Implications for neurodegeneration. J Neurochem
1994; 63:584–591.

243. Novelli A, Reilly JA, Lysko PG, et al. Glutamate becomes neurotoxic via the N-methyl-
D-aspartate receptor when intracellular energy levels are reduced. Brain Res 1988; 
451:205–212.

244. Dubinsky JM Rothman SM. Intracellular calcium concentrations during “chemical 
hypoxia” and excitotoxic neuronal injury. J Neurosci 1991; 11:2545–2551.

245. Klockgether T, Turski L. Toward an understanding of the role of glutamate in experi-
mental parkinsonism: Agonist-sensitive sites in the basal ganglia. Ann Neurol 1993; 
34:585–593.

246. Greene JG, Greenamyre JT. Bioenergetics and glutamate excitotoxicity. Prog Neurobiol
1996; 48:613–634.

247. Greenamyre JT. Glutamatergic influences on the basal ganglia. Clin Neuropharmacol
2001; 24:65–70.

248. Turski L, Bressler K, Rettig KJ, et al. Protection of substantia nigra from MPP� neuro-
toxicity by N-methyl-D-aspartate antagonists. Nature 1991; 349:414–418.

249. Zuddas A, Oberto G, Vaglini F, et al. MK-801 prevents 1-methyl-4-phenyl-1, 2, 3, 
6-tetrahydropyridine–induced parkinsonism in primates. J Neurochem 1992; 59:733–739.

250. Zuddas A, Vaglini F, Fornai F, et al. Pharmacologic modulation of MPTP toxicity: MK 
801 in prevention of dopaminergic cell death in monkeys and mice. Ann N Y Acad Sci
1992; 648:268–271.

251. Tabatabaei A, Perry TL, Hansen S, et al. Partial protective effect of MK-801 on MPTP-
induced reduction of striatal dopamine in mice. Neurosci Lett 1992; 141:192–194.

252. Brouillet E, Beal MF. NMDA antagonists partially protect against MPTP induced neu-
rotoxicity in mice. Neuroreport 1993; 4:387–390.

253. Lange KW, Loschmann PA, Sofic E, et al. The competitive NMDA antagonist CPP pro-
tects substantia nigra neurons from MPTP-induced degeneration in primates. Naunyn
Schmiedebergs Arch Pharmacol 1993; 348:586–592.

254. Blandini F, Nappi G, Greenamyre JT. Subthalamic infusion of an NMDA antagonist 
prevents basal ganglia metabolic changes and nigral degeneration in a rodent model of 
Parkinson’s disease. Ann Neurol 2001; 49:525–529.

255. Kupsch A, Loschmann PA, Sauer H, et al. Do NMDA receptor antagonists protect 
against MPTP toxicity? Biochemical and immunocytochemical analyses in black mice.
Brain Res 1992; 592:74–83.

256. Sonsalla PK, Zeevalk GD, Manzino L, et al. MK-801 fails to protect against the dopa-
minergic neuropathology produced by systemic 1-methyl-4-phenyl-1, 2, 3, 6-tetrahy-
dropyridine in mice or intranigral 1-methyl-4-phenylpyridinium in rats. J Neurochem
1992; 58:1979–1982.

257. Michel PP, Agid Y. The glutamate antagonist, MK-801, does not prevent dopaminergic 
cell death induced by the 1-methyl-4-phenylpyridinium ion (MPP�) in rat dissociated 
mesencephalic cultures. Brain Res 1992; 597:233–240.

258. Staropoli JF, McDermott C, Martinat C, et al. Parkin is a component of an SCF-like 
ubiquitin ligase complex and protects postmitotic neurons from kainate excitotoxicity.
Neuron 2003; 37:735–749.

259. Obeso JA, Rodriguez–Oroz MC, Rodriguez M, et al. Pathophysiology of the basal 
ganglia in Parkinson’s disease. Trends Neurosci 2000; 23:S8–S19.

260. Bevan MD, Magill PJ, Terman D, et al. Move to the rhythm: Oscillations in the subtha-
lamic nucleus–external globus pallidus network. Trends Neurosci 2002; 25:525–531.

261. Yelnik J. Functional anatomy of the basal ganglia. Mov Disord 2002; 17(Suppl 3):
S15–S21.

262. Rodriguez MC, Obeso JA, Olanow CW. Subthalamic nucleus–mediated excitotoxicity in 
Parkinson’s disease: A target for neuroprotection. Ann Neurol 1998; 44:S175–S188.

263. Nakao N, Nakai E, Nakai K, et al. Ablation of the subthalamic nucleus supports the 
survival of nigral dopaminergic neurons after nigrostriatal lesions induced by the mito-
chondrial toxin 3-nitropropionic acid. Ann Neurol 1999; 45:640–651.

264. Chen L, Liu Z, Tian Z, et al. Prevention of neurotoxin damage of 6-OHDA to dopaminergic 
nigral neuron by subthalamic nucleus lesions. Stereotact Funct Neurosurg 2000; 75:66–75.

265. Carvalho GA, Nikkhah G. Subthalamic nucleus lesions are neuroprotective against 
terminal 6-OHDA–induced striatal lesions and restore postural balancing reactions.
Exp Neurol 2001; 171:405–417.

266. Maesawa S, Kaneoke Y, Kajita Y, et al. Long-term stimulation of the subthalamic nucleus 
in hemiparkinsonian rats: Neuroprotection of dopaminergic neurons. J Neurosurg 2004; 
100:679–687.

267. Takada M, Matsumura M, Kojima J, et al. Protection against dopaminergic nigrostriatal 
cell death by excitatory input ablation. Eur J Neurosci 2000; 12:1771–1780.

268. Luo J, Kaplitt MG, Fitzsimons HL, et al. Subthalamic GAD gene therapy in a Parkinson’s 
disease rat model. Science 2002; 298:425–429.

269. Kaplitt MG, Feigin A, Tang C, et al. Safety and tolerability of gene therapy with an 
adeno-associated virus (AAV) borne GAD gene for Parkinson’s disease: an open label, 
phase I trial. Lancet 2007; 369:2097–2105.

270. Stefani A, Fedele E, Galati S, et al. Subthalamic stimulation activates internal pallidus: 
Evidence from cGMP microdialysis in PD patients. Ann Neurol 2005; 57:448–452.

271. Windels F, Bruet N, Poupard A, et al. Effects of high frequency stimulation of subthalamic 
nucleus on extracellular glutamate and GABA in substantia nigra and globus pallidus 
in the normal rat. Eur J Neurosci 2000; 12:4141–4146.

272. Shults CW. Mitochondrial dysfunction and possible treatments in Parkinson’s disease: 
A review. Mitochondrion 2004; 4:641–648.

273. Khrapko K. Mitochondrial DNA gene therapy: A gene therapy for aging? Rejuv Res
2005; 8:6–8.

274. Lombardi G, Varsaldi F, Miglio G, et al. Cabergoline prevents necrotic neuronal death 
in an in vitro model of oxidative stress. Eur J Pharmacol 2002; 457:95–98.

275. Chalimoniuk M, Stepien A, Strosznajder JB. Pergolide mesylate, a dopaminergic receptor 
agonist, applied with L-DOPA enhances serum antioxidant enzyme activity in Parkinson 
disease. Clin Neuropharmacol 2004; 27:223–229.



VI • PATHOGENESIS AND ETIOLOGY356

276. A randomized controlled trial comparing pramipexole with levodopa in early Parkinson’s 
disease: Design and methods of the CALM-PD Study. Parkinson Study Group. Clin 
Neuropharmacol 2000; 23:34–44.

277. Marek K, Jennings D, Seibyl J. Do dopamine agonists or levodopa modify Parkinson’s 
disease progression? Eur J Neurol 2002; 9(Suppl 3):15–22.

278. Storch A, Burkhardt K, Ludolph AC, et al. Protective effects of riluzole on dopamine 
neurons: Involvement of oxidative stress and cellular energy metabolism. J Neurochem
2000; 75:2259–2269.

279. Boireau A, Dubedat P, Bordier F, et al. Riluzole and experimental parkinsonism: Antago-
nism of MPTP-induced decrease in central dopamine levels in mice. Neuroreport 1994;
5:2657–2660.

280. Boireau A, Miquet JM, Dubedat P, et al. Riluzole and experimental parkinsonism: Partial 
antagonism of MPP(�)-induced increase in striatal extracellular dopamine in rats in 
vivo. Neuroreport 1994; 5:2157–2160.

281. Bezard E, Stutzmann JM, Imbert C, et al. Riluzole delayed appearance of parkinso-
nian motor abnormalities in a chronic MPTP monkey model. Eur J Pharmacol 1998;
356:101–104.

282. Araki T, Kumagai T, Tanaka K, et al. Neuroprotective effect of riluzole in MPTP-treated 
mice. Brain Res 2001; 918:176–181.

283. Obinu MC, Reibaud M, Blanchard V, et al. Neuroprotective effect of riluzole in a primate model 
of Parkinson’s disease: Behavioral and histological evidence. Mov Disord 2002; 17:13–19.

284. Benazzouz A, Boraud T, Dubedat P, et al. Riluzole prevents MPTP-induced parkinsonism 
in the rhesus monkey: A pilot study. Eur J Pharmacol 1995; 284:299–307.

285. Rascol OO, Brooks W, Koch D, et a;. A 2-year, multicenter, placebo-controlled, double-
blind, parallel-group study of the effect of filuzole on Parkinson’s disease progression.
Mov Disord 2002; 17:S39.

286. Shults CW. Therapeutic role of coenzyme Q(10) in Parkinson’s disease. Pharmacol Ther
2005; 107:120–30.

287. Beal MF. Mitochondrial dysfunction and oxidative damage in Alzheimer’s and 
Parkinson’s diseases and coenzyme Q10 as a potential treatment. J Bioenerg Biomembr
2004; 36:381–386.

288. Manyam BV, Dhanasekaran M, Hare TA. Neuroprotective effects of the antiparkinson 
drug Mucuna pruriens. Phytother Res 2004; 18:706–712.

289. Shults CW, Haas RH, Passov D, et al. Coenzyme Q10 levels correlate with the activi-
ties of complexes I and II/III in mitochondria from parkinsonian and nonparkinsonian 
subjects. Ann Neurol 1997; 42:261–264.

290. Sohmiya M, Tanaka M, Tak NW, et al. Redox status of plasma coenzyme Q10 indicates 
elevated systemic oxidative stress in Parkinson’s disease. J Neurol Sci 2004; 223:161–166.

291. McCarthy S, Somayajulu M, Sikorska M, et al. Paraquat induces oxidative stress and 
neuronal cell death; Neuroprotection by water-soluble coenzyme Q10. Toxicol Appl 
Pharmacol 2004; 201:21–31.

292. Menke T, Gille G, Reber F, et al. Coenzyme Q10 reduces the toxicity of rotenone in neuronal 
cultures by preserving the mitochondrial membrane potential. Biofactors 2003; 18:65–72.

293. Beal MF, Matthews RT, Tieleman A, et al. Coenzyme Q10 attenuates the 1-methyl-
4-phenyl-1, 2, 3, tetrahydropyridine (MPTP) induced loss of striatal dopamine and 
dopaminergic axons in aged mice. Brain Res 1998; 783:109–114.

294. Horvath TL, Diano S, Leranth C, et al. Coenzyme Q induces nigral mitochondrial 
uncoupling and prevents dopamine cell loss in a primate model of Parkinson’s disease.
Endocrinology 2003; 144:2757–2760.

295. Matthews RT, Yang L, Browne S, et al. Coenzyme Q10 administration increases brain 
mitochondrial concentrations and exerts neuroprotective effects. Proc Natl Acad Sci 
USA 1998; 95:8892–8897.

296. Elm JJ, Goetz CG, Ravina B, et al. The NINDS NET-PD Investigators. A randomized clinical 
trial of coenzyme Q10 and GPI-1485 in early Parkinson disease. Neurology 2007; 68:20–28.

297. Shults CW, Oakes D, Kieburtz K, et al. Effects of coenzyme Q10 in early Parkinson disease: 
Evidence of slowing of the functional decline. Arch Neurol 2002; 59:1541–1550.

298. Matthews RT, Ferrante RJ, Klivenyi P, et al. Creatine and cyclocreatine attenuate MPTP 
neurotoxicity. Exp Neurol 1999; 157:142–149.

299. A randomized, double-blind, futility clinical trial of creatine and minocycline in early 
Parkinson disease. Neurology 2006; 66:664–671.

300. Yang L, Sugama S, Chirichigno JW, et al. Minocycline enhances MPTP toxicity to dopa-
minergic neurons. J Neurosci Res 2003; 74:278–285.



FIGURE 20-1

FIGURE 20-2

FIGURE 20-3



FIGURE 20-4

FIGURE 20-8



FIGURE 20-10

FIGURE 20-12



FIGURE 27-4 FIGURE 27-6



FIGURE 27-7

FIGURE 32-1

A

B



FIGURE 32-2

FIGURE 32-5

DJ-1
mutation

DJ-1
mutation

α-Synuclein
mutation

Parkin
mutation

UCH-L1
mutation

LRRKZ
mutation

Modified
α-Synclein

Modified
Parkin

Protein degradation pathways
Misfolded protein

Normal protein

Proteasome

Degraded
proteins

Detoxification

Dopamine

DOS

DJ-1/PINK1
mutations

X X

Lysosome

Mitochondrial
dysfunction

X

Cell death



FIGURE 35-3

FIGURE 54-4

FIGURE 54-5



FIGURE 54-6

FIGURE 54-7



357

The Concept and 
Mechanisms of 
Programmed Cell Death

HISTORY OF THE CONCEPT

Programmed cell death (PCD) is a form of death in 
which genetic programs intrinsic to the cell bring about 
its demise through orderly molecular pathways. It is 
to be distinguished from necrotic cell death, in which 
a harsh physical or biological injury destroys the cell 
in the absence of any mechanistic participation by the 
cell. Generally, necrotic cell death is characterized mor-
phologically by the disruption of cellular and nuclear 
membranes and intracellular organelles. The molecular 
pathways of PCD are highly conserved evolutionarily, 
and they can be universally identified in diverse contexts 
of cell death. In addition, common morphologies of PCD 
are identified in diverse contexts as well, the most common 
being that of apoptosis, as described below. Historically 
this universal and molecularly ordered nature of PCD 
brought a new outlook for approaches to neuroprotection 
when the concept was first introduced for the pathogen-
esis of Parkinson’s disease (PD). Prior to the introduction 
of the PCD concept, it was generally believed that, in 
order to forestall neuronal death in the disease, it would 
be necessary to identify its specific proximate cause(s), 
whether they be environmental toxins or other agents, 
and to block the specific paths by which these causes 
led to neuronal death. However, with the introduction of 
the concept of PCD, it became apparent that without 

Robert E. Burke

knowing the proximate causes or even in the presence of 
diverse possible proximate causes, it would still be possible 
to abrogate neuronal death by inhibiting of the com-
mon pathways of PCD. As reviewed herein, this approach 
to neuroprotection has proven to be widely effective in 
numerous animal models of parkinsonism, and these 
studies provide a firm scientific basis for the hope that 
similar approaches may in the future prove effective for 
the human disease.

The concept of PCD had its origins in the field of 
developmental biology, when it was demonstrated that 
cell death is a normal and important feature of the ontog-
eny of the organism (1, 2). In developmental neurobiol-
ogy, the first demonstration of PCD was made by Victor 
Hamburger and Rita Levi-Montalcini when they observed 
naturally occurring cell death in dorsal root ganglia during 
normal development of the chick embryo (3) (reviewed
by Hamburger, Ref. 4). These investigators also made 
the critical observation in this and related studies that 
the magnitude of the naturally occurring cell death event 
was regulated by the targets of the developing structures.
They proposed that targets provide limiting amounts of 
trophic molecules, for which the developing neurons must 
compete. Their observations thus provided the basis for 
neurotrophic theory (5, 6), and ultimately led to the dis-
covery of nerve growth factor (7) and other neurotrophic 
factors.

31
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Another key milestone in the evolution of the PCD 
concept was the first description and definition of apopto-
sis, the most widely observed morphologic form of PCD, 
by Kerr and colleagues in 1972 (8). These investigators 
recognized that the morphology of apoptosis is widely 
observed in naturally occurring cell death during develop-
ment as originally reported by Glucksmann (1), including 
that which occurs during the development of the central 
nervous system. Thus, these investigators were the first to 
recognize apoptosis as the most prevalent morphology of 
naturally occurring cell death in the nervous system. Since 
apoptosis is the most common morphology of PCD, many 
authors use the term as a synonym for PCD; in reviewing 
the work of others herein, we retain their original usage of 
the term. However, for this chapter, our own preference 
is to use the term “apoptosis” in its stricter morphologic 
sense, because there are alternative morphologic forms 
of PCD, as described below.

The field of PCD entered the molecular era with 
the ground-breaking studies of H. Robert Horvitz in the 
nematode Caenorhabtidis elegans, for which he was the 
corecipient of the Nobel Prize in Physiology or Medicine 
in 2002. In C. elegans, 131 cells undergo developmental 
cell death; of these, 105 are neurons. By characterizing the 
nature of mutations affecting the loss of these cells, Hor-
vitz and colleagues identified critical molecular mediators 
of PCD, many of which were the founding members of 
gene families that play critical roles in PCD in higher 
organisms (9, 10). A critical additional milestone in the 
evolution of the PCD concept as a genetically regulated, 
orderly process was the direct demonstration in several 
models that gene transcription is required in order for 
death to occur (11–13). While this requirement depends 
on the cellular context (14), it nevertheless supports the 
mechanistic nature of PCD.

APOPTOSIS AND OTHER MORPHOLOGIES 
OF PROGRAMMED CELL DEATH

The initial and complete morphologic characterization 
of apoptosis was achieved by Kerr and colleagues (8) by 
ultrastructural examination of a variety of tissues. They 
identified what is perhaps the best-known feature because 
it can also be observed at the light-microscopic level—that 
of condensation of the nuclear chromatin. The condensed 
chromatin may appear as masses subjacent to the nuclear 
membrane (15) or as distinct rounded masses (which can 
be multiple) within the nucleus. On electron microscopy, 
the condensed chromatin is markedly electron-dense; it 
is homogeneous in appearance and has very distinct, 
well-demarcated boundaries. Some of these features can 
also be observed in brain tissue by the light microscope; 
they are so characteristic as to permit identification of 
apoptosis at that level. Additional features observed by 

Kerr and colleagues at the ultrastructural level include 
preservation of cellular organelles, such as mitochondria, 
and both nuclear and plasma membranes. As the cells 
die, they form membrane blebs, which break off, form-
ing apoptotic bodies. These may encompass cytoplasm, 
cellular organelles, and chromatin fragments. The apop-
totic bodies are phagocytized by adjacent, intact cells. In 
their initial description of apoptosis, Kerr et al. made the 
additional important observations that apoptosis occurs 
rapidly, usually within 24 hours for a given cell, and that 
it does not elicit an inflammatory response.

While apoptosis is clearly the most prevalent mor-
phology of PCD, it is important to recognize that other 
morphologies exist. Clark (16) has identified 3 other forms. 
Here we comment on only that of autophagy (Clark’s 
type 2). In his review, Clark confined his description of 
autophagy to what is now termed “macroautophagy,” to be 
distinguished from the related processes of microautophagy 
and chaperone-mediated autophagy (17). Macroautophagy 
is a process in which intracellular contents are enveloped by 
an intracellular isolation membrane. This enclosed struc-
ture, an autophagosome, subsequently merges with a lyso-
some, forming an autophagolysosome (18). Its contents are 
proteolyzed and the constituents are recycled by the cell. It 
is important to recognize that autophagy does not always 
lead to the destruction of the cell; on the contrary, in some 
contexts, by recycling essential molecules, it can sustain 
the life of the cell and the organism (19, 20). Nevertheless, 
autophagy has also been identified as a mediator of cellular 
degeneration, and in that context, it is reasonably consid-
ered as a form of PCD for two reasons. First, it leads to 
the elimination of cells in normal, developmental processes 
(16). In fact, autophagy has been identified within the cells 
that degenerate in C. elegans (9). Second, autophagy is 
mediated by orderly molecular pathways (17, 21). Far 
less is known about the molecular pathways mediating 
autophagy as opposed to apoptotic PCD, and they are 
not discussed further here. Ultimately, however, these 
pathways may prove to relevant to human PD, because 
autophagy has been identified in vitro in models of dopa-
mine neuron degeneration (22, 23), and features sugges-
tive of autophagy have been reported in postmortem PD 
substantia nigra (SN) (24).

A practical implication of the point that diverse cellu-
lar morphologies may accompany PCD is that the absence 
of classic apoptotic morphology in a particular setting of 
neuronal death does not exclude the possibility that PCD, 
in some other morphologic form, may be present.

The Molecular Pathways of 
Programmed Cell Death: A Primer

There are 3 principal pathways by which the molecular 
events of PCD can be initiated: by the intrinsic and extrin-
sic pathways and by endoplasmic reticulum (ER) stress 
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(Figure 31-1). The schematic depicted in this figure is an 
oversimplification as many possible interactions between 
these 3 pathways are not shown, but it serves as a useful 
organizational framework. The main focus of attention 
in this review is on the intrinsic pathway, which has been 
more extensively investigated in PD and models thereof, 
but some observations relevant to the extrinsic pathway 
and ER stress are touched upon briefly.

The extrinsic pathway of cell death has an impor-
tant role in killing lymphocytes, cancer cells, and virus-
infected cells (25). In the extrinsic pathway, PCD is 
initiated by the binding of an extracellular ligand to 
a cell surface receptor (a “death receptor”). An exam-
ple is the binding of Fas ligand (FasL or CD95L) to 
the Fas (or CD95) receptor. These death receptors all 
contain cytoplasmic death domains (DD). Following 
ligand binding, these intracellular DDs interact with 
homologous DDs on adapter proteins, which also 
contain death effector domains (DED). The inactive, 
zymogen form of caspase-8 also contains a homolo-
gous DED, which, upon interaction with the DEDs of 
the adaptor proteins, permits close association (“induced 
proximity”) of several pro–caspase-8 molecules (see 
Figure 31-1). The low intrinsic proteolytic activity of the
pro–caspase-8 molecules then achieves autocleavage, 
resulting in the fully active, cleaved form of caspase-8. 

Caspase-8 then mediates cleavage and activation of 
caspase-3, which, as an effector caspase (see below), cleaves 
numerous cellular proteins. Caspase-8 also cleaves and 
activates Bid, a proapoptotic member of the Bcl-2 fam-
ily. Another protein capable of interacting with the Fas 
receptor is Daxx (26), which mediates apoptosis by 
activating c-jun kinase (JNK) (see below) (27). Daxx 
has been demonstrated to interact with DJ-1, which is 
mutated in some autosomal recessive forms of PD.

Another pathway for the activation of PCD is the 
stress pathway of the endoplasmic reticulum (ER) (see 
Figure 31-1). The ER provides a cellular compartment 
for the posttranslational modification and folding of 
membrane and secretory proteins. If the ER becomes 
unable to achieve prompt protein folding—due to protein 
mutations, or cellular stresses (such as ER Ca2� depletion
or inhibition of glycosylation) or protein overload—it 
will result in the prolonged exposure of internal protein 
hydrophobic domains, with potential toxicity to the cell. 
The cell has developed multiple mechanisms to deal with 
this problem, including increased production of protein-
folding chaperones, suppression of protein translation, 
and ER-associated protein degeneration (ERAD) by the 
proteasome (28). If, however, these efforts to maintain 
cellular homeostasis fail, the ER transmits molecular sig-
nals to initiate PCD. Two transcription factors, ATF4 and 

FIGURE 31-1

The three principal pathways for the activation of programmed cell death. DD � death domain; DED � death effector domain. 
Reprinted from Burke RE. Programmed cell death in Parkinson’s disease. In: W Koller and E Melamed (eds). The Handbook of 
Clinical Neurology, 3rd ed. Philadelphia: Elsevier, 2006.
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ATF6, induce expression of another transcription factor, 
CHOP/GADD153, which in turn mediates PCD (29), in 
part by increasing oxidation within the ER (30).

A possible role for ER stress has been suggested 
for inherited PD due to loss of function mutations in the 
parkin gene (31, 32), as reviewed below. These mutations 
indicate that protein processing may play an important 
pathogenetic role, because parkin is an E3 ubiquitin ligase 
(33) and as such it plays a role in targeting proteins for 
degradation by the proteasome (34). One target of parkin 
is Pael-R, a difficult-to-fold protein (35, 36). It has been 
postulated that loss of parkin function results in Pael-R 
accumulation, ER stress, and neuronal death (36). Thus, 
PCD due to ER stress will be an important avenue for 
future investigations into the pathogenesis of PD.

THE INTRINSIC PATHWAY OF 
PROGRAMMED CELL DEATH

In the intrinsic pathway of PCD, the pivotal event that 
commits the cell to death is the release of cytochrome c 
and other protein mediators of PCD from the mitochon-
drion (Figures 31-1 and 31-2). This event is controlled by 
members of the Bcl-2 family, of which over 20 members 
have now been identified (37). Among the members of 

the Bcl-2 family, there are competing relationships among 
anti- and pro-apoptotic members, and the fate of the cell 
is determined by which is predominant. All members of 
the Bcl-2 family contain at least 1 of 4 conserved domains 
called Bcl-2 homology (BH) domains (38). Most anti-
apoptotic Bcl-2 proteins contain at least BH1 and BH2; 
the 2 prototypic examples, Bcl-2 and Bcl-XL, contain 
all 4. There are 2 classes of proapoptotic Bcl-2 family 
members. The “multidomain” members, such as Bax and 
Bak, contain BH1, 2, and 3 domains. The “BH3 only” 
members—such as Bid, Bim and Bad—contain only BH3. 
The antiapoptotic proteins Bcl-2 and Bcl-XL both contain 
C-terminal membrane anchor domains, which localize 
them to the outer mitochondrial membrane as well as 
the ER and the nuclear membrane. At the mitochondrial 
outer membrane, these proteins protect against cyto-
chrome c release and the initiation of the downstream 
cell death cascade.

This protective effect of the antiapoptotic Bcl-2 
proteins is antagonized by interaction with Bax or Bak 
(Figure 31-2), an interaction that allows the release of 
cytochrome c and other proapoptotic proteins from the 
mitochondrion and initiation of the cell death cascade. 
Bax is normally located in the cytoplasm; with the onset 
of apoptotic stimulation, it translocates to the mitochon-
drion to initiate cytochrome c release. Bak is normally 

FIGURE 31-2

The intrinsic pathway of programmed cell death. Reprinted from Burke RE. Programmed cell death in Parkinson’s disease. In: 
W Koller and E Melamed (eds). The Handbook of Clinical Neurology, 3rd ed. Philadelphia: Elsevier, 2006.
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expressed on the outer membrane of the mitochondrion. 
Activation of Bax or Bak is absolutely required for apop-
tosis to occur, because cells that carry a double homozy-
gous deletion of both are resistant to a wide variety of 
inducers of apoptosis (39). Bax and Bak are activated 
by BH3-only proapoptotic members of the Bcl-2 family. 
These proteins are, in turn, activated by death-inducing 
signals by a variety of posttranslational modifications. 
Bid, for example, is activated by cleavage by caspase-8, 
as previously described. Bad is activated by alteration 
of its phosphorylation status (40). Activation of Bax or 
Bak by BH3-only proteins results in their homooligo-
merization and, by mechanisms that are not completely 
understood, permeabilization of the outer mitochondrial 
membrane (37).

In the intrinsic pathway, the release of cytochrome 
c results in the activation of a caspase cascade (see 
Figure 31-2). In mammalian cells, there are now 14 identi-
fied caspases (41). All of these proteases contain a cysteine 
at their active site, and they all cleave on the carboxyl side 
of an aspartate (thus, “caspases”). There are 2 groups 
among the caspases that play a role in PCD: “initiator” 
caspases (-2, -8, -9, and -10) and “effector” caspases 
(-3, -6, and -7). These two groups are distinguished by their 
N-terminals. Initiator caspases contain long N-terminal 
regions that are involved in the regulation of their acti-
vation—for example, the DED domain in caspase-8 (see 
Figure 31-1). The effector caspases contain only short 
(20 to 30 amino acids) N-terminal prodomains. All cas-
pases are produced by cells as inactive zymogens. All 
caspases are activated by proteolytic cleavage (by an ini-
tiator caspase) to produce a large (�20-kDa) and a small 
(�10-kDa) subunit, which then associate to form a het-
erodimer. These heterodimers, in turn, associate to form 
a heterotetramer consisting of 2 p20/p10 heterodimers, 
which constitute the active form of the enzyme.

Following the release of cytochrome c from mito-
chondria, caspase-9 becomes activated upon association 
with a cytoplasmic protein Apaf-1 (apoptosis-protease-
activating factor-1), in the presence of dATP, to form a 
�1.4 MDa complex called “the apoptosome” (42) (see 
Figure 31-2). Activated caspase-9 then cleaves and acti-
vates caspase-3 and other effector caspases. Effector cas-
pases then systematically cleave select cellular proteins to 
either eliminate their function or, alternatively, to activate 
proteins which then become proapoptotic.

The activity of caspases is regulated by inhibitor-of-
apoptosis proteins (IAPs), of which there are 8 known in 
mammalian cells (42) (see Figure 31-2). These proteins 
all contain regions (baculoviral IAP repeat or BIR) that 
bind to and inhibit select caspases. In mammalian cells, 
caspases-3, -7, and -9 are all subject to IAP inhibition. 
This inhibition by IAPs can, in turn, be blocked by a fam-
ily of proteins that contain a tetrapeptide motif, which 
binds to and blocks the BIRs of IAPs. In mammals, the 

founding member of this family was found to be released 
by mitochondria and termed the “second mitochondria-
derived activator of caspases” (SMAC), or DIABLO 
(direct IAP-binding protein) (43, 44) (see Figure 31-2).

In addition to cytochrome c and SMAC/DIABLO, 
mitochondria release a protein apoptosis-inducing factor 
(AIF) in response to cell death stimuli (45). When first 
identified, it was shown that this protein is capable of 
causing nuclear condensation and DNA fragmentation, 
as occurs in apoptosis, and that none of these effects are 
blocked by caspase inhibitors (45). More recently, it has 
been shown that, by a mechanism not yet understood, 
AIF release from the mitochondrion is mediated by the 
DNA repair enzyme poly (ADP-ribose) polymerase I 
(PARP-1); PARP inhibition or genetic deletion prevents 
mitochondrial AIF release, translocation to the nucleus, 
and cell death (46). The demonstration of this pathway 
indicates that there are important non-caspase-dependent 
pathways to cell death.

While there are likely to be multiple upstream path-
ways acting upon the proapoptotic BH3-only proteins 
to initiate mitochondrial release of death mediators, one 
such pathway, which has been the focus of extensive 
investigation, involves the activation of the transcription 
factor c-jun by phosphorylation (reviewed in Ref. 47). 
Phosphorylation and activation of c-jun is mediated by 
c-jun N-terminal kinase (JNK), which, in turn, is acti-
vated by phosphorylation by a complex kinase cascade 
that includes the mixed-lineage kinases (47). There is 
abundant evidence from studies in tissue culture and ani-
mal models that this kinase cascade plays an important 
role in initiating PCD (48). In relation to PD specifically, 
there are now numerous experiments utilizing either 
pharmacologic or genetic approaches to blocking the 
JNK/c-jun kinase cascade that have demonstrated efficacy 
in preventing dopamine neuron death in animal models 
of parkinsonism (47). This signaling pathway acts upon 
BH3-only mediators in multiple ways to initiate death. 
There is evidence that c-jun induces the expression of 
Bim (49, 50) (see Figure 31-2). In addition, JNK not only 
phosphorylates and activates c-jun but also phosphory-
lates and activates Bim directly (51) (see Figure 31-2). 
In addition, JNK phosphorylates and directly activates 
Bad (52).

PROGRAMMED CELL DEATH IN DOPAMINE 
NEURONS OF THE SUBSTANTIA NIGRA 

DURING DEVELOPMENT

Before considering the possible relevance of PCD to PD, 
it is important to observe that dopamine neurons of the 
substantia nigra (SN), like most developing neural sys-
tems, undergo a naturally occurring PCD event (53, 54), 
which is characterized morphologically by the exclusive 
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appearance of apoptosis. In rodents, the cell death event 
is largely postnatal, ending by the fourth postnatal week. 
As envisioned by classic neurotrophic theory, the magni-
tude of this death event is regulated by interactions with 
the striatal target, because experimental manipulations 
which disrupt such interactions result in increased cell 
death (reviewed in Ref. 55). This cell death is mediated, 
at least in part, by the caspases. The activated forms 
of caspases-9 (56) and -3 (57) can be demonstrated by 
immunohistochemistry with specific antibodies, as can 
specific caspase-3 protein cleavage products (58). This 
activation of caspases is likely to be mediated by the 
intrinsic pathway of PCD. Overexpression of Bcl-2 within 
dopaminergic neurons, under the control of the tyrosine 
hydroxylase promoter, results in suppression of natural 
cell death and a 30% increase in the surviving number 
of SN dopamine neurons (59). Thus the molecular path-
ways of PCD are normally activated in some dopamine 
neurons during development. The question then becomes: 
Is there evidence that these or related molecular path-
ways are abnormally activated in adult-onset human PD 
and are thereby playing a role in the neurodegenerative 
process?

PROGRAMMED CELL DEATH: RELEVANCE 
TO HUMAN PARKINSON’S DISEASE

There are 3 forms of evidence that the molecular pathways 
of PCD are relevant to the degeneration of dopaminergic 
and other neurons in human PD: (a) In current animal 
models of PD, in which dopamine neuron death occurs, 
the mechanisms of PCD have been shown to play a role; 
(b) for a number of the gene mutations now known to 
cause familial PD, evidence suggests that they may act by 
either inducing PCD or augmenting sensitivity to it; and 
(c) There is increasing evidence from studies of human PD 
postmortem brains that the pathways of PCD play a role. 
Each of these forms of evidence is reviewed below.

Programmed Cell Death in Animal Models 
of Parkinsonism

An important step forward in establishing the possible 
relevance of PCD to neurodegeneration in human PD was 
the demonstration that PCD occurs in dopamine neurons 
of the SN not only during normal naturally occurring cell 
death in the developmental period but also in settings of 
pathologic death—for example, that induced by toxins 
and in the adult brain. There is now evidence that the 
processes of PCD occur in SN dopamine neurons in the 
major current animal models of parkinsonism—including 
in adulthood—depending on the dose, timing, and route 
of administration of the neurotoxin. The evidence in these 
models is both correlative, in which activation of PCD 

mediators has been demonstrated in conjunction with 
the occurrence of death, and functional, in which disrup-
tion of cell death pathways by pharmacologic or genetic 
means has led to improved survival of dopamine neurons 
in the model. For the purposes of this review, primarily 
studies that have been conducted in living animals are 
considered.

6-Hydroxydopamine. One of the first established 
models of parkinsonism utilized the selective catechol-
aminergic neurotoxin 6-hydroxydopamine (6-OHDA) 
to destroy SN dopamine neurons (60, 61). This model 
is considered to be potentially relevant to human PD 
because 6-OHDA is an endogenous oxidative metabolite 
of dopamine (60) and has been demonstrated in human 
caudate (62). We demonstrated that during the natu-
rally occurring cell death period, intrastriatal injection of 
6-OHDA induces apoptosis in SN dopamine neurons 
(63). While we initially attributed this induction of 
apoptosis to a destruction of intrastriatal dopaminer-
gic terminals by the toxin and a resulting loss of devel-
opmental target-derived trophic support, more recent 
studies have suggested that this is likely to be true only 
in part; some of the death is likely to be due to a direct 
effect of the toxin. In dopamine neuron apoptosis due 
to naturally occurring cell death or its augmentation by 
axotomy, there is a characteristic pattern of immunos-
taining for activated caspase-3 and its cleavage products 
that is strictly perinuclear (57, 58). In the developmental 
intrastriatal 6-OHDA model, however, in addition to this 
pattern, a pattern of cytoplasmic staining is observed 
in the immunostaining for activated caspase-3 and its 
cleavage products (57, 58). Apoptosis occurs in SN dopa-
mine neurons following intrastriatal 6-OHDA not only 
in immature animals but in adults as well, as confirmed 
by electron microscopy and light microscope morpho-
logic criteria (64).

The activation of caspase-3 in the intrastriatal 
6-OHDA model is likely to be mediated, at least in part, 
by activation of the intrinsic pathway of PCD, because it 
is accompanied by activation of caspase-9, as indicated 
by immunostaining with antibodies specific for the acti-
vated form (56). The ER stress pathway is also involved 
in this model, because CHOP/GADD153 expression is 
induced, and, in the adult model, a homozygous CHOP 
null mutation is protective (65).

The ability of 6-OHDA to induce apoptosis in SN 
in animal models depends on the site of injection and 
the dose. We observed that direct injection of 6-OHDA 
into the SN, as in the classic Ungerstedt model, did not 
induce apoptotic morphology (66). Other investigators 
have found, however, that injection of a similar or lower 
dose into the adjacent medial forebrain bundle does 
induce morphologic and DNA nick-end-labeling evidence 
of apoptosis (67, 68).



31 • THE CONCEPT AND MECHANISMS OF PROGRAMMED CELL DEATH 363

MPTP Models of Parkinson’s Disease. As for 6-OHDA 
models, the occurrence of apoptosis and the participation 
of pathways of PCD in MPTP (1-methyl 4-phenyl 1,2,3,
6-tetrahydropyridine) models depend on how the toxin is 
administered. In the most widely used regimen, the acute 
model of MPTP toxicity, multiple doses of the toxin are 
administered to mice every 2 hours. In a morphologic 
assessment of 3 different doses of MPTP administered 
according to this regimen, Jackson-Lewis and colleagues 
were unable to detect apoptotic morphology or DNA in 
situ end-labeling in the SN at any of 3 time points fol-
lowing injection (69). Even in the absence of apoptotic 
morphology, some investigations have suggested a pos-
sible role for the molecular mediators of PCD. Hassouna 
et al. noted increased Bax mRNA and protein expression 
following acute MPTP, but this was not a quantitative 
analysis (70). Yang and collaborators clearly demon-
strated the ability of Bcl-2, overexpressed in transgenic 
mice, to protect from loss of striatal dopamine and dopa-
mine transporter in the acute MPTP model; in fact, the 
transgene was more effective in the acute model, where 
apoptosis is not observed, than in the chronic model, 
where it is (see below) (71). As these investigators pointed 
out, however, Bcl-2 can protect not only from apoptotic 
death but also necrotic death (for example, see Ref.72); 
therefore protection from neural death by Bcl-2 cannot 
be taken as direct evidence that the pathways of PCD as 
delineated above are involved.

In the acute MPTP model, Viswanath and colleagues 
demonstrated the ability of the general caspase inhibitor 
protein p35, expressed as a transgene, to protect from 
dopamine neuron loss (73). However, the protection was 
slight and inhibition of cell death was not directly shown. 
They also demonstrated, by tissue assays, increases in 
the activity of caspases in the SN after MPTP injection. 
However, these assays were performed at the tissue level, 
not the cellular level, so it is not known that the changes 
occurred in dopamine neurons; they may instead have 
occurred in nonneural cells. Indeed, Furuya et al. clearly 
demonstrated a role for caspase-11, an inflammatory 
caspase (41, 74), in the acute MPTP model in nondo-
paminergic, inflammatory cells (75). A caspase-11 null 
mutation protected from acute MPTP-induced SN neuron 
loss. However, most of the caspase-11 was expressed in 
microglia, not dopamine neurons. The caspase-11 null 
mutation was not protective in the chronic MPTP model, 
in which apoptosis is observed; on the other hand, a 
dominant negative form of Apaf-1 was protective in the 
chronic model (see below) but not in the acute model (75). 
These authors concluded that the acute model is char-
acterized by an inflammatory process in which the role 
for caspase-11 is not cell autonomous to dopamine neu-
rons. We conclude that there is little evidence to date for 
apoptosis or the activation of PCD pathways intrinsic to 
dopamine neurons in the acute MPTP model.

The chronic model of MPTP toxicity is induced by 
administering a single dose each day (30 mg/kg) for 5 days 
(76). In their original description of this model, Tatton 
and Kish clearly identified apoptotic nuclear chromatin 
clumps within phenotypically defined SN dopamine neu-
rons and DNA nick-end labeling (76). Like Yang et al., 
Offen and colleagues demonstrated that overexpression 
of Bcl-2 in transgenic mice protects from loss of striatal 
dopamine in this model (77). As discussed above, given 
the spectrum of Bcl-2 effects, this finding does not pro-
vide direct evidence for a role of the intrinsic pathway 
of PCD. More convincing evidence for a role for this 
pathway comes from the demonstration by Vila and col-
leagues that mice deficient in Bax are protected from the 
induction of apoptosis and loss of SN dopamine neurons 
in the chronic model (78). In keeping with a role for the 
intrinsic pathway of PCD, Mochizuki et al. have demon-
strated that transduction of SN dopamine neurons with 
a dominant negative form of Apaf-1 also protects from 
the loss of dopamine neurons (79). These authors con-
clude that the intrinsic pathway is likely to be activated 
in the chronic MPTP model. This activation is likely to 
be responsible for the activation of caspase-3, as reported 
by Turmel et al. (80).

The Rotenone Model of Parkinson’s Disease. Chronic
intravenous administration of the mitochondrial complex 
I inhibitor rotenone to rats has been shown to induce 
selective degeneration of nigral dopaminergic neurons, 
synuclein inclusions, and behavioral signs of parkinson-
ism, thus modeling human PD (81). Although informa-
tion for the in vivo context is lacking, chronic rotenone 
exposure induces apoptosis and increases susceptibility to 
H2O2-induced apoptosis in the in vitro setting (82).

The C-Jun Signaling Cascade in Animal Models of 
Parkinsonism. In targeting PCD pathways in the devel-
opment of neuroprotective approaches to PD, the most 
effective strategy would be to attempt to block upstream 
mediators before extensive cellular damage is done. One 
of the most widely studied upstream signaling pathways 
in PCD is the kinase cascade that leads to the activation of 
the transcription factor c-jun (see Figure 31-2). There are 
now numerous studies indicating a role for this signaling 
cascade in the mediation of dopamine neuron death in 
parkinsonian animal models (reviewed in Ref. 47). Initial 
studies of c-jun expression in the central nervous system 
of living animals in models of injury were difficult to 
interpret in relation to cell death because early studies in 
peripheral systems had shown that expression could be 
upregulated by regenerative processes (83). The earliest 
studies specifically within the substantia nigra (SN) in 
models of death induced by 6-OHDA (84) and axotomy 
(85) noted substantial and sustained increases in c-jun 
expression, but these changes were interpreted largely as 
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a possible regenerative response. In the 6-OHDA model, 
however, other investigators subsequently showed that 
cell death is greatest (86) at 4 to 8 days after lesioning, 
when the expression of c-jun is maximal.

With increased awareness of apoptosis as a distinct 
morphology of programmed cell death (15) and the abil-
ity to detect it by nuclear staining, it became clear that 
c-jun expression could be correlated at the cellular level 
with this form of cell death in living animals. This was 
true in the context of natural cell death in the peripheral 
(87) and central (88) nervous systems and in models of 
induced natural cell death (89). Similarly, in the SN, close 
correlations could be made between c-jun expression and 
markers of apoptosis. Herdegen et al. (90) demonstrated, 
in the adult axotomy model, a close regional and tempo-
ral association between prolonged c-jun expression and 
DNA nick-end labeling for apoptosis (91). Oo et al. (92) 
demonstrated, in a postnatal model of apoptosis in the 
SNpc induced by early target deprivation, that c-jun and 
JNK expression could be correlated at a cellular level with 
apoptotic morphology. Thus, these early morphologic 
studies of apoptotic cell death suggested a clear correla-
tion with c-jun expression.

A functional role for c-jun in mediating death spe-
cifically within dopamine neurons has been supported 
by studies using viral vector gene transfer approaches. 
Crocker et al. (93) demonstrated in an axotomy model 
that adenovirus-mediated expression of a c-jun dominant-
negative construct prevents the loss of dopamine neu-
rons in the SN and the loss of dopaminergic fibers in the 
striatum. A functional role for JNK/c-jun signaling in 
dopamine neuron death is also supported by the demon-
stration that gene transfer of the JNK binding domain of 
JIP-1 (which inhibits JNK activation) protects dopamine 
neurons from chronic MPTP toxicity (94). Again, this 
approach prevented the loss not only of SN dopamine 
neurons but also of their striatal terminals as assessed by 
catecholamine levels.

In view of this evidence that phosphorylation of 
c-jun plays a role in the mediation of cell death in dopa-
mine neurons and given that JNK is the dominant kinase 
for c-jun (95), it would be predicted that JNK isoforms 
also play a role in the death of these neurons. Hunot and 
coinvestigators have shown, in the acute model of MPTP 
toxicity, that both JNK2 and JNK3 homozygous null 
animals are resistant (96). JNK1 null animals were not 
protected. Compound mutant JNK2 and JNK3 homozy-
gous nulls were even more protected; they showed only 
a 15% loss of neurons. Thus both JNK2 and JNK3 play 
a role in cell death in this model. The compound null 
mutation also protected dopaminergic fibers in the stria-
tum. These investigators postulated that increased tran-
scriptional activity mediated by JNK phosphorylation 
of c-jun may mediate cell death, and they found that the 
immune mediator cyclooxgenase-2 is upregulated. JNK 

was shown to be necessary for this upregulation, as it 
was abolished in the compound JNK mutants. Thus, JNK 
may ultimately act, at least in part, in the inflammation 
of the acute MPTP model by upregulating cycloogenase-2, 
which has been implicated as a death mediator in this 
model (97).

These studies, based on genetic techniques using 
either gene transfer or transgenesis in mice, which indi-
cate a functional role for c-jun signaling in the mediation 
of neuron death in living animals, have received much 
support from pharmacologic studies using the specific 
mixed lineage kinase (MLK) inhibitors CEP1347 and 
its analog CEP11004 (98). These MLK inhibitors have 
also been shown to be protective in animal models of 
parkinsonism. In a single-dose model of MPTP toxicity, 
Saporito and coinvestigators demonstrated that CEP1347 
attenuated the loss of dopaminergic terminal markers and 
cell bodies in SN as demonstrated by immunostaining 
(99). In the MPTP single-dose model, there is increased 
phosphorylation of JNK, and this increase is attenu-
ated by CEP1347 (100). In the intrastriatal injection of 
6-OHDA model in postnatal rats, CEP11004 diminished 
the number of dopaminergic apoptotic profiles (56) and 
the number of activated caspase-9–positive profiles in 
proportion to overall protection from cell death (56). In 
this study there was almost complete protection of striatal 
TH-positive fibers; this is especially remarkable consid-
ering that the toxin was injected directly into striatum. 
Overall, these genetic and pharmacologic studies demon-
strate a clear role for the JNK/c-jun signaling pathway 
in initiating PCD in a variety of living animal models of 
parkinsonism.

Programmed Cell Death and 
Genetic Causes of Parkinson’s Disease

A number of genetic mutations are now known to cause 
familial PD (reviewed in Ref. 101). Although the cellular 
functions of the affected proteins and the mechanisms 
whereby the mutations result in dopamine neuron death 
are largely unknown, the possibility that these genes may 
play a role in regulating PCD has been suggested by a 
number of studies.

Synuclein. The first mutation identified to cause human 
PD is an A53T substitution in the protein �-synuclein 
(102). Other substitution mutations, A30P (103) and 
E46K (104), were also subsequently associated with 
autosomal dominant familial PD. In addition, a tripli-
cation mutation of the synuclein locus, in the absence 
of modification of the wild-type sequence, has also 
been identified (105). Even prior to the discovery of the 
PD-causing mutations in synuclein, it had been known 
that �-synuclein, or fragments of it, are capable of form-
ing protein aggregates spontaneously (106, 107). With the 
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discovery of the mutations, it was found that they tend to 
increase this tendency to self-aggregate (108, 109). These 
observations, in conjunction with the discovery that synu-
clein is a major component of Lewy bodies (110), have 
led to the prevailing concept that the synuclein muta-
tions cause a “toxic gain of function” that results in an 
increased tendency to aggregate, and, by mechanisms not 
yet known, increased dopamine neuron death (reviewed 
in Ref. 111). This concept is supported by a number 
of studies in animal models in which overexpression of 
human synuclein has been associated with dopaminergic 
neuron dysfunction or death (112, 113).

However, the normal function of �-synuclein is 
still unknown, and it remains possible that a loss of 
its normal function, due either to the disease-causing 
mutations or sequestration of normal protein in disease-
associated aggregates, plays a role in PD pathogenesis. 
Such a possibility has received support from a number 
of studies in diverse tissue culture contexts indicating 
that �-synuclein has an antiapoptotic function. Studies 
by da Costa and coinvestigators have shown that human 
wild-type �-synuclein protects cells of neocortical origin 
from diverse inducers of apoptosis and that the A53T 
mutation abrogates this protective effect (114). This 
protective effect of synuclein is associated with dimin-
ished expression of p53, a known transcriptional media-
tor of apoptosis (115). Hashimoto and colleagues made 
comparable observations in a neuronal cell line derived 
from murine hypothalamic tumor cells; when transfected 
with �-synuclein, these cells show increased survival and 
diminished activation of JNK, an apoptotic mediator, fol-
lowing exposure to hydrogen peroxide (116). Li and Lee 
have also demonstrated that human wild-type �-synuclein 
but not the A53T mutant protects a variety of neuronal 
cell lines but not nonneuronal cells from several agents 
that induce apoptosis (117). The protective effect was 
demonstrated to depend on the 20 C-terminal amino 
acids of �-synuclein. The effect was mediated by an 
attenuation of caspase-3 activity (117). Perhaps of greater 
direct relevance to human PD, Machida and colleagues 
demonstrated that antisense “knockdown” of parkin (see 
below) in human dopaminergic SH-SY5Y cells resulted in 
apoptosis, but this effect was blocked by overexpression 
of wild-type synuclein (118). These in vitro observations 
of an antiapoptotic effect of wild-type synuclein are in 
keeping with an earlier in vivo observation made by our 
own group that, upon induction of apoptosis in dopamine 
neurons of the SN by a lesion to their target, the striatum, 
during development, synuclein expression was induced 
only in surviving nonapoptotic neurons, suggesting the 
possibility of a protective effect (119).

However, these in vitro observations are far from 
universal. In stably transfected PC12 cells, lines express-
ing human wild-type �-synuclein showed no decreased 
sensitivity to the induction of apoptosis by serum 

withdrawal (120). Some investigators have in fact reported 
a proapoptotic effect of �-synuclein. Zhou et al., for exam-
ple, reported an increased sensitivity to 6-OHDA–induced 
apoptosis following overexpression of human wild-type 
�-synuclein (121). These disparate results in tissue culture 
are likely to be due to differences among these studies 
in cells, methods of expressing �-synuclein, and meth-
ods of inducing cellular injury. Studies performed in vivo 
may be expected to provide better insight into the normal 
function of synuclein and a protective role if it exists, 
but such studies also do not lend themselves to simple 
interpretation. In line with a protective role, Manning-
Bog and coworkers demonstrated a neuroprotective effect 
against paraquat-induced degeneration of nigral dopa-
mine neurons in �-synuclein–overexpressing transgenic 
mice (122). On the other hand, Dauer et al. have shown 
that a synuclein homozygous null mutation in mice does 
not augment sensitivity to MPTP treatment; on the con-
trary, it completely protects from SN dopamine neuron 
loss (123). Similar observations have been made by other 
investigators (124, 125).

In conclusion, while many independent in vitro 
studies support an antiapoptotic role for synuclein, it 
remains unclear whether these observations are physi-
ologically relevant and whether they have implications 
for the pathogenesis of PD.

Parkin. A second cause of familial PD and more com-
mon than mutations in the gene for �-synuclein (PARK1), 
are mutations in the gene parkin (PARK2). Mutations in 
parkin were first identified in Japanese families with an 
autosomal recessive juvenile onset form of PD (ARJP). 
These patients show all the motor features of parkinson-
ism, and they respond to treatment with levodopa. At 
postmortem, there is loss of dopamine neurons of the 
SN and of noradrenergic neurons of the locus ceruleus. 
The first mutations identified were deletion mutations 
(32), but subsequently a large variety of mutations were 
discovered in other families, including frameshift and 
point mutations. These various mutations result in loss 
of parkin function, which has been shown to be that of 
an E3 ubiquitin ligase (33). Thus, parkin participates in 
the ubiquitination and subsequent degradation by the 
proteasome of specific protein substrates. A number of 
these substrates have been identified, including CDCrel-1 
(126), Pael-R (36), a glycosylated form of synuclein (127), 
synphilin (128), cyclin E (129), �/	 tubulin (130), and the 
p38 subunit of aminoacyl-tRNA synthetase complex (131). 
It is hypothesized that the accumulation or loss of regula-
tion of such substrates is responsible for dopamine neu-
ron death. Unlike studies of synuclein, where both in 
vitro and in vivo approaches have yielded mixed results 
insofar as regulation of apoptosis is concerned, stud-
ies of parkin have universally demonstrated protection 
from apoptotic death. However, the nature of the toxic 



VI • PATHOGENESIS AND ETIOLOGY366

stimulus to which parkin affords protection and the means 
by which it does so has varied among investigations.

Imai and coworkers observed that unfolded protein 
stress within the ER, such as that induced by tunicamy-
cin, resulted in upregulation of parkin, and that parkin
could protect cells from this death stimulus in tissue 
culture (35). This protective ability was abrogated by 
ARJP-causing mutations. ER stress is one of the princi-
pal pathways leading to apoptosis in cells (132). These 
investigators further showed that one parkin substrate, 
Pael-R (Parkin-associated endothelin receptor–like 
receptor) is a difficult-to-fold protein, and its overexpres-
sion results in the formation of aggregates and cell death. 
Parkin ubiquitinates Pael-R, suppresses the formation of 
Pael-R aggregates, and protects from cell death (36). 
Thus, one hypothesis of parkin function is that it pro-
tects dopamine neurons from ER stress–mediated 
apoptosis. The possible role of ER stress–mediated cell 
death in dopamine neurons has received independent 
support from both in vitro (133, 134) and in vivo stud-
ies (65), indicating that dopamine neuron death induced 
by 6-OHDA is due at least in part to the activity of the 
transcription factor CHOP/GADD153, a mediator of 
apoptosis in ER stress (29).

Another pathway in which parkin may protect from 
apoptosis is that mediated by cell cycle regulators. There 
is now abundant evidence that proteins which mediate 
passage through the cell cycle can be reexpressed in 
postmitotic neurons and induce apoptosis (reviewed in 
Ref. 135). Staropoli and coinvestigators have demon-
strated that parkin functions in a protein complex, which 
includes proteins hSel-10 and Cullin-1, to ubiquitinate 
and degrade the cell cycle regulator cyclin E (129). Cyclin E, 
like other cyclins, serves to regulate a kinase that partici-
pates in coordination of the cell cycle. It regulates cdk2, 
which participates in the G1-to-S cell cycle transition. 
Staropoli et al. have found that downregulation of parkin
by use of short interfering RNAs (siRNAs) resulted in an 
accumulation of cyclin E in both embryonic cortical and 
dopaminergic mesencephalic neurons and an increased 
susceptibility to apoptosis induced by excitotoxicity. 
Conversely, increased parkin expression in cerebellar 
granule cells attenuated cyclin E accumulation and pro-
tected cells from kainic acid–induced apoptosis. The 
potential clinical relevance of their observations was sup-
ported by their finding that abnormal accumulation of 
cyclin E is detectable in human ARJP brains (129).

In addition to these contexts, in which parkin has 
been proposed to play an antiapoptotic role based on 
identification of its substrates, it has also been shown 
to provide protection from apoptosis in a number of in 
vitro studies utilizing cellular toxins. Darios and col-
leagues have demonstrated that PC12 cells stably trans-
fected with parkin are resistant to apoptosis induced by 
ceramide (136). This protective ability was dependent 

on the E3 ubiquitin ligase activity of parkin. Jiang and 
coinvestigators showed that human neuroblastoma cells 
(SH-SY5Y) stably overexpressing parkin were resistant to 
apoptosis induced by either dopamine or 6-OHDA (137). 
This protective effect was accompanied by an attenuated 
induction of JNK and caspase-3, two apoptotic media-
tors. As in the study by Darios et al., the antiapoptotic 
effect was abrogated by mutations that disrupt the E3 
ubiquitin ligase activity of parkin. Even in the absence 
of neurotoxin exposure, Machida and colleagues demon-
strated that antisense knockdown of parkin in SH-SY5Y 
cells resulted in apoptotic death, with characteristic mor-
phologic changes and activation of the caspases (118). 
The potential clinical relevance of these studies is sug-
gested by the investigations of Del Rio and colleagues, 
who showed that lymphocytes derived from patients 
homozygous for loss-of-function parkin mutations have 
increased sensitivity to dopamine, 6-OHDA, and iron-
mediated apoptosis (138).

These in vitro observations, indicating an antiapop-
totic function of parkin, have been largely supported by 
in vivo observations made in Drosophila. Drosophila
which are null for the parkin homologue demonstrate a 
diminished life span and locomotor deficits that are due 
to the apoptotic death of select muscle groups (139). 
This death by apoptosis has been confirmed by others 
(140). In addition, Pesah and coinvestigators noted an 
increased sensitivity of the parkin homologue–null flies 
to the herbicide paraquat (140). A possible mechanism 
for this increased susceptibility to apoptosis has been sug-
gested by studies of Cha and colleagues, who determined 
that, in the absence of the parkin homolog, there is an 
upregulation of JNK. In these flies, dopamine neurons 
are shrunken; they show decreased tyrosine hydroxylase 
expression and increased expression of phosphorylated 
JNK. The reduced size of the dopamine neurons could 
be reversed by expression of the dominant negative form 
of JNK. Further experiments demonstrated that parkin
negatively regulated the JNK signaling pathway in an E3 
ligase–dependent manner (141).

In summary, multiple lines of evidence, from studies 
in vitro in mammalian cell lines and in vivo in Drosophila
support the concept of an antiapoptotic function of parkin. 
However, disappointingly, homozygous null mutations in 
mice do not result in the spontaneous loss of dopamine 
neurons (142, 143) as loss-of-function mutations do in 
humans. The reason for this inability to produce dopamine 
neuron pathology in mice is unclear. Nevertheless, there is 
solid evidence that parkin may play an antiapoptotic role 
in dopamine neurons.

DJ-1. Mutations in the gene for DJ-1 (PARK7) also 
cause autosomal recessive early-onset familial PD. Bonifati 
and colleagues first localized the gene for PARK7 in fami-
lies from Italy and the Netherlands to chromosome 1p36 
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(144). They subsequently determined, in the Dutch family, 
that a deletion mutation affects the coding region of DJ-1;
in the Italian family, they found that a L166P mutation 
is present and likely to result in loss of function (144). 
Human DJ-1 was first identified as an oncogene (145) and 
later determined to be H2O2-responsive, suggesting that it 
may function as an antioxidant protein (146).

Consistent with the possibility that DJ-1 may play 
a protective role in neurons, a number of investigators 
have demonstrated antiapoptotic effects in tissue culture. 
Yokota and coworkers demonstrated, in mouse Neuro2a 
cells and human embryonic kidney cells, that downregu-
lation of DJ-1 by siRNA increased the susceptibility to 
H2O2-induced apoptosis (147). Downregulation of DJ-1
also increased susceptibility to death by ER stress. Using 
an affinity purification approach to identify proteins that 
interact with DJ-1, Xu and colleagues demonstrated 
that DJ-1 interacts with nuclear RNA–binding protein 
p54nrb and pyrimidine tract—binding protein-associated 
splicing factor (PSF) (148). These proteins are both reg-
ulators of transcription and RNA metabolism. These 
investigators demonstrated that overexpression of PSF 
induces apoptosis, which can be blocked by coexpres-
sion of wild-type DJ-1 but to a lesser extent by mutant 
forms. Conversely, downregulation of DJ-1 made cells 
more susceptible to PSF-induced apoptosis. Like Yokota 
et al., Xu and colleagues demonstrated that DJ-1 pro-
tected cells from H2O2-induced apoptosis; furthermore, 
they showed that its protein interactor p54nrb did so 
as well (148).

An antiapoptotic role for DJ-1 was also demon-
strated by Junn and coinvestigators, but by a different 
mechanism (149). Like the other investigators, they dem-
onstrated that DJ-1 protects cells (SH-SY5Y cells in this 
case) from H2O2. They demonstrated also that DJ-1 is
protective against cell death induced by dopamine and 
MPP�. The protective effect against H2O2 was abrogated 
by the L166P mutation. However, they noted that the 
modest reduction in intracellular levels of H2O2 achieved
by DJ-1 overexpression did not appear to account for 
its marked cytoprotective effect. Using a yeast 2-hybrid 
screen approach, they identified an interaction between 
DJ-1 and the protein Daxx. Daxx had previously been 
identified a protein interactor for the Fas death recep-
tor (26), which mediates Fas-induced apoptosis by 
activating the kinase ASK1, which, in turn, activates 
JNK (27) (reviewed in Ref. 150). Junn and colleagues 
demonstrated that DJ-1 sequesters Daxx in the nucleus, 
preventing it from activating ASK1 and thereby inhibit-
ing apoptosis (149). This ability to block apoptosis is 
lost in the L166P mutant.

Studies in vivo in Drosophila have provided sup-
port for these observations made in vitro of an anti-
apoptotic function for DJ-1. Yang and colleagues have 
shown that knockdown of the Drosophila DJ-1 homolog

in dopaminergic neurons by a transgenic RNAi approach 
resulted in progressive decline in their number, and in 
diminished dopamine content (151). As would be pre-
dicted from the in vitro studies, DJ-1 knockdown in 
neurons resulted in increased sensitivity to oxidative 
stress due to H2O2 exposure. These investigators deter-
mined that the neurodegeneration phenotype induced 
by RNAi knockdown of DJ-1 could by suppressed by 
coexpression of phosphatidylinositol-3-kinase (PI3K), an 
upstream activator of the antiapoptotic kinase Akt (for 
reviews, see Refs. 152 to 154). Conversely, the degen-
erative phenotype was exacerbated by coexpression of 
PTEN, a phosphatase that reverses the production of 
phosphorylated phosphoinositides by PI3K and conse-
quently decreases the activity of Akt (see reviews). These 
results are complemented by those of Kim et al. (155), 
who demonstrated in Drosophila that DJ-1 serves as a 
suppressor of PTEN. In addition, they demonstrated in 
mammalian cells that increased expression of DJ-1 results 
in increased phosphorylation and activation of Akt, with 
enhanced cell survival (155). Thus, converging lines of 
evidence suggest that DJ-1 positively regulates the anti-
apoptotic Akt kinase pathway.

Unfortunately, as has been the case for parkin null 
mutations, homozygous null mutations of DJ-1 in mice 
have not led to a degenerative loss of SN dopamine neu-
rons, as the loss of function mutations do in human patients 
(156, 157). However, as would be predicted based on the 
tissue culture and Drosophila studies, null mice do show 
a greater sensitivity to oxidative insults (158). In addition, 
they show a greater sensitivity to MPTP administered 
in a chronic regimen that induces apoptosis (76). Thus, in 
the mammalian in vivo context, DJ-1 is likely to have an 
antiapoptotic function that protects dopamine neurons.

PINK1. A third autosomal recessive form of PD is 
that due to mutations in PINK1 (PTEN-induced kinase) 
(PARK6) (159). Valente and colleagues first mapped 
PARK6 in a Sicilian family to chromosome 1p35-p36 
(160). Sequence analysis of candidate genes led to the 
identification of a G309D substitution mutation at a 
highly conserved position in a putative kinase domain 
in a Spanish family and another substitution resulting 
in truncation of 145 C-terminal amino acids in two Ital-
ian families (159). These investigators showed that the 
putative kinase is localized to mitochondria and protects 
SH-SY5Y cells from proteasome inhibitor–induced apop-
tosis (159). This protective effect was abrogated by the 
G309D mutation. The ability of wild-type PINK1 to pro-
tect from apoptotic stimulus has been confirmed by Petit 
and colleagues, who showed that both basal and stauro-
sporine-induced apoptosis in SH-SY5Y cells was reduced 
by wild-type PINK1 (161). In addition, overexpression of 
PINK1 diminished both basal and staurosporine-induced 
activation of caspase-3. These antiapoptotic effects of 



VI • PATHOGENESIS AND ETIOLOGY368

PINK1 were abrogated by disease-causing mutations (161). 
Deng et al. used the converse approach to downregulate 
PINK1 expression by siRNA, demonstrating that dimin-
ished expression of PINK1 in SH-SY5Y cells decreased 
their viability due to increased apoptosis (162). Thus, this 
preliminary evidence would suggest that PINK1, like par-
kin and DJ-1, is able to play an antiapoptotic role.

Evidence for Programmed Cell Death in Human 
Postmortem Parkinson’s Disease Brain

Initial reports of apoptotic morphology or positive DNA 
nick-end labeling in human PD brains generated con-
troversy, which remains unresolved. Mochizuki and col-
leagues (163) reported the presence of DNA nick-end 
labeling in the SN of PD brains and suggested that it was 
due to apoptosis. However, it was subsequently realized 
that positive DNA nick-end labeling alone (in the absence 
of apoptotic morphology) cannot be taken as specific 
evidence for apoptosis because such labeling can also 
be observed in necrotic cell death (164). Anglade et al. 
reported ultrastructural evidence for both autophagy and 
apoptosis in the brains of a few PD patients (24). The 
apoptotic features, however, were not well defined, and 
the phenotype of the cells as dopaminergic was not certain. 
Additional investigations, however, have provided more 
support for the possibility of apoptotic death in dopamine 
neurons of the PD brain. Tompkins and coworkers used 
a nuclear dye (propidium iodide) to demonstrate clear 
examples of apoptotic chromatin clumps with colabeling 
for DNA nick-end labeling in neuromelanin-containing 
SN neurons of patients with PD and diffuse Lewy body 
disease (165). Additional examples of such colabeling of 
apoptotic nuclear chromatin clumps for DNA nick-end 
labeling in neuromelanin-containing neurons in the SN of 
PD patients were provided by Tatton (166, 167). Other 
investigators, however, have been unable to confirm these 
observations (168, 169).

There are many possible reasons for these mixed 
results. Apoptosis is a short-lived process, and it is likely 
to be exceedingly difficult to identify in chronic neuro-
logic diseases in which neuron death occurs gradually 
over years. In addition, as discussed earlier, apoptosis is 
only one of the known morphologies of PCD (16) and 
its absence in tissue does not exclude a possible role for 
PCD mechanisms. Ultrastructural analysis is required to 
identify these cell death morphologies, and it is exceed-
ingly difficult to achieve a high-quality analysis in post-
mortem material. Thus, controversies and mixed results 
from studies of human postmortem material, based on 
purely morphologic assessment, are not unexpected.

Assessment of the possible role of PCD in human 
PD has been assisted by the development of antibodies for 
immunohistochemical demonstration of the components of 
PCD pathways in postmortem tissue sections, particularly 

the activated forms of the caspases. Using an antibody spe-
cific for the activated form of caspase-3, Hartmann et al. 
demonstrated staining in the neuromelanin-containing neu-
rons of the SN in PD brain (170). Interpretation of this 
result was somewhat complicated, however, by the appear-
ance of similar staining in nondiseased controls, which was 
attributed to premortem agonal hypoxia. These investi-
gators noted, however, a higher percentage of activated 
caspase-3–positive profiles in the PD brain when normal-
ized for the number of remaining melanized (i.e., dopami-
nergic) neurons. These observations receive support from 
those of Tatton (167), who identified activated caspase-3 
staining in neuromelanin-containing cells in PD SN and 
virtually none in controls.

There is also evidence for a role for activators of the 
extrinsic pathway of PCD in postmortem studies of PD 
brain. Mogi and coworkers demonstrated by immuno-
assay an approximately 4-fold increase in tumor necro-
sis factor alpha (TNF-�) in the caudate/putamen of PD 
patients in comparison to age-matched controls (171). 
They observed a similar degree of increase in lumbar 
cerebrospinal fluid. At a cellular level, Boka and col-
leagues observed TNF-�–positive glia in the SN of PD 
patients but not in controls (172). In keeping with a pos-
sible functional role for TNF-� signaling in human brain, 
they observed positive immunostaining for tumor necro-
sis factor receptor (TNFR) in neuromelanized neurons of 
the SNpc in both PD patients and controls. Studies by 
Mogi and colleagues have also suggested a role for Fas in 
PD pathogenesis. These investigators have demonstrated 
increases in the soluble form of Fas in the PD caudate/
putamen (173). In relation to Fas signaling, Hartmann 
et al. have observed that the adaptor protein for the 
Fas receptor (Fas-associated death domain, or FADD) 
is expressed in melanized dopaminergic neurons of the 
midbrain, and its relative abundance of expression cor-
relates with greater degree of vulnerability among dopa-
mine neurons to degeneration in PD (174). The SNpc, 
the most vulnerable region, showed a higher percentage 
of FADD-positive profiles than the ventral tegmental area 
and central gray substance, which showed few. These 
observations suggesting that TNF-� and Fas may play 
roles in the neurodegeneration of PD are supported by 
the finding that there is an increase in the number of 
melanized SN neurons expressing the activated form of 
caspase-8, demonstrated with an antibody specific for the 
cleaved form, in PD brains as compared to age-matched 
controls (175). Viswanath et al. (73) made a similar 
observation. In conclusion, there are many observations 
in human postmortem material to suggest a role for the 
extrinsic PCD pathway in the pathogenesis of PD.

In addition to observations on the activated forms of 
the caspases, investigators have demonstrated alterations 
in the cellular expression of the proapoptotic protein Bax 
in PD brains. Hartmann and colleagues demonstrated that 
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while there was no change in the percentage of Bax-
positive profiles among neuromelanin-containing SN neu-
rons of PD patients in comparison to controls, there was 
about a 3.5-fold increase in the percent of Bax-positive pro-
files among Lewy body–containing neurons in comparison 
to non-Lewy body–containing neuromelanin pigmented 
neurons (176). These observations suggest that Bax may be 
more highly expressed in “sick” Lewy body–positive dopa-
mine neurons. Unlike Hartmann et al, Tatton observed a 
greater number of Bax-positive profiles in PD SN (167).

An observation supporting a possible role for JNK/
c-jun signaling in human PD was made by Hunot et al., 
who noted that nuclear translocation of c-jun could be 
identified in neuromelanin-containing SN neurons of PD 
patients and not in controls (96).

CONCLUSIONS

In summary, there is much evidence from neurotoxin 
models of dopamine neuronal death, genetic studies, and 
human postmortem studies to suggest that the molecular 
pathways of PCD play a role in human PD. Nevertheless, 

the evidence cannot be considered definitive or complete. 
The case for a role for PCD pathways in human PD will 
be strengthened by the development of animal models 
that are firmly based on known causes of the disease in 
humans, such as genetic causes, and in which dopamine 
neuronal death occurs. While neurotoxin models have 
been highly useful in identifying the PCD pathways that 
may play a role in the disease, they remain of uncertain 
direct relevance to the human condition. In addition, 
the case for PCD in human PD will be strengthened by 
broader studies by additional investigators with reagents 
for known upstream mediators of PCD. And finally, per-
haps the most compelling and gratifying support for the 
PCD hypothesis in PD will derive from clinical thera-
peutic trials with specific inhibitors of PCD pathways, 
should they prove to be neuroprotective and prevent the 
progression of the disease.
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Protein Aggregation

arkinson’s disease (PD) is one of 
the most common neurodegenera-
tive disorders of the aging brain 
(1) whose cardinal clinical features 

include resting tremor, muscle rigidity, slowness of volun-
tary movement, and postural instability (1). Although tra-
ditionally neuropathology of PD is characterized by the 
degeneration of the nigrostriatal dopaminergic pathway, 
it is far from being restricted to a single neurotransmitter 
system; histologic changes can also be detected in almost 
every dopaminergic as well as many nondopaminergic 
neuronal nuclei of the brain (2). Since more than 40 dif-
ferent neurologic diseases can show signs of parkinsonism
(i.e., clinical features of PD), a definitive diagnosis of PD 
can be made only at autopsy, and it has customarily been 
based not only on the loss of nigrostriatal dopaminergic 
neurons but also on the presence of intraneuronal eosino-
philic inclusions called Lewy bodies (LBs).

The cause of almost all PD occurrences remains 
unknown and, in more than 90% of the cases, PD arises 
as a sporadic disorder of the brain (i.e., it occurs in absence 
of any evidence of genetic linkage). However, in some rare 
instances, PD may be inherited as a simple Mendelian 
trait; despite the rarity of such patients, intense research 
activity has revolved around these uncommon famil-
ial forms of PD (3). This research has been fueled by 
the expectation that the clinical similarity between the 
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familial and sporadic forms of PD indicates that they 
share important pathogenic mechanisms and that, con-
sequently, information generated by the study of these 
genetic cases will help focus research on key biochemical 
pathways (3).

Until recently, all the hypotheses regarding the 
mechanisms of neurodegeneration in PD have derived 
from investigations carried out on autopsy tissues from 
individuals with sporadic PD or in neurotoxic animal 
models such as that produced by the mitochondrial poison 
1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP). 
These studies have led to the popular but highly specu-
lative idea that two distinct and not mutually exclusive 
pathogenetic events—namely, mitochondrial respiration 
defect and oxidative stress—may underlie the demise of 
the nigrostriatal dopaminergic neurons in PD (1). How-
ever, finding that PD can be caused by genetic mutations 
in �-synuclein (4–6), parkin (7), ubiquitin C-terminal 
hydrolase-L1 (UCH-L1) (8), DJ-1 (9), PINK1 (10), and 
leucine-rich repeat kinase-2 (LRRK2) (11, 12) has trig-
gered a dramatic paradigm shift in the way researchers 
consider the question of PD pathogenesis. The discovery 
of PD-related genes has led to a new hypothesis, that the 
misfolding of proteins and dysfunction in the protein 
degradation systems may be pivotal in the cascade of 
deleterious events implicated in the neurodegenerative 
process of PD. These novel directions have also renewed 
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interest among researchers in LBs and other types of 
proteinaceous deposits found in PD brains, not as neu-
ropathologic hallmarks but rather as putative effectors 
in PD pathogenesis.

PROTEINACEOUS DEPOSITS IN 
PARKINSON’S DISEASE

As emphasized at the beginning of this chapter, the diag-
nosis of PD can be made only at autopsy, and it has 
customarily been based on the association of a loss of 
nigrostriatal dopaminergic neurons and the presence of 
LBs (1). However, with the development of more mod-
ern histologic techniques, pathologists have recognized 
that intraneuronal proteinaceous deposits in PD brains 
encompass more than cytoplasmic LBs alone. It is now 
well accepted that compromised neurons may also exhibit 
polymorphic LB-like structures in neuronal processes, 
which are sometimes referred to as intraneuritic LBs, as 
well as dystrophic neurites, which contain thread-like 
amorphous material exhibiting immunohistochemical 
properties comparable to LBs (13). That being said, inter-
est in proteinaceous deposits other than LBs is recent and 
information about their anatomic distribution or struc-
tural composition remains limited. The current consensus 
is that all forms of protein deposits in PD brains likely 
result from the same molecular and cellular process and 
all of the data relevant to cytoplasmic LBs may turn out 
to be relevant to other types of proteinaceous deposits, 
such as those seen in dystrophic neurites.

Distribution of LBs in Parkinson’s Disease

Parkinson’s disease represents 66% to 85% of all patho-
logically confirmed cases of parkinsonism, 82% to 100% 
of which show LBs (14). From the very first descriptions 
of LBs, it was claimed that those inclusions could be seen 
in all affected regions of the central nervous system (CNS) 
of PD patients. Although this conclusion is correct from 
a qualitative point of view, it must be stressed that, from 
a quantitative point of view, the numbers of LBs among 
the different regions of the CNS are not even. LBs are 
preferentially found in brain nuclei composed of neu-
rons containing a dark pigment called neuromelanin that 
includes substantia nigra pars compacta, locus ceruleus, 
and dorsal motor nucleus of the vagus (14). Less often, 
they can be found in other subcortical nuclei, such as 
the nucleus basalis of Meynert, thalamus, hypothalamus, 
and substantia innominata (13, 14); they have even been 
found in some regions of the cerebral cortex, especially in 
the insular cortex and the parahippocampal and cingular 
gyri (13). The diversity of neuronal pathways associated 
with LBs in PD brains argues against the idea that LB 
formation is specific to dopaminergic neurons (14, 15). 

Another remarkable aspect of LBs in PD is the fact that, 
contrary to popular belief, these proteinaceous inclusions 
are not restricted to the CNS. They can also be detected 
at autopsy in the sympathetic ganglia and visceral auto-
nomic nervous systems of PD patients (14, 16).

Two tenets have traditionally been embraced by the 
PD research community. First, dopaminergic neurons in 
the substantia nigra are among the most susceptible cell 
subpopulations to the PD disease process. Second, LBs are 
faithful markers of neuronal damage, even if uncertainties 
persist about their actual role in the demise of the neurons 
they occupy. These two beliefs have led many to assume 
that the prevalence of LBs parallels the topography and 
magnitude of neuronal degeneration in the brain of PD 
patients. Opposing this view is the work of Braak and 
collaborators (17). In their study of a series of brains 
that presumably reflected different stages of PD, they 
showed that LBs and related pathologic features might 
have occurred in neurons from the raphe or reticular nuclei 
or the locus ceruleus before they occurred in neurons from 
the substantia nigra and prior to any overt neurodegenera-
tion. This study suggests that the mechanisms underlying 
LB formation and neurodegeneration may be distinct and 
happen to converge in only a few cell groups and only in 
advanced cases. It also supports the idea that the pathogen-
esis of PD may simultaneously affect all neurons but that 
different neuron subtypes may have different pathologic 
thresholds for LB formation and death.

Structural Description and 
Composition of Lewy Bodies

Lewy bodies can harbor two main morphologies under 
light microscopy: the classic LB type, which conform to 
the original description of such intraneuronal inclusions 
(see below), and the subsequently recognized cortical LB 
type. Classic LBs are primarily found in the cytoplasm of 
brainstem neuromelanized neurons. They are composed 
of proteins, free fatty acids, sphingomyelin, and poly-
saccharides (18, 19). By hematoxylin and eosin (H&E) 
staining, classic LBs appear round with an eosinophilic, 
hyaline core surrounded by a narrow, almost unstained 
halo (Figure 32-1). They are typically 8 to 30 µm in 
diameter, and there may be many in one neuron. Under 
electron microscopy, classic LBs are not surrounded by 
any bilayer membrane structure. They consist of a periph-
eral zone (corresponding to the halo) comprising radially 
arranged filaments of 7 to 20 nm and a central zone (cor-
responding to the core) of densely packed vesicular and 
granular material (20). As emphasized by Lowe (21), in 
the substantia nigra and the locus ceruleus, classic LBs 
generally conform to this description. However, in other 
areas—such as the nucleus basalis of Meynert, thalamus, 
and dorsal motor nucleus of the vagus—classic LBs are 
more pleomorphic. As for the cortical LBs, in H&E stain-
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ing they appear as round, triangular, or reniform with 
or without a halo. Ultrastructurally, cortical LBs, which 
are sometimes called pale LBs, are composed of random 
arranged filaments of 9 to 20 nm. As in classic LBs, the 
density of filaments in cortical LBs appears greatest at 
the center of the aggregates. However, at the periphery, 
the filaments do not assume the radial organization seen 
in classic LBs (22, 23). Whether the structural differences 
between classic and cortical LBs reflect distinct formation 
mechanisms, distinct degrees of maturation of the aggre-
gates, or distinct cellular environments is unknown.

As pointed out by Shults (24), immunostaining for 
ubiquitin and �-synuclein (see Figure 32-1), the major 
protein constituents of the LB (25), has become the “gold 
standard” for revealing both classic and cortical LBs. 
These new histologic approaches have affected our under-
standing of the description and prevalence of LBs and 
related proteinaceous deposits in PD (24). Aside from 
serving to refine the neuropathologic diagnostic meth-
ods, immunohistochemical studies of LBs are also used 
in combination with antibodies raised against a variety of 
cellular proteins—including structural proteins, kinases, 
and immune factors—to better define the actual composi-
tion of these aggregates (13, 26). Consistently, classic LBs 
were found immunoreactive for �-synuclein, ubiquitin, 
and neurofilaments (26). They were only occasionally 
reported to be immunopositive for structural proteins 
such as chromogranin-A (27), ubiquitin-proteasome com-
ponents such as ubiquitin C-terminal hydroxylase (28), 

for cell-cycle proteins such as cyclin-dependent kinase 5 (29), 
and many others (13, 26). How many of these proteins 
may be active contributors in the pathobiology of LBs 
or represent passively sequestered macromolecules is the 
subject of an ongoing debate.

Association of Lewy Bodies with Brain Diseases 
Other Than Parkinson’s Disease

Although LBs are presented as pathognomonic of PD, 
they can also be detected in a number of familial forms of 
PD (3). They may also occur in a number of parkinsonian 
syndromes including multisystem atrophy (30), diffuse 
LB disease (21), and neurodegeneration with brain iron 
accumulation type 1 (31). More surprising is the fact that 
LBs have also been described in a number of neurologic dis-
orders not thought to be related to PD, such as Alzheimer’s 
disease (AD), Down’s syndrome, progressive autonomic 
failure, rapid-eye-movement sleep disorder, Gaucher’s dis-
ease, and Pick’s disease (24). However, the number of LBs 
present in the brains of patients afflicted by these alternative 
conditions is markedly smaller than that in those with PD. 
Nevertheless, the range of conditions in which LBs have 
been identified raises the question of whether the identifi-
cation of LBs should still be considered necessary for the 
diagnosis of PD. This interrogation is echoed by the dem-
onstration that some individuals with inherited PD linked 
to mutations in the gene encoding parkin or LRRK2 exhibit 
nigrostriatal neurodegeneration without LBs (11, 32).

The Case of Incidental Lewy Bodies: 
Insights and Interrogations

In addition to the various neurologic diseases cited above, 
LBs can also be found in 4% to 10% of routine autopsied 
brains from individuals above age 60 who did not have 
any evidence of parkinsonism at the time of death. This 
neuropathologic situation has been termed “incidental 
LB” to reflect the serendipitous nature of the finding. In 
one of the largest studies of such cases, the results of 1199 
autopsies were reviewed (33). This work revealed that at 
least 2 LBs were noted in known predilection sites of the 
brainstem of 98 brains, 48 of which came from individu-
als who did not exhibit any clinical features of PD or AD 
before death. In this study, only the presence of classic LBs 
in the substantia nigra and locus ceruleus were surveyed. 
Therefore one may wonder whether the same conclusions 
would have been reached if, instead of counting only 
classic LBs revealed by H&E, all �-synuclein–positive 
intraneuronal aggregates were counted and that, instead 
of surveying the brainstem only, more brain regions were 
analyzed. In two such studies (34, 35), data from neu-
rologically asymptomatic subjects with a mean age of 
around 80 showed that incidental �-synuclein–positive
brain deposits were found in 12% to 31% of the cases 

FIGURE 32-1

Illustrations of classic Lewy bodies (arrows) in nigral neu-
romelanized dopaminergic neurons revealed by staining for 
hematoxilin and eosin (A), and by immunostaining for ubiq-
uitin (B), �-synuclein (C), and neurofilament (D). See color 
section following page 356.
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analyzed. As expected, these percentages are higher than 
the 10% found for this age group in the more conservative
study cited above (33). The importance of analyzing a 
range of brain regions for the presence of LBs to avoid 
missing any case of incidental LB is demonstrated by 
Jellinger (34), who found that �-synuclein–positive 
deposits involved either a single brain region (e.g., nucleus 
basalis of Meynert or SNpc); two regions (e.g., SNpc and 
limbic cortex); or many regions (e.g., medullary nuclei, 
SNpc, and locus ceruleus) both inside and outside the 
brainstem.

Another important aspect of the study by Forno and 
Langston (33) is the demonstration that the prevalence of 
incidental LBs in the substantia nigra rose with age up to 
the ninth decade. Interestingly, these authors also found 
a relationship between age and LB prevalence in PD 
and AD cases (33). These findings raise the possibility 
that the occurrence of LBs in the brains of normal 
elderly individuals–assuming that they are normal and 
not asymptomatic–may reflect a generic response of neu-
rons, which are postmitotic cells, to aging rather than to a 
disease. The increase in neuromelanin content in dopami-
nergic neurons with time could be another example of such 
an age-related change in this dopaminergic pathway (36). 
As indicated before, in definite cases of PD, the prevalence 
of LBs in the substantia nigra is close to 100%. Given 
the above hypothesis, would this fact suggest that PD 
represents a pathologic acceleration of the normal aging 
process? Functional brain imaging studies have found 
that the time-course of changes in the brain topography 
of glucose metabolism in PD diverges from that seen in 
normal aging (37). Furthermore, in PD, neuronal loss in 
the substantia nigra predominates in ventrolateral and 
caudal regions, whereas during normal aging the dorso-
medial aspect is most affected (38). These results suggest 
that the processes that produce age-related dopaminergic 
neuronal alterations are likely distinct from those in PD; 
consequently, these LBs may not represent an expression 
of normal aging. Correlatively, LBs in the brain of appar-
ently normal elderly individuals may in fact reflect a spe-
cific response of neurons to a disease process; therefore 
incidental LBs might represent presymptomatic cases of 
PD. Consistent with this view is the demonstration that 
incidental LBs were associated with a 17% lower density 
of dopaminergic neurons in the ventrolateral aspect of 
the substantia nigra compared to age-matched controls 
without LBs in the substantia nigra (39).

THE PATHOGENIC CONCEPT OF PROTEIN 
MISFOLDING AND AGGREGATION

By now it is well recognized that the development of 
protein aggregates in brain tissue is a feature shared by 
a number of prominent, age-related neurodegenerative 

diseases (40). Although the composition and location 
(i.e., intra- or extracellular) of protein aggregates differ 
from disease to disease, this common feature suggests that 
protein deposition per se, or some related event, might 
be toxic to neurons.

Aggregated or soluble misfolded proteins could be 
neurotoxic through a variety of mechanisms. Protein 
aggregates could directly cause damage, perhaps by a 
crowding effect, leading to deformation of the cell or 
interference with the trafficking systems inside the neu-
rons. These aggregates might also sequester proteins that 
are important for cell survival, like the antiapoptotic 
protein Bcl-2; such a scenario has been proposed previ-
ously in the setting of a familial form of amyotrophic 
lateral sclerosis (41). If any of the above mechanisms 
operate herein, it might be expected that the frequency 
of aggregates such as LBs would correlate with the mag-
nitude of neurodegeneration. This relationship has not 
yet been convincingly demonstrated in postmortem tissue 
samples from patients with sporadic PD. In cell models in 
which the development of �-synuclein positive aggregates 
are stimulated by combining �-synuclein overexpression 
and mitochondrial poisoning with rotenone (42, 43), the 
results support the notion that the formation of aggre-
gates reflects a state of cellular distress. However, stud-
ies in models of Huntington’s disease (HD) and other 
polyglutamine diseases (44, 45), also suggest that there 
is no correlation between inclusion formation and cell 
death. It is possible that cytoplasmic protein inclusions 
may not result from precipitated misfolded proteins but 
rather from an active process meant to sequester soluble 
misfolded proteins from the cellular milieu (46). This 
suggests that aggregate formation, while possibly indica-
tive of a “cell under attack,” may be a defensive mea-
sure aimed at removing toxic soluble misfolded proteins 
(47–50). The ability of chaperones, such as Hsp-70, to 
protect against neurodegeneration provoked by disease-
related proteins, including �-synuclein–mediated dopa-
minergic neuronal loss, is consistent with the view that 
soluble misfolded proteins and not aggregates are neu-
rotoxic (50, 51).

In PD patients with either �-synuclein point muta-
tions (4–6) or gene multiplication (52), dopaminergic 
neurodegeneration is thought to be caused by mutant 
or excess of normal �-synuclein adopting toxic confor-
mations (53) or interfering with the cellular handling 
of misfolded proteins. In sporadic PD, there is a simi-
lar focus on both protein-damaging modifications and 
dysfunction of protein degradation systems (see below). 
The trigger for impaired protein homeostasis in sporadic 
PD may be oxidative stress. Relevant to this view is the 
demonstration by Giasson and collaborators that LBs 
in PD contain oxidatively modified �-synuclein, which 
exhibits a greater propensity to aggregate compared 
to nonoxidized �-synuclein (54). Several environmental 
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toxins, such as herbicides and pesticides, can also induce 
misfolding or aggregation of �-synuclein (55, 56). From 
the above, it is clear that a definite demonstration of the 
toxicity of misfolded proteins and related aggregates on 
dopaminergic neurons is still lacking. However, even 
in absence of such evidence, it is crucial to elucidate 
the basis for the excess of misfolding and aggregation 
of proteins in dopaminergic neurons as seen in PD. It 
can be theorized that increased misfolding and aggrega-
tion of proteins may result not only from an increased 
formation but also from a decreased clearance due 
to a dysfunction in either or both of the ubiquitin-
proteasome and autophagy systems. It is in this context 
that these 2 major protein degradation systems are now 
discussed.

THE UBIQUITIN PROTEASOME SYSTEM

The ubiquitin-proteasome system (UPS) is one of the 
pivotal means by which proteins, and especially short-
lived ones, are degraded in eukaryotic cells (57–59). Over 
the past decade, the possibility that dysfunction of the 
UPS contributes to the neurodegenerative process in PD 
has received major attention. The UPS can degrade pro-
teins that misfold or misassemble as a consequence of 
mutation, environmental stress, or intrinsic folding inef-
ficiency (57–59). While this property is quite relevant to 
pathologic situations like PD, the UPS is also responsible 
for the turnover of a wide variety of normal proteins, 
including many cell regulators such as kinases and tran-
scription factors, whose expressions are controlled by the 
balance between synthesis and proteolysis (57–59). Thus, 
failure of the UPS in PD may potentially have disastrous 
consequences on neuronal homeostasis, independent of 
any deleterious effects that accumulation of misfolded 
proteins may have on cell survival.

Protein Degradation Mediated by the 
Ubiquitin-Proteasome System

The degradation of protein mediated by the UPS is a 
complex multistep process that starts with the tagging 
of proteins by covalent attachment of the polypeptide 
ubiquitin and ends by the actual degradation of the tagged 
protein by the 26S proteasome complex (Figure 32-2). 
Ubiquitin is a highly conserved 76-residue polypeptide 
which, as a monomer, is attached sequentially to target 
proteins through the cascade of E1 ubiquitin activat-
ing, E2 ubiquitin conjugating, and E3 ubiquitin ligase 
enzymes (see Figure 32-2). The ubiquitin-activating 
enzyme E1 catalyzes the formation of a thiol ester 
bond between the E1 cysteine residues and the carboxy-
terminal glycine in ubiquitin via an ATP-dependent 
reaction. Then, one of several ubiquitin-carrier proteins 

or ubiquitin-conjugating E2 enzymes transfer ubiquitin 
from E1 to the protein substrate that is specifically 
bound to an ubiquitin-protein ligase E3 enzyme (see 
Figure 32-2). During this reaction, ubiquitin is ligated 
to the lysine residue of the protein substrate. Once the 
first ubiquitin molecule has been conjugated to the 
protein substrate, additional ubiquitin molecules can 
be added to the internal lysine residues of ubiquitin to 
form polyubiquitin chains, which is an essential event, 
since a minimum of 4 ubiquitin molecules is required 
for efficient targeting to the proteasome. As illustrated 
in Figure 32-2, both E1 and E2 enzymes cooperate to 
nonspecifically tag proteins with ubiquitin, while E3 
enzymes confer target specificity to the UPS proteolysis 
by binding to specific proteins. Thus, protein ubiquitina-
tion, while epitomizing a generic cellular mechanism, 
is in fact quite a selective process, with only specific 
proteins being degraded by this pathway at a precise 
moment in response to precise cellular events.

Degradation of polyubiquitinated proteins is car-
ried out by a large protease complex called the 26S 
proteasome (57–59). It is a hollow structure composed 
of a 20S core particle which carries out the catalytic 
activity and 2 regulatory 19S regulatory particles flank-
ing the 20S catalytic core (see Figure 32-2). The main 
role of the 19S particles is to recognize ubiquitinated 
proteins and to open an orifice in the 26S proteasome, 
allowing entry of the substrate into the proteolytic 
chamber. Because folded proteins do not fit through 
the narrow proteasomal channel, it is also believed that 
the 19S particle unfolds substrates and inserts them 
into the 20S catalytic core. The channel opening func-
tion and the unfolding of the substrate is dependent on 
energy generated by ATPase subunits contained in the 
19S particles. Following degradation of a polyubiqui-
tinated protein by the 26S proteasome, short peptides 
are released, along with free and reusable ubiquitin 
(see Figure 32-2).

Alterations in Familial Parkinsonian Syndromes 
Due to the Ubiquitin-Proteasome System

As discussed in the introduction, mutations in enzymes 
related to the UPS pathway have been linked to familial 
forms of PD, including mutations in the E3 ubiquitin 
ligase parkin (7) and the deubiquitinating enzyme 
UCH-L1 (8). Although to date there is a plethora of 
studies reporting various kinds of UPS alterations in PD 
postmortem tissues and in experimental models of PD, 
these genetic findings are what provide the most com-
pelling arguments in favor of the idea that UPS dysfunc-
tion may play a pathogenic role in PD. Thus, while the 
genetics of PD is reviewed in detail by Payami in Chapter 
37 of this book, the relevance of parkin and UCH-L1 
mutations to PD pathogenesis are discussed here.
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Loss-of-function mutations in the parkin gene cause 
a recessively inherited form of parkinsonism (7), which 
usually but not exclusively emerges clinically before the 
age of 30 (1). Pathologically, parkin-related parkinsonism 
is associated with a loss of dopaminergic neurons but not 
typically with LBs (60). This striking departure from the 
neuropathology of sporadic PD (see above) supports a key 
role of parkin in LB formation. Parkin function has been 
identified as an E3 ubiquitin ligase (32, 61), and many 
parkin mutations abolish this UPS-related activity. Remark-
ably, the E3 ubiquitin ligase activity of normal parkin 
can also be impaired by the posttranslational modification 
S-nitrosylation (62); hence parkin dysfunction may par-
ticipate in the pathogenesis of both familial and sporadic 
PD. Like the loss of any E3, the loss of parkin function is 
thought to compromise the polyubiquitination and thus 

degradation of specific proteins. Relevant to this view are 
the demonstrations that mutant mice deficient of parkin 
exhibit increased brain levels of the aminoacyl-tRNA 
synthetase-interacting multifunctional protein type 2 and 
the far upstream element-binding protein-1, both putative 
parkin substrates (63, 64). Although several studies have 
stressed the multiplicity of parkin substrates (1, 59), how 
their accumulation in the brain, in response to a loss of 
parkin activity, might provoke neurodegeneration remains 
unclear. Other investigations have suggested that a loss of 
parkin may trigger cell death by sensitizing neurons to cyto-
toxic insults, like those caused by proteasome inhibition or 
mutant �-synuclein (42, 65, 66), but here again the mecha-
nisms that underlie this effect remain to be elucidated.

As for UCH-L1, it is mainly expressed in the brain, 
where it catalyzes the hydrolysis of C-terminal ubiquityl 

FIGURE 32-2

Representation of ubiquitin-proteasome proteolysis. This process starts with the activation of ubiquitin by the ubiquitin-activating 
enzyme E1, an ubiquitin-carrier protein, E2 (ubiquitin-conjugating enzyme; UBC), and ATP. The product of this reaction is a 
high-energy E2�ubiquitin thiol ester intermediate. Then, the protein substrate is ubiquitinated and this key step may occur 
by two different pathways. In pathway A, the protein substrate binds to a specific ubiquitin-protein ligase, E3 and only then is
the E2-bound activated ubiquitin transferred to the E3-bound protein substrate. Multiple cycles of conjugation of ubiquitin to 
the target substrate yield a polyubiquitin chain. Pathway B is similar to pathway A, except that here, the activated ubiquitin is
transferred from E2 to E3 before its conjugation to the E3-bound protein substrate. Then, the ubiquitin-tagged protein substrate
is degraded by the 26S proteasome complex with the release of short peptides. Finally, ubiquitin is recycled via the activity of
deubiquitinating enzymes. See color section following page 356.
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esters (67). As discussed in more detail in Dauer and 
Przedborski 1 (1), UCH-L1 is at the center of a complex 
genetic situation and dispute with respect to PD. On the 
one hand, a coding substitution (I93M), which is presented 
as a dominant mutation in UCH-L1, has been associated 
with the development of an inherited form of PD in a single 
family (8), while, on the other hand, a polymorphism 
(S18Y) of UCH-L1 has been linked to a reduced risk of 
developing PD (68). Although the I93M mutation has 
been shown to decrease the activity of this deubiquitinat-
ing enzyme, there is still no evidence that this loss of func-
tion is responsible for triggering neurodegeneration, since 
mice carrying a UCH-L1 null mutation do not display 
dopaminergic neuronal loss (69). Alternatively, UCH-L1 
can also operate as an ubiquitin ligase, an activity that is 
decreased by the pathogenic I93M mutation and increased 
by the protective S18Y polymorphism (70). UCH-L1 was 
also identified as a protease with specificity for Nedd8 
(71), a small ubiquitin-like protein implicated in the regu-
lation of the cell cycle. Although all of the aforementioned 
findings are consistent with the idea that dysfunction in 
the UPS might be neurotoxic, further studies are required 
to explain how parkin and UCH-L1 mutations contribute 
to the death of dopaminergic neurons in their respective 
familial forms of PD.

The Status of the Ubiquitin-Proteasome 
System in Sporadic Parkinson’s Disease

Both protein misfolding and UPS dysfunction are believed 
to contribute to neurodegeneration in sporadic PD. How-
ever, the situation here is even murkier, as the triggers of 
dysfunctional protein degradation in this predominant 
form of the illness is only just beginning to be addressed. 
At this point, we know that several studies (72–74) sug-
gest that inhibition of proteasomal activity leads to accu-
mulation of �-synuclein or the formation of ubiquitinated 
�-synuclein–containing aggregates. Because degradation, 
not ubiquitination, is rate-limiting for most UPS sub-
strates (75), the presence of undegraded, stable ubiquitin 
conjugates such as LBs in the brains of PD patients and of 
genetic and toxic models of PD suggests that unwanted 
proteins in sporadic PD are properly recognized and 
ubiquitinated but not efficiently cleared. Such inefficient 
degradation may be the result of intrinsic resistance to 
proteasomal degradation of �-synuclein–containing aggre-
gates (76, 77) or a reflection of the difficulty in unfolding 
stable proteinaceous aggregates by the 19S subunits of the 
proteasome complex (78). Moreover, the accumulation of 
�-synuclein and other aggregation-prone proteins potently 
impairs the activity of the UPS (79–81), possibly at the 
level of the proteasome. Ultimately, this would set up a 
feed-forward effect by which accumulation of aggre-
gated �-synuclein, in response to, for example, oxidative 
stress or environmental toxic factors, would impair UPS 

function, leading to a further accumulation of �-synuclein 
and other toxic proteins. Despite the growing number of 
studies supporting UPS dysfunction and protein misfold-
ing in cell culture and animal models and even in brain 
tissue from PD patients, it must be stressed that all of 
these observations remain at this point correlational in 
nature and many could not be reproduced. At this time 
it is our opinion that there is no study that convincingly 
links a primary abnormality of the UPS with sporadic 
PD, and many of the reported abnormalities, if real, may 
merely be nonspecific molecular perturbations in dying 
neurons.

AUTOPHAGY AS A CELLULAR 
CLEANING MECHANISM

In addition to the UPS, a whole organelle, the lysosome, is 
devoted to continuous cellular cleaning. The degradation 
of intracellular components inside lysosomes is known 
as autophagy, which means “eating oneself” (82–85). 
Autophagy plays a major role in the maintenance of cel-
lular homeostasis, the defense of cells against intracellular 
and extracellular aggressors, and all processes requir-
ing major cellular remodeling, as in embryogenesis and 
tissue differentiation (86). Autophagy also contributes 
to the removal of proteinaceous aggregates seen in neu-
rodegenerative diseases (87, 88). Hence failure of the 
autophagic system may be responsible for the accumu-
lation of misfolded proteins in some of these disorders, 
including PD.

Types of Autophagy

Although the terminal intracellular compartment in 
autophagy is always the lysosome, the substrates are 
delivered to this organelle by different mechanisms, giving 
rise to three different types of autophagy in mammalian 
cells: macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA).

Macroautophagy, the best-characterized form of 
autophagy, involves the sequestration of a complete 
region of the cytosol, including whole organelles, by a 
double-membrane vesicle known as an autophagosome 
(Figure 32-3). The latter acquires the enzymes required 
for the degradation of its content after fusion with a 
lysosome. Macroautophagy is activated in response to 
nutrient deprivation, where degradation of intracellular 
components by this pathway provides cells with the 
amino acids, no longer obtained by the diet but required 
for the synthesis of proteins essential for survival (89). 
Stressors such as physical and chemical aggressors as 
well as infectious agents also activate macroautophagy 
(84). Activation of autophagy under these conditions is 
aimed at the removal of the aggressor itself (i.e., invading 
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microorganisms) or of the intracellular components dam-
aged during the stress. Furthermore, studies in genetically 
altered mice lacking one of the essential genes for macroau-
tophagy have revealed that some level of macroautophagy 
is almost always present in all tissues and that this basal 
activity plays an important role in the continuous turnover 
of organelles and clearance of altered proteins (90–92).

Complete cytosolic regions can also be delivered to 
lysosomes for degradation via microautophagy. In this 
case, the lysosomal membrane invaginates or generates 
protrusions and tubulations to sequester the cytosolic 
content “in bulk” (see Figure 32-3). Microautophagy is a 
constitutively active pathway that contributes to continu-
ous slow turnover of cytosolic proteins (93).

In contrast to the “in bulk” degradation, cytosolic 
proteins can be taken one-by-one to lysosomes for their 
degradation through CMA. The interaction of the chap-
erone with the substrate protein brings it to the lysosomal 
membrane, where it binds to a receptor protein; after 
unfolding, the substrate protein crosses the lysosomal 
membrane assisted by a second chaperone present in the 
lysosomal lumen (94). As in any other type of autoph-
agy, once the substrate protein reaches the inside of the 
lysosome, it is rapidly degraded by potent hydrolases. 
Although some level of basal CMA activity is detect-
able in almost all cell types, this pathway is maximally 
activated under conditions of stress. Stressors known to 
activate this pathway include prolonged starvation, mild 

FIGURE 32-3

Types of autophagy in mammalian cells. Intracellular components can be delivered to lysosomes for degradation via three dif-
ferent types of autophagy. A. Macroautophagy: complete regions of the cytosol are sequestered by a limiting membrane to form 
a double-membraned vesicle (autophagosome), which fuses to lysosomes. Once the lysosomal hydrolases are transferred to 
autophagosomes, the sequestered material is rapidly degraded. B. Microautophagy: lysosomes invaginate or tubulate to trap 
cytosolic portions that are internalized inside of single-membraned vesicles. Lysosomal hydrolases digest the limiting membrane
of these vesicles to gain access to the trapped components and degrade them. C. Chaperone-mediated autophagy: particular
cytosolic proteins bearing a targeting motif in their sequence are recognized by a chaperone which takes them to the lysosomal 
membrane where they interact with a receptor protein. Once in the membrane, the substrate protein is unfolded and translocated 
across the membrane with the assistance of a lysosomal resident chaperone.
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oxidative stress, and exposure to different toxic com-
pounds that alter the conformation of particular proteins 
(95). The intrinsic selectivity associated with this pathway 
allows the removal of altered proteins without affecting 
normal proteins nearby.

AUTOPHAGY AND PROTEIN MISFOLDING

As described in previous sections, the UPS plays a critical 
role in the removal of misfolded proteins, which other-
wise may form aggregates. For a long time, lysosomes 
were not considered suitable for this task because of the 
nonselective nature of their degradation. However, as 
CMA was identified, it became evident that lysosomes 
could also play a role in the clearance of specifically mis-
folded proteins. As in the case of the proteasome, CMA 
is able to degrade only those misfolded proteins that have 
not yet formed aggregates, as these cannot translocate 
across the lysosomal membrane and consequently cannot 
be cleared through CMA (Figure 32-4).

Once misfolded proteins form aggregates, macroau-
tophagy is the only mechanism able to efficiently remove 
them from inside the cells. In fact, pharmacologic activa-
tion of macroautophagy decreases levels of intracellular 
aggregates and protects against the neurodegeneration 
induced by certain prone-to-aggregate proteins, such as 
polyglutamine huntingtin or mutant forms of �-synuclein 

(87). Activation of macroautophagy has been described 
in different conditions that induce presence of intracel-
lular protein aggregates (96, 97). Abundant autophagic 
vacuoles, the morphologic expression for the activation 
of macroautophagy, have been described in the brains of 
patients affected by different neurodegenerative disorders 
(98–100). As dying neurons contain higher amounts of 
these structures, it was erroneously hypothesized that 
macroautophagy was activated as a mechanism of cell 
death. However, the beneficial effect in cell survival 
observed in different experimental models of neurodegen-
erative disorders when macroautophagy was enhanced 
supports a defensive role for macroautophagy in these 
disorders.

The notion of cellular death by autophagy has not 
been completely abandoned, as recent experimental evi-
dence supports that excessive upregulation of macroau-
tophagy, at least in cultured cells, dramatically reduces 
cell viability; under these conditions, blockage of macro-
autophagy protects from cellular death (101). It is thus 
plausible that macroautophagy is initially activated in 
conditions with increased amounts of misfolded proteins 
as a protective mechanism aimed at getting rid of the 
altered proteins. But if the harmful situation persists, 
macroautophagy is instead used to completely eliminate 
the affected cell (see Figure 32-4). The presence of aggre-
gate proteins seems sufficient to upregulate this pathway 
in most of these conditions. As described before, some 

FIGURE 32-4

Autophagic changes in PD. Based in the recent findings in the field, three stages are proposed in the pathogenesis of PD with 
respect to autophagy. (1). Early stage: Misfolded proteins are recognized by the UPS or by the CMA-related chaperones and are 
degraded by these two pathways. (2). Compensation stage: Misfolded proteins organize into complex structures (aggregates), 
which impair the activity of the ubiquitin-proteasome system and block CMA. Macroautophagy is upregulated as a compensa-
tory mechanism to eliminate the aggregated proteins. (3). Failure stage: Aggravating factors such as oxidative stress, aging, or 
unidentified agents further block the activity of the already altered proteolytic systems and also impair macroautophagy, resulting
in the accumulation of autophagic vacuoles and eventually cell death.
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of these altered proteins block the proteasome system, 
and this blockage has been shown experimentally to 
induce macroautophagy (97). In addition, blockage of 
CMA, shown to occur in the presence of some of these 
abnormal proteins (see below), has a similar outcome on 
macroautophagy activity (102). Thus, blockage of the 
pathways that would normally take care of the removal 
of these soluble proteins is compensated for by activation 
of macroautophagic “in bulk” degradation.

How can cells deal with the random destruction of 
whole regions of their cytosol? In the case of aggregate 
removal, the process is not as indiscriminate as initially 
proposed. Essential macroautophagy components and 
lysosomes are mobilized in a microtubule-dependent 
manner to the perinuclear region of the cells, where 
inclusion bodies normally accumulate, thus increasing the 
chances for engulfment of these proteinaceous deposits 
against other cytosolic components (88). The critical role 
of macroautophagy in the removal of aggregated proteins 
has been convincingly confirmed by showing that the 
selective blockage of macroautophagy in mouse neurons 
results in accumulation of proteinaceous inclusions and 
neuronal death (91, 92).

With macroautophagy left as the only remaining 
pathway for the turnover of intracellular components in 
the compensatory stage of these neurodegenerative disor-
ders, it can be inferred that small alterations in this system 
may have major impacts on neuron survival. Oxidative 
stress and aging are probably the main aggravating factors 
that precipitate the failure of macroautophagy. Conditions 
promoting oxidative stress overload the macroautophagic 
system because the two systems that normally eliminate 
oxidized proteins are no longer capable to perform this 
task. Engulfed oxidized products and damaged organ-
elles become a source of reactive oxygen species inside 
autophagosomes and lysosomes. These reactive species 
can eventually damage lysosomal hydrolases and compo-
nents required for the lysosome/autophagosome fusion 
and result in the accumulation of undegraded products 
inside these compartments (see Figure 32-4). Unspecific 
protein cross linking induced by free radicals increases the 
indigestibility of the substrates which end up accumulat-
ing inside lysosomes in the form of an autofluorescent 
pigment known as lipofuscin (103). Age-related changes 
in the lysosomal system also play an important role in 
macroautophagic failure and could explain the late onset 
of many of these neurodegenerative disorders. Both mac-
roautophagy and CMA activity decrease with age (104). 
The main defect in macroautophagy is the diminished 
ability of lysosomes to clear up autophagic vacuoles. 
Autophagic vacuoles form to trap the intracellular com-
ponents that need to be removed, but a combination of 
defective lysosomal fusion and impaired activity of the 
lysosomal hydrolases with age results in the accumulation 
of undigested materials inside old cells.

IMPAIRED AUTOPHAGY AND 
PARKINSON’S DISEASE

Normal �-synuclein is degraded by the UPS and also by 
autophagy. �-Synuclein can be delivered to lysosomes 
through the CMA pathway for degradation (105). 
Pathogenic mutant forms of �-synuclein are still deliv-
ered to lysosomes by the cytosolic chaperone and bind 
to the lysosomal membrane receptor, but they cannot 
be degraded in this compartment as they are unable to 
cross the lysosomal membrane. Instead, �-synuclein 
mutants remain tightly bound to the lysosomal mem-
brane, interfering with the degradation of other CMA 
substrates (105). The similar ability to block CMA has 
been observed for wild-type �-synuclein when exposed 
to dopamine (Martinez-Vicente and Cuervo, unpublished 
observation). Cells respond to this blockage of CMA by 
upregulating macroautophagy to guarantee normal rates 
of protein degradation (102). However, the absence of 
CMA leaves the cells more vulnerable to stress, and apop-
totic cell death is readily activated in these cells after 
exposure to different stressors.

As suggested above once �-synuclein aggregates, it can 
no longer be degraded by either the UPS or CMA; hence 
macroautophagy becomes the only proteolytic pathway 
able to remove these proteinaceous deposits from the neu-
ronal cytosol. This view is consistent with the demonstra-
tion that aggregates of mutant �-synuclein can be cleared 
by macroautophagy (106), and activation of the latter 
under this condition is likely a result of the inhibition that 
mutant and modified �-synuclein exerted on the UPS and 
CMA (97, 102). Although activation of macroautophagy 
during this compensatory stage prevents the intracellular 
accumulation of aggregated �-synuclein, conditions with a 
negative impact on macroautophagic activity could precipi-
tate failure of the clearance of toxic and aggregate forms of 
�-synuclein and eventually result in cell death.

CONCLUSION

In this chapter we have reviewed the issue of protein aggre-
gations in PD brains, especially with respect to LBs. We 
have tried to dispel the misconception that LBs and other 
types of �-synuclein–positive deposits, if most prominent 
in sporadic PD, are restricted to the dopaminergic systems 
or sporadic PD. It is clear from the above discussion that 
their role, as far as cell toxicity is concerned, remains highly 
speculative and, since dopaminergic neurodegeneration and 
parkinsonism may emerge in absence of LBs, the idea that 
these protein deposits are a necessary part of the disease 
process in PD is even questionable. By now, all of the iden-
tified PD-related genes have been studied in some detail, 
and the fruits of these investigations have led to the concept 
that abnormal protein degradation and accumulation might 
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be a critical factor in dopaminergic neurodegeneration in 
familial PD (Figure 32-5). According to this reasoning, �-
synuclein and DJ-1 mutations could be envisioned to cause 
abnormal protein conformations, overwhelming the main 
cellular protein degradation systems—the UPS and lyso-
somal autophagic pathways—whereas parkin and UCH-L1 
mutations would undermine the cell’s ability to detect and 
degrade misfolded proteins (see Figure 32-5). The common 
end result of these different perturbations is thus expected 
to be a cellular buildup of unwanted proteins that should 
have been eliminated (see Figure 32-5). A similar patho-
genic scenario has been proposed for sporadic PD, but here 

the data used to support such a concept are, up to now, 
mostly indirect and too often unsound.
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FIGURE 32-5

Hypothetical unifying pathogenic scenario in PD revolving around the theme of protein misfolding. Mutant �-synuclein and 
DJ-1 may be misfolded (blue arrows), thus overwhelming the UPS and lysosomal degradation pathways. Other mutant proteins, 
such as parkin and UCH-L1, may lack their wild-type function. Both of these proteins, which belong to the ubiquitin-proteasome 
system, upon mutation may no longer exert their ubiquitin ligase activity, thus damaging the ability of the cellular machinery to
detect and degrade misfolded proteins (red arrows). Mutations in DJ-1 may also alter its supposed chaperone activity, disrupting
the refolding of damaged proteins or the targeting and delivery of damaged proteins for degradation (red arrows). These different
alterations may lead to the accumulation of unwanted proteins, which, by unknown mechanisms (dashed arrows), may lead 
to neurodegeneration. Oxidative stress generated by mitochondrial dysfunction and dopamine metabolism may also promote 
protein misfolding as a result of posttranslational modifications, especially of alpha-synuclein and parkin. Oxidative stress in PD 
may also originate from a defect in the reduced capacity of DJ-1 to detoxify reactive oxygen species, whereas the mitochondrial
dysfunction may, at least in part, derive from defective activity and mislocation of DJ-1 and PINK1. Mitochondrial dysfunction,
oxidative stress, and protein mishandling are thus tightly interconnected in this hypothesized pathogenic cascade. LRRK2 func-
tion is unknown. Additional possible interactions have been omitted for clarity. (Adapted from Vila M, Przedborski S. Genetic 
clues to the pathogenesis of Parkinson’s disease. Nat Med 2004;10 Suppl:S58–62). See color section following page 356.
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Etiology: The Role of 
Environment and Genetics

uring the last century, theories 
regarding the causes of Parkinson’s 
disease (PD) regularly cycled between 
heredity and environment. More 

recently, multifactorial theories of gene–environment 
interaction have emerged (1, 2). Whatever the prevail-
ing theory, epidemiologic observations—that is, the 
distribution of PD in human populations and associ-
ated risk factors identified in these groups—were cited 
as providing, supporting, or detracting evidence. Yet 
only a few distinct forms of parkinsonism have been 
described. The causes of the majority of cases remain 
unexplained.

This chapter provides an intellectual framework 
for the clinical investigation of the determinants of 
PD. First, the challenges particular to the investi-
gation of the cause(s) of PD are reviewed. Second, 
parkinsonisms of known cause are discussed briefly, 
with particular attention being given to the degree to 
which investigation of these unique and, so far, rare 
disorders can guide the study of typical PD. Third, 
etiologic clues for common forms of PD provided by 
epidemiologic studies are presented. Finally, some 
speculation regarding what the most fruitful next steps 
might be is provided.

Caroline M. Tanner

CHALLENGES IN INVESTIGATING 
PARKINSON’S DISEASE

The interpretation of the epidemiologic studies discussed 
in this chapter must be tempered by the limitations 
imposed by the current state of knowledge regarding the 
clinical entity known as Parkinson’s disease. The first step 
in understanding the cause of PD is to define the disorder. 
Although on the surface this appears to be a straightfor-
ward task, there are many potential difficulties.

First, the clinical definition of PD has evolved over 
the past 50 years. Thus, knowledge of the diagnostic 
criteria used in a given study is critical to interpreta-
tion of its results. In the middle of the twentieth century, 
the term Parkinson’s disease was often applied to the 
syndrome of parkinsonism without distinguishing etiol-
ogy. Thus postencephalitic parkinsonism, parkinsonism 
secondary to dopamine receptor–blocking drugs, or neu-
rodegenerative parkinsonism of any type would not be 
distinguished in epidemiologic or clinical reports. Over 
the last 3 or 4 decades, distinct causes of parkinsonism 
have increasingly been identified. As the causes of dif-
ferent parkinsonian syndromes have been understood, 
studies have incorporated more precise diagnostic crite-
ria, excluding parkinsonism of known etiology, such as 
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drug-induced disease, and clinical syndromes thought to 
reflect a different pathologic substrate than “idiopathic’’ 
parkinsonism (such as progressive supranuclear palsy 
or multiple system atrophy). Most recently, two rare 
genetic forms of parkinsonism have been identified. To 
date, no epidemiologic study published has distinguished 
these genetic parkinsonisms from “idiopathic’’ disease. 
Over time, more causes of the syndrome will surely 
be identified. To be most useful, descriptive epidemio-
logic studies should enumerate these different forms of 
parkinsonism separately. In analytic studies, failure to 
study parkinsonism of known cause separately from the 
“idiopathic’’ disorder lessens the ability to identify poten-
tial causative factors unless all cases have the same cause. 
In this chapter, the term Parkinson’s disease is reserved 
for that component of parkinsonism that as yet has no 
known cause. This includes those cases with the syn-
drome of bradykinesia, muscle rigidity, resting tremor, 
and postural instability, reflecting underlying degenera-
tion of pigmented brainstem neurons and where char-
acteristic neuronal intracytoplasmic inclusions (Lewy 
bodies) staining for alpha-synuclein are observed.

Improved methods of investigating neuropathology 
have led to the proposal that neuropathologic injury in 
PD begins in lower brainstem and olfactory nuclei and 
progresses through predictable stages over time, involving 
the substantia nigra and producing classical parkinson-
ism only relatively late, at stages 3 and 4 (3, 4). Lewy 
neurite pathology can also be seen in autonomic ganglia 
outside of the CNS, leading to the further hypothesis that 
PD may begin outside of the CNS well before the classic 
signs of parkinsonism develop (5). If this is correct, the 
onset of the disease process may begin long before the 
neurologic syndrome is diagnosed. While new approaches 
are promising, their abilities to distinguish normal from 
abnormal and to distinguish PD from other forms of 
parkinsonism have not yet been developed to the extent 
that any of these techniques can be used outside the 
research setting. In epidemiologic research, broad appli-
cation of these techniques remains difficult, as they are 
not widely available.

Variations in diagnostic criteria also make it difficult 
to compare studies performed at different times or in dif-
ferent areas. In reports from earlier in this century, cases 
that today might be considered typical PD were classified 
as “arteriosclerotic parkinsonism’’ (6, 7). Other reports 
grouped secondary parkinsonism, such as drug-induced 
parkinsonism and postencephalitic parkinsonism, along 
with PD in determining incidence or prevalence rates, 
although these disorders are etiologically and pathologi-
cally distinct (6, 8). And many of the currently recognized 
“atypical’’ parkinsonian syndromes were described only 
in the last several decades and, in all likelihood, were 
included with idiopathic PD. More recently, genetic causes 
of parkinsonism have been identified. These disorders 

probably would have been classified as PD in earlier and 
even in more recent reports and likely represent just a 
fraction of all parkinsonism. However, the clinical char-
acteristics, particularly in younger-onset forms, make 
them likely to be disproportionately included in clinical
studies. Mitochondrial mechanisms, oxidative stress, 
and protein clearance appear to be pathogenic in animal 
models derived both from toxicant and genetic forms of 
parkinsonism (9, 10)

A further challenge in investigating PD is the lack of 
a diagnostic test. Diagnosis is entirely dependent on the 
neurologic history and examination. This forced reliance
on clinical diagnostic methods is a potential source of 
error. Variations in the experience of diagnosticians 
can affect diagnostic accuracy. For example, a different 
neurologic disorder, essential tremor, may be confused 
with PD. Up to 40% of the diagnoses of PD gleaned 
from public health registries were false-positives, largely 
comprising cases of essential tremor (11). Conversely, 
bona fide PD may be misdiagnosed, particularly in the 
very elderly, thus underestimating the pattern of disease 
in these age groups. In the older age groups, slowness 
and tremor may be considered “normal’’ by some. Other 
common disorders—including Alzheimer’s disease (AD), 
hypothyroidism, depression, arthritis, and stroke—may 
not always be easily distinguished from PD. A further 
difficulty is presented by people with both parkinsonism 
and dementia, whose condition may be classified as either 
primary disorder in different epidemiologic surveys. The 
common use of neuroleptics in institutionalized elderly, 
especially those with cognitive impairment, can further 
confound diagnosis in this age group, because these drugs 
can cause parkinsonism.

There is no clinical criterion that predicts with 
absolute certainty the pathologic changes typical of 
PD. In postmortem studies, only 80% of cases clinically 
diagnosed as PD were found to have typical Lewy body 
neuropathology (12, 13). These results probably over-
estimate the actual misdiagnosis rate, however, because 
autopsy most likely is performed when clinical diagno-
sis is questioned (14). The identification of individuals 
with very early disease presents additional uncertainties, 
because at least 50% of substantia nigra pars compacta 
(SNPC) cells are believed to be lost before the symptoms 
prompt medical attention (15). Furthermore, in autopsy 
series, the pathologic changes of PD are identified in the 
brains of people who were not diagnosed during life; 
these “incidental Lewy body’’ cases increase with increas-
ing age of the population surveyed and may represent 
clinically presymptomatic PD (16). Postmortem valida-
tion of clinical diagnosis, in the few settings where it is 
possible, offers valuable insights (17).

The uncertainty of clinical diagnosis is an important 
factor in the design and critical analysis of studies of the 
etiology of PD. Inclusion of patients who do not have 
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typical disease serves to increase estimates of disease fre-
quency, whereas excluding early disease has the opposite 
effect. Either type of misclassification can alter demo-
graphic patterns. In case-control studies, the inclusion of 
people who do not actually have PD usually lowers the 
precision of the study, decreasing the ability to find a risk 
factor for disease. If many such patients were included in a 
study, however, it is possible that a risk factor identified with 
the non-PD cases might erroneously be associated with PD. 
In genetic studies, inclusion of such cases would usually 
lower the likelihood of finding an association of a gene 
or chromosome marker with PD. Moreover, the mode of 
inheritance of a genetic defect could be misinterpreted, 
particularly if a disorder frequently misclassified as PD 
were inherited.

Finally, PD is a relatively rare disorder. As a result, 
even studies of large populations will find relatively few 
cases, and the potential error in any single study may be 
significant. In analytic studies, this can be particularly 
problematic if the cause or causes of disease differ across 
populations.

PARKINSONISM OF KNOWN CAUSE

Current theories on the pathogenic mechanisms under-
lying PD are derived largely from investigations of the 
forms of parkinsonism with identifiable causes (both 
genetic and environmental) and the pursuit of the mecha-
nisms of these disorders. Although it is popular to pose 
debates supporting a purely genetic or environmental 
causes of disease, this formulation is probably a gross 
oversimplification. More likely, PD is a complex disorder 
resulting from the interaction of both genetic and envi-
ronmental factors. Regardless of triggering factors, if the 
final mechanisms of neuronal injury and death discovered 
in these forms of parkinsonism with known causes are 
relevant to idiopathic Parkinsonian cases, delineation of 
these mechanisms will help to shed light on the deter-
minants of the larger proportion of patients with this 
disease. For this reason, this chapter begins with a dis-
cussion of the clinical and laboratory knowledge gleaned 
from several forms of parkinsonism very closely resem-
bling PD, but with known causes. Investigation of the 
mechanisms of neurodegeneration underlying these may 
provide insights into the determinants of PD in general. 
For example, the final common pathway or pathways of 
injury produced by both genetic and environmental risk 
factors for PD may be similar, even if initiating factors 
differ. Elucidation of the pathophysiologic mechanisms 
of neuronal death in these rare disorders may eventually 
lead to an understanding of the cause(s) of all forms of 
parkinsonism.

Parkinsonism can be a manifestation of many neuro-
logic disorders and may be caused by toxicants or infectious 

brain injury (18, 19). In general, however, these disorders 
have not been informative in the investigation of typical 
PD, as their neurologic injury is more extensive and the 
resultant clinical features distinct. However, some forms of 
parkinsonism in humans are clinically very similar to PD. 
One is caused by toxicant exposure and the others result 
from mutations in specific genes. Each differs from PD in 
some regards, but all have significant clinical or pathologic 
overlap with the “typical’’ disease of unknown etiology. 
Each is considered here in terms of the possible clues to 
the cause of typical PD.

MPTP-Induced Parkinsonism

Parkinsonism seen in a cluster of narcotics addicts was 
caused by the intravenous injection of the compound 
1-methyl-4-phenyl, 1, 2, 3, 6-tetrahydropyridine (MPTP) 
(see Chapter 34) (20). Before this discovery, parkinsonism 
was known to result from numerous other chemi-
cal injuries, such as carbon disulfide, manganese, and 
hydrocarbon solvents (18, 19). However, the clinical 
syndromes and patterns of pathologic injury resulting 
from these compounds are more widely distributed than 
those of PD. In contrast, MPTP-induced parkinsonism is 
remarkable in that, with the exception of its rapid onset, 
it closely mimics the clinical and anatomic features of PD. 
In addition, animal studies have found that susceptibility 
to MPTP toxicity increases with age (21). These observa-
tions led to the proposal that exposure to an exogenous 
agent might cause PD. Many studies seeking an envi-
ronmental cause of PD were launched (see subsequent 
section). Thus far, no other exposure has been proven to 
cause a pure parkinsonian syndrome in humans. Because 
PD onset is insidious, in contrast to the abrupt or sub-
acute onset of symptoms after a large toxic exposure, 
chronic low-dose exposure to a single agent or multiple 
low-dose exposures to different agents may be involved. 
Substances that are mildly toxic or that slowly ingress or 
accumulate in the brain are difficult to evaluate, and their 
significance could be missed (22). To narrow this search, 
the MPTP observation has been used as a paradigm, and 
research focuses on compounds that are toxicologically 
or structurally similar to MPTP. This approach serves as 
a model for the interaction of clinical scientists and basic 
scientists in seeking the cause of PD.

The toxicology of MPTP is well characterized. 
Parenterally administered MPTP readily crosses the 
blood-brain barrier because of its lipophilicity (23). In 
the central nervous system (CNS), it is oxidized, primarily 
by glial monoamine oxidase B (MAO-B), into the charged 
molecule 1-methyl-4-phenylpyridinium ion (MPP�), 
the active neurotoxin (24). MPP� is actively taken 
up into nerve terminals by the dopamine transporter 
(25) and is further concentrated in mitochondria 
because of the electrochemical membrane potential 
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gradient (26). In mitochondria it binds to and inhibits 
reduced nicotinamide-adenine-dinucleotide (NADH) 
complex I (the rotenone-sensitive site), thereby blocking 
oxidative phosphorylation and adenosine-triphosphate 
(ATP)  production (27–29).

If inhibition of mitochondrial complex I is the key 
toxic action of MPP�, then other compounds with simi-
lar actions may also be suspected as parkinsonism-causing 
agents, such as mitochondrial poisons (30, 31), including 
cyanide, carbon monoxide, hydrogen sulfide, diphenylether 
herbicides, and nitric oxide. Mitochondrial ATP synthesis 
is also impaired by fluorinated hydrocarbons, DDT and 
other organochlorine insecticides, dinitrophenol, thiadia-
zole herbicides, and crotonalide fungicides, among others. 
Furthermore, mitochondrial defects and oxidative stress are 
intertwined phenomena, both resulting from and inducing 
the other (32, 33), and a growing body of evidence suggests 
that oxidative damage also contributes to the pathogenesis 
of PD (34–37) (see also Chapter 30). This adds an addi-
tional list of compounds that could potentially contribute to 
nigral nerve cell injury, including heavy metals, compounds 
metabolized to reactive intermediates (e.g., quinones), and 
compounds interfering with endogenous protective mecha-
nisms, such as sulfhydryl-depleting agents (with consequent 
loss of glutathione) (38). Also, diets deficient in antioxi-
dant vitamins could represent a risk factor for nigral cell 
degeneration. Finally, structural analogs of MPTP with 
different chemical mechanisms, such as paraquat (39) and 
diquat, have been associated with parkinsonism in humans. 
Other structurally similar compounds, such as isoquino-
lines (31, 40, 41) and 4-substituted pyridines (42, 43) may 
be nigral toxins in animals or in human brain (44, 45) and 
have been found in postmortem parkinsonian substantia 
nigra (31, 46).

Consistent with the possibility that environmental 
agents acting as mitochondrial toxins may contribute to 
PD risk (47), one small study (48) reported finding the 
organochlorine insecticide dieldrin in brain samples from 
6 of 20 PD patients compared with none of 14 control 
brains. Most interesting is the recent demonstration (49) 
of a progressive nigral lesion in animals resulting from 
exposure to rotenone, a common pesticide that specifically 
blocks mitochondrial complex I. As with the MPP�-
induced lesions, rotenone-induced injury is selective and 
specific to the areas damaged in PD. To date, no case of 
human parkinsonism has been associated with rotenone 
exposure. However, the demonstration of parkinsonism 
in association with a second specific inhibitor of mito-
chondrial complex I supports the hypothesis that agents 
with this chemical mechanism may cause PD. 

Parkinsonism Resulting from Genetic Mutations

At present, mutations in at least 5 genes have been firmly 
associated with parkinsonism: (a) �-synuclein [SNCA or

PARK1] (50), (b) parkin [PRKN or PARK2] (51), (c) 
DJ-1 [DJ1 or PARK7] (52), (d) PTEN-induced putative 
kinase I [PINK1 or PARK6] (50), and (e) leucine-rich 
repeat kinase 2 or dardarin [LRRK2 or PARK8] (53, 54). 
A sixth, the UCH-L1 [PARK5] gene, was identified in 
2 German siblings with PD and thought to represent 
a causative single missense mutation (55), but further 
analysis has not been definitive.

Parkinsonism Resulting from Mutations in the �-Synuclein 
Gene (PARK1). The first mutation linked to familial 
parkinsonism was found in the coding region of the gene 
on chromosome 4 encoding for the �-synuclein protein 
(SNCA) (56, 57). The mutation caused parkinsonism 
in a large Italian-Greek family (known as the Contursi 
kindred). Inheritance is in an autosomal dominant pat-
tern. The clinical features are not entirely typical of PD, 
as onset is earlier than usual, the course is more rapid, 
response to levodopa therapy is poor, rest tremor is 
uncommon, dementia appears to be more common, and 
signs not usually seen in PD, such as fluent aphasia, are 
seen in some patients (58). A second mutation in this gene 
was associated with dominantly inherited parkinsonism 
in a German family (59). However, parkinsonism result-
ing from an �-synuclein mutation appears to be limited 
so far to fewer than 70 cases worldwide. This muta-
tion has never been associated with sporadic PD, and 
no additional affected kindreds have been reported 
(60, 61). Recently, SNCA genomic multiplications in 
familial parkinsonism have been reported in 2 families, 
with duplications and triplications; these are associated 
with early-onset parkinsonism (62–65).

Although parkinsonism associated with �-synuclein
mutations is rare, investigation of the mechanisms under-
lying that disease may provide useful clues to understand-
ing the cause of sporadic PD. Several lines of evidence 
have been uncovered. �-Synuclein protein is normally 
abundant in nerve terminals. In the laboratory, mutated 
protein promotes aggregation into filaments (66). A frag-
ment of �-synuclein is found in plaques of AD (67). In 
transgenic animal models, abnormalities of dopamine sys-
tems and inclusions are seen. Most remarkably, in fruit 
flies, which normally have no �-synuclein, expression of 
the �-synuclein gene or of either mutant caused dopamine 
neuron loss, Lewy-like inclusions, and mobility problems 
(68). Furthermore, aggregates of �-synuclein are present 
in the intracytoplasmic inclusions of PD and Lewy body 
dementia and in the glial cytoplasmic inclusions in mul-
tiple system atrophy (69). Aggregates of �-synuclein may 
promote further protein aggregation, but whether this is a 
cause of disease or merely one feature of disease-causing 
pathology is not known. Intriguingly, abnormal protein
aggregation is seen in other neurodegenerative disorders, 
suggesting similarities in the pathogenetic mechanisms 
of these conditions. If this is true, identifying factors 
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promoting and preventing this protein aggregation may 
be a fruitful direction of research. 

Parkinsonism Resulting from Mutations in the Parkin 
Gene (PARK2). Recessively inherited parkinsonism is 
most commonly caused by either point mutations or large 
deletions in the “parkin’’ gene (chromosome 6q25.2–27) 
(51, 70–72). Patients typically have disease onset before 
the age of 40 and a family history of PD. Clinically, 
they have a high incidence of foot dystonia, levodopa-
induced dyskinesias, diurnal variation of symptoms with 
prominent sleep benefit, and early motor fluctuations 
in response to levodopa therapy. A critical difference 
between parkin-associated parkinsonism and sporadic 
PD is at the absence of Lewy bodies on postmortem 
exam (73, 74).

PARK2 mutations are more common than PARK1
mutations but still cause only a fraction of all parkinson-
ism. In a European study, PARK2 mutations were found 
in 77% of people with parkinsonism beginning before 
age 20 but in only 3% of those with symptoms starting 
after age 30 (75). Because at least 95% of parkinsonism 
in the community has onset after age 50 (76), PARK2
remains a rare cause of parkinsonism.

As with �-synuclein, investigation of the disease-
causing mechanisms associated with this gene may 
provide insight into the pathogenesis of sporadic PD. 
The function of parkin protein is not known although it 
is thought to be an �3 ubiquitin ligase playing a role in 
protein aggregation. It is normally expressed in substantia 
nigra in a pattern similar to the expression of �-synuclein. 
PARK2 protein is associated with Golgi complexes and 
may assist in protein processing. In addition, it is found 
in Lewy bodies in nonfamilial PD. Unlike �-synuclein, 
however, the protein product is not expressed in PARK
2–associated parkinsonism.

Parkinsonism Resulting from Mutations in PTEN-Induced 
Putative Kinase I (PARK6 PINK1). PINK1 is a rare 
form of recessive parkinsonism. The first mutations in 
the PINK1 gene were described in three consanguin-
eous families of Italian and Spanish origin (77, 78). 
The PINK1 gene on chromosome 1 has been shown to 
encode a putative protein kinase, and PINK1 proteins 
appear to be located on the mitochondrion. PINK1 may 
exert a protective effect on the cell, and it is hypoth-
esized that mutations in the PINK1 gene may increase 
susceptibility to cellular stress (79). PINK1 mutations 
cause symptoms resembling parkin-associated disease. 
Age of onset is usually in the third or fourth decade, the 
disease progresses slowly, and there is good response to 
levodopa. Since the original reports, PINK1 mutations 
have been found in European (80) and Asian popu-
lations (81) but are thought to be less common than 
parkin mutations (82, 83). It has been suggested that 

haploinsufficiency of PINK1 is a susceptibility factor 
for parkinsonism (82).

Parkinsonism Resulting from Mutations in 
DJ-1(PARK7). DJ-1 is another rare recessive form of 
parkinsonism. The first mutations in the DJ-1 gene were 
described in a Dutch kindred carrying a homozygous 
deletion (52). Different DJ-1 mutations in other ethnic 
groups have also been identified (52, 84–87). In the origi-
nal Dutch kindred there is a homozygous deletion (52) 
and complete absence of the protein product, which 
suggests the pathogenesis results from loss of DJ-1 func-
tion. The function of the DJ-1 protein, however, is not 
yet known. Symptoms appear to be similar to those of 
parkin- and PINK1-associated parkinsonism, including 
early age of onset (17 to about 40 years), good response 
to levodopa, slow progression, and levodopa-induced 
dyskinesias (84, 85, 87–90). Psychological symptoms 
at onset or in the early stages in the disease course 
and focal dystonias have been reported (88, 89). The 
frequency of the mutations appears to be low (87, 91); 
in one study, only 2% of those with early-onset PD had 
DJ-1 mutations (87).

Parkinsonism Resulting from Mutations In Leucine-Rich 
Repeat Kinase 2 (LRRK2) or Dardarin (PARK8). LRRK2-
related parkinsonism is the most common autosomal 
dominant form. Mutations in the LRRK2 gene are the 
most common cause of genetic parkinsonism, accounting 
for up to 5% to 6% of familial and 1% to 2% of spo-
radic parkinsonism cases (53, 54, 92–95). In persons of 
Ashkenazi Jewish and North African origin, as many as 
15% to 20% have mutations in the LRRK2 gene (96, 97). 
LRRK2 clinical features include early- and late-onset 
disease, and there is a wide range of pathology, includ-
ing LB pathology and neurofibrillary tangles as well as 
pure nigral degeneration without LBs (54, 98). Patients 
with LRRK2 mutations typically have clinical features 
resembling those of idiopathic PD (54, 99–101). In one 
study (101), age at onset was variable, ranging from
33 to 78 years, with mean age at onset of 57.1 � 13.2
years, which is similar to that of idiopathic PD. Onset 
was frequently asymmetrical, with rest tremor or motor 
slowness, and the majority patients had minimal or no 
rest tremor even with long disease duration. All of the 
patients were taking levodopa. Although most reports 
indicate low rates of associated psychiatric or cognitive 
dysfunction (54, 100, 102), more recently some patients 
with LRRK2 mutations have been noted to have severe 
hallucinations, moderate dementia, delusions, and depres-
sion with early-stage disease (103). Penetrance has been 
reported to be between 30% and 100% in different fami-
lies with LRRK2 mutations (53, 104), and Gaig et al., in 
their publication (101), note an unaffected 91-year-old
carrying the G2019S mutation.
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Parkinsonism Resulting from Other Mutations and 
Polymorphisms. Other candidate PD loci have been 
proposed, including putative disease-causing mutations 
in the ubiquitin carboxy-terminal hydrolase L1 (UCHL1)
(55) and in a nuclear receptor of subfamily 4 (NR4A2 or
NURRI) (105). These candidates do not map to known 
parkinsonism linkage regions, but polymorphisms in both 
genes have been associated with parkinsonism in some 
case-control studies (106). From an epidemiologic per-
spective, the monogenic causes of parkinsonism appear 
to constitute a small proportion of cases worldwide. 
However, investigation of the protein products of these 
genes can provide further understanding of the pro-
cess of neuronal death in parkinsonism. Investigation 
of these forms has emphasized the role of key proteins 
(like �-synuclein) and molecular pathways leading to 
neurodegeneration. Intriguingly, mitochondrial mecha-
nisms, oxidative stress, and protein clearance appear to be 
pathogenic in animal models derived both from toxicant 
and genetic forms of parkinsonism (9, 10).

CLUES TO THE CAUSE OF PARKINSON’S 
DISEASE FROM EPIDEMIOLOGIC STUDIES

Epidemiologists study the frequencies and determinants 
of disease in populations. By comparing disease frequen-
cies between populations with differing characteristics, 
putative risk factors can be identified. Epidemiologic 
investigations cannot “prove’’ a specific cause of the 
disease. In the end, the determination of causality must 
be demonstrated in the laboratory. However, descrip-
tive epidemiologic studies reporting the distribution of 
disease within populations may lead to theories that can 
in turn be tested in the laboratory or in analytical inves-
tigations. Analytical epidemiologic studies focused on the 
identification of the determinants of disease can provide 
strong clues for laboratory scientists. For example, in 
most cases a genetic cause of disease is first suspected 
because of a characteristic familial pattern. An environ-
mental cause, such as infection or toxicant exposure, 
would classically be associated with clustering of cases in 
time or space. As described previously, for parkinsonism, 
each pattern is seen in only a small percentage of cases 
but not in most. The following section briefly reviews 
potential risk factors identified through epidemiologic 
studies.

Risk Factors Proposed from Studies of 
Disease Frequency

Increasing Age. In any population studied, regardless of 
geographic location, an increase in PD frequency is asso-
ciated with increasing age (6, 11, 107–111). Parkinson’s 
disease incidence increases dramatically from less than 

10 new cases per 100, 000 at age 50 to at least 200 new 
cases per 100, 000 at age 80 (112–114). Indeed, in all 
populations studied, PD is very rare before age 50 (6, 10, 
112, 115–123) and increases steadily in the sixth through 
the eighth decades in most populations. A decrease in 
late life is seen in some studies; whether this apparent 
decline in PD incidence is the result of methodologic 
challenges, such as the greater difficulty identifying and 
diagnosing PD in the very old (124) rather than an actual 
decline in disease frequency, is not certain. If the decline 
is real, a biological “window of vulnerability” for PD 
may exist.

Investigation of the determinants of age-related inci-
dence could provide important insights into the causes 
of PD, as this pattern could reflect an age-determined 
process, such as an acquired defect in cellular metabolism. 
Alternatively, a process requiring a long period to mani-
fest, as might result from prolonged toxicant exposure 
or the cumulative effects of many individual injuries to 
nerve cells, might cause a similar pattern. Or, both age-
related vulnerability and time-dependent processes could 
explain the late-life preponderance of PD.

Male Gender. Parkinson’s disease is typically approxi-
mately 1.2 to 1.5 times more common in men than in 
women, although age-adjusted gender-specific differences 
show some variability worldwide (107, 108, 110–112, 
118, 125–135). The greater disease frequency in men may 
reflect a biologic phenomenon, such as might result, for 
example, from the influence of sex hormones, or a male-
associated exposure, such as an occupational toxicant 
exposure or other behavioral factors. In a large study 
in northern California, PD incidence in men was 91% 
higher than for women (19 per 100, 000 for men vs. 
9.9 per 100, 000 for women, age-adjusted) (122).

Caucasian Race. Most prevalence studies have shown a 
similar pattern of greater frequency of PD in Caucasians (2). 
Whether this reflects biased ascertainment, differences in 
survival, or a true risk remains unknown. Studies of inci-
dence can address the question of different survival, but the 
incidence of PD in non-Caucasians has been estimated in 
only a few studies. Two multiracial population-based stud-
ies estimating the incidence of PD in the Upper West Side 
of Manhattan (112) and in Northern California (122) sug-
gest racial differences in PD incidence. In the Manhattan 
study, African-American women had lower rates, but 
African-American men had higher rates than whites (112). 
The Northern California study, a much larger evaluation 
of PD incidence, showed a lower frequency of PD in both 
men and women of African or Asian descent than in non-
Hispanic whites (122). Results remain equivocal in both 
studies, however, as even in this large study the numbers of 
nonwhites were low and between-group confidence inter-
vals for race-specific PD incidence overlapped.
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If there are true differences in PD risk among groups 
defined by race or ethnicity, this may reflect either dif-
ferences in biologic susceptibility or in nongenetic risk 
factors. For example, mutations in the LRRK2 gene 
account for about 2% of parkinsonism in northern 
European populations but are 15% to 20% in persons 
of Ashkenazi Jewish and North African origin (96, 97). 
Others have suggested that dermal melanin may protect 
against PD by trapping potential neurotoxins before they 
reach the brain (136). Because dermal melanin is regularly 
sloughed with keratinized skin, persons with more dermal 
melanin might be protected from the passage of toxicant 
compounds into the CNS. Alternatively, differences in 
nongenetic risk factors may explain differences in among 
populations. For example, PD prevalence is high in the 
Inuit population of Greenland (137). This population is at 
risk for dietary and other exposures to persistent organic 
pollutants (138), agents suggested to be risk factors for 
PD. More studies are needed to determine whether people 
of different ethnicities have differing risks of PD. If pres-
ent, this difference could provide clues to ethnicity-specific 
genetic or environmental etiologic factors.

More Recent Calendar Time. In only a few populations 
worldwide has the incidence of PD been determined at more 
than one point of time. Reviews of the Mayo Clinic data-
base from Olmsted County, Minnesota, found no change 
in age-specific Parkinson’s disease incidence between 1935 
and 1990 (128, 139). One limitation to this work is the 
small population size. Only 154 PD cases were incident in 
15 years, resulting in poor precision of these estimates. In 
contrast, in southwestern Finland, based on a larger number 
of cases, estimated incidence of PD was increased in men, 
particularly those aged 60 and older, in 1992 as compared 
to 1971 (140). While it is possible that these differences 
may reflect temporal changes in environmental exposures 
in Finland but not in Minnesota, this cannot be determined 
from the published studies. In China, prevalence estimated 
from population surveys in the 1980s was low, but more 
recent rates have been similar to those in western countries 
(141). The increased frequency of PD in these studies may 
reflect real increases in the disease, possibly as the result of 
increased exposure to disease-causing toxicants, or could 
have no relationship to the cause of PD but instead reflect 
factors such as improved diagnosis, improved record keep-
ing, or relative changes in mortality as a result of better 
treatment of competing diseases (142).

RISK FACTORS FROM ANALYTIC STUDIES

Genetic and Hereditary Risk Factors

Although early observers did not believe that PD was 
inherited (143, 144), approximately 11% of patients in 
Gowers’ London clinic reported an affected relative (145). 

Familial clusters generally are interpreted to indicate a 
genetic cause for disease, but certain patterns within fami-
lies, such as temporal clustering of disease, may be more 
suggestive of shared environmental risks. A number of 
case-control studies have found increased PD risk if a 
first degree relative has PD (1, 146–150). Because persons 
with disease may be more aware of disease in relatives, 
these studies in part may reflect reporting bias. Elbaz 
et al. (151) showed evidence for family information bias, 
whereby individuals with PD are more likely to report 
a relative with PD than are control subjects, increasing 
the risk estimate 133%. Additionally, studies in twins do 
not support a genetic cause for typical age at PD onset, 
although genetic factors appear to be increased in those 
with younger age at onset (152–157).

This section briefly reviews studies investigating 
heritable causes of PD. Much of this work is detailed 
in other chapters (see Chapter 37). Although a familial 
disease pattern is often the result of a specific genotype, 
nongenetic factors such as common exposures to infec-
tion or toxicants and lifestyle factors are also commonly 
shared among family members and can cause similar 
patterns of disease (158). Familial risk factors for PD 
have been sought using three general approaches: family 
studies and genetic linkage analysis; studies in relative 
pairs (twins, sibling pairs); and case-control comparisons 
of family history of PD or single genes proposed to be 
associated with it.

Studies in Families. Genetic defects responsible for 
parkinsonism have been identified in families as discussed 
above (50, 51–54, 56, 71, 77, 78, 147, 159, 160). In many 
cases, the clinical features resemble typical PD. However, 
within affected families there are often clinical features 
that are unusual for PD. Most of these families have had 
patterns consistent with Mendelian inheritance. In other 
families, specific genetic defects have not been associated 
with disease.

In the small number of cases in which autopsy 
has been performed, neuropathology was rarely identi-
cal to that of typical PD (161, 162). Reports of PD in 
familial patterns suggest that additional genes causing 
parkinsonism will probably be identified. Whether these 
new genes, as with the genes identified so far, will be 
linked to just a few individuals with parkinsonism or will 
contribute to the cause of most patients with the disease 
remains to be deciphered. Nevertheless, investigations 
of their gene products can potentially provide important 
clues to investigations of the etiology of PD.

Studies in Twins and Sibling Pairs. Studies of twins or 
siblings are another approach used to investigate the deter-
minants of PD. In twin studies, the relative contribution 
of genetics and environment is determined by comparing 
concordance in monozygotic (MZ) twins (who share all 
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autosomal genes) and dizygotic (DZ) twins (who share, 
on average, 50% of autosomal genes). If genetic factors 
are primary to the cause of PD, concordance in MZ pairs 
will be high, whereas that in DZ pairs will be similar to 
disease rates in other siblings (sharing, on average, 50% 
of genes). Monozygotic twin pairs discordant for PD were 
reported by Gudmundsson (7) and Pembrey (163). In 
1977, Duvoisin and coworkers (152) initiated a collab-
orative study of PD in twins. They collected 43 MZ and 
19 DZ twins by 1983 and found that concordance for 
parkinsonism is no more frequent in twins than would 
be expected from the age-specific incidence of the disease. 
Thus, they concluded that the main factors in the etiology 
of PD must be nongenetic. However, in a follow-up review 
of the data, they have suggested that these results neither 
exclude nor prove a genetic role (164). Imaging studies 
found that 4 of 15 MZ and 2 of 8 DZ asymptomatic 
co-twins had reduced putamen 18F-dopa uptake (102). 
Those co-twins with impaired function had isolated pos-
tural tremor and/or possible bradykinesia. Concordance 
for reduced 18F-dopa uptake (27% for MZ and 25% for 
DZ co-twins) was higher than was clinical concordance 
but not different between MZ and DZ pairs.

These studies suggested that genetic factors are not 
important in PD. However, the groups were small and 
highly selected. In most cases, diagnosis was derived only 
from medical databases, potentially causing an underesti-
mate of concordance. To address these concerns, Tanner 
and colleagues compared concordance for PD in MZ and 
DZ twins in a long-established cohort of elderly male 
twins, unselected for diseases of late life, using direct 
assessment by a movement disorders specialist (165). 
Overall, concordance for PD in MZ and DZ pairs was 
similar. This finding is not consistent with a significant 
genetic cause of PD. The exception to this conclusion was 
those few pairs with age of onset under age 50, in whom 
concordance was much higher in MZ twins, suggesting 
strong genetic determinants in younger-onset disease.

Although these results appear clear-cut, twins 
were evaluated at a single point in time, and new cases 
occurring after this examination may have been missed. 
Two small follow-up studies highlighted this concern. 
In the first, a study of 34 twin pairs, concordance for 
decreased putamenal 18F-dopa uptake was higher in MZ 
twins than in DZ twin pairs. Higher MZ concordance 
was most evident in the 19 pairs in whom longitudi-
nal follow-up was possible, particularly when concor-
dance was further defined to include an increased rate of 
loss of putamenal 18F-dopa (166). These findings were 
interpreted to strongly support a genetic cause of PD. In 
contrast, follow-up of 23 twin pairs for 8 years did not 
find differences in clinical concordance when compar-
ing MZ twins and DZ twins (167). In this study, twins 
with prior decreased 18F-dopa uptake on PET had not 
developed clinical PD. Because both studies are small in 

number and subject to selection and other possible biases, 
a final interpretation of these different findings awaits 
confirmation in a larger, unselected population. More-
over, the radiographic finding itself is of uncertain clinical 
and prognostic significance and will require further inves-
tigation. To address these concerns, a second evaluation 
of the National Academy of Sciences/National Research 
Council (NAS/NRC) World War II veteran twins cohort 
is underway, using both clinical examination and B-CIT 
SPECT (single photon emission computed tomography) 
imaging. Other researchers are using a different research 
strategy to investigate a genetic determinant of PD, the 
investigation of affected sibling pairs (168–174). To 
date, these studies have shown inconsistent findings, 
suggesting that complex gene-gene and gene-environ-
ment interactions may be important causes of PD. An 
evaluation of the heritability of PD in same-sexed and 
opposite-sexed twin pairs in the Swedish Twin Regis-
try identified 247 twins with self-reported PD or a PD 
diagnosis (“possible PD”), and 517 twins who reported 
parkinsonian symptoms or use of antiparkinsonian 
medication (“suspected parkinsonism or movement 
disorder”) (157). In the “possible PD” group, there were 
only two concordant pairs, both female dizygotic, and 
concordances were low in all zygosity groups, even when 
the definition of affected was expanded to include twins 
with suspected parkinsonism or movement disorder in 
addition to possible PD. Overall, the authors concluded 
these results suggested environmental factors were most 
important in the etiology of PD.

Case-Control Studies of Genetic Risk Factors. Case-
control studies compare the rates of a proposed risk pro-
posed risk (or protective) factor between people with the 
disease and people in the general population without the 
disease. Genetic risk factors for PD that have been studied 
using this method include family history of PD, specific 
genetic polymorphisms, and interaction of genes and 
other exposures. Case-control studies can demonstrate 
an association between a specific factor and disease. 
However, association does not prove causation. The 
significance of any association observed must be deter-
mined using other methods.

Case-control studies that compared the rate of PD 
in family members of cases and controls have also impli-
cated a genetic contribution to the cause of the disease. 
On an average, reported rates reflect those first described 
by Gowers (145): approximately 10% to 15% of cases 
selected from clinics report a first-degree relative with PD. 
In some studies based in specialty clinics, much higher 
rates of PD and isolated tremor in relatives are reported 
(149, 150, 175). Because attendance at such clinics may 
be more likely if there are unusual characteristics to the 
illness, such as a familial pattern, these findings may not 
be generalizable to the population at large.
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A community-based study (148) also found a 
significantly increased risk of PD in first-degree rela-
tives of PD patients, but the magnitude of risk was con-
siderably less. After controlling for sex, ethnicity, and 
relationship to proband, first-degree relatives of cases 
were 2.3 times more likely to develop PD than relatives 
of controls, and male relatives were at twice the risk 
as female relatives. The lifetime incidence (to age 75) 
in first-degree relatives of patients was only 2% versus 
1% in control families, suggesting that, although there 
is a significant familial component, PD is probably not 
due to simple Mendelian inheritance. A similar 2.5-fold 
increased risk was also found in a recent, prospective, 
community-based study among people reporting a family 
history of PD (176). A historical cohort study (177) of 
1001 first-degree relatives of 162 probands with PD and 
of 851 relatives of 147 control probands representative 
of the population of Olmsted County, Minnesota (from 
1976 through 1995), was performed; 2713 first-degree 
relatives of 411 probands with PD referred to the Mayo 
Clinic from 1996 through 2000 and 625 spouses of PD 
or control probands were also interviewed and screened. 
Relatives of probands with younger onset (at or below 
age 66; first tertile) had a more significantly increased 
risk (relative risk, 2.62; 95% confidence interval, 1.66 
to 4.15), whereas relatives of probands with later onset 
had no increased risk.

Others have used a case-control method to investi-
gate whether specific genetic polymorphisms alter the risk 
of PD. So far, polymorphisms of several genes have been 
associated with PD in some studies, but no finding is con-
sistent across populations. These associations have been 
proposed to be directly or indirectly related to disease 
etiology. Many of the genes associated with PD encode 
enzymes involved in xenobiotic metabolism. If PD is 
multifactorial, resulting from both genetic factors and 
environmental factors, risk from various environmental 
factors could be influenced by metabolizing enzymes. 
An interaction of genetic factors with these exposures 
could result in a high level of disease risk. Differences in 
the activity of enzymes metabolizing xenobiotics might 
result in toxicity in one person (i.e., low metabolizer) 
but not affect another (i.e., normal or high metabolizer.) 
Polymorphisms of several genes involved in xenobiotic 
metabolism have been associated with increased PD risk, 
including cytochrome P 450 2D6, cytochrome P 450 1A1, 
glutathione transferase, N-acetyl transferase, the dopa-
mine transporter, MAO-B, paraoxonase, alpha-1 antichy-
motrypsin, and ubiquitin carboxy-terminal hydrolase L1, 
but results are not consistent (178–194).

The inconsistent nature of these associations with 
PD risk could represent spurious findings. Factors such 
as differences in ethnicity, presence of other diseases, 
or survival could cause control populations to differ 
from case populations in genetic makeup independent 

of disease-specific factors. However, inconsistent results 
may also be observed if gene-environment interactions 
are the determinant of PD (195); that is, these variants 
might only result in an increased risk if an individual 
were exposed to certain environmental factors, resulting 
in toxic effects from levels of compounds that might not 
otherwise be toxic. Enzymatic variability could result in 
decreased detoxification of toxic compounds or increased 
bioactivation of otherwise nontoxic compounds. Interac-
tions of genetic polymorphisms and exposures have only 
rarely been studied (196–199). The combined effects of 
multiple genes, alone or in combination with exposures, 
may also be important (200). Whether the inconsistent 
results of studies to date are because of design differences 
or reflect a true absence of an important gene environ-
ment or gene-gene interaction in PD cannot be deter-
mined. Most investigators agree that further investigation 
in this area is clearly warranted.

Indeed, the search for PD susceptibility genes has 
been largely limited to the candidate-gene approach. 
Although mutations in the identified genes only rarely 
cause PD, common variations in some of these genes may 
be related to increased susceptibility to PD (201, 202). 
In a report of results drawing the first genomic map of 
PD, a 2-tiered, whole-genome association study identi-
fied 11 single-nucleotide polymorphisms (SNPs) associ-
ated with PD in both tier 1 and tier 2 samples (203). In 
addition, several new susceptibility genes for PD were 
nominated, with the SEMA5A gene being particularly 
notable. However, replication and cautious interpretation 
is essential (204). Such findings may ultimately identify 
biomarkers for early disease detection and suggest new 
molecular targets for therapy.

Environmental Risk Factors

More than 20 case-control studies have evaluated the 
role of environmental factors in the etiology of PD 
(2, 205). Many of these have implicated agricultural or 
industrial chemical exposures but have focused on broad 
groupings of agents or classes of chemicals rather than 
on specific exposures. Although these categories provide 
important leads, they have been too broad to pinpoint 
causal agents. The major findings are summarized in the 
following sections.

Agriculture and Related Factors. Rural living, farming, 
gardening, pesticide use, or well-water drinking have 
been associated with PD in almost every study (2, 123, 
205–209). Overall, risk of PD appears to be increased 
in rural dwellers—especially in the United States. Meta-
analysis results of 19 published studies (210) also support 
that risk factors include farm living and use of well water 
and pesticides. Although the specific associations are varied, 
the consistency of these general findings is remarkable and 
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has contributed to interest in the relationship between 
farming and PD. Pesticide exposure (defined as includ-
ing herbicides and fungicides) was associated with an 
increased PD risk in numerous studies (211–214). The 
risk was increased from 1.6 to 7 times in those exposed. 
In the meta-analysis of 19 studies, a combined odds ratio 
(OR) of 1.94 (95% C.I. 1.49 to 2.53) was seen for pes-
ticide exposure (210). The structural and mechanistic 
resemblance of some common agricultural chemicals to 
MPTP and the potential of others to cause oxidative stress 
make this association particularly intriguing.

The category of pesticides is very broad and includes 
chemicals with many different mechanisms of action. 
Only a few studies have identified specific compounds 
or compound classes, including herbicides, insecticides, 
alkylated phosphates, organochlorines, wood preserva-
tives, dieldrin, and paraquat (211–214). In Taiwan, PD 
risk was more than 6 times greater in people using para-
quat for 20 years or more (215). Paraquat use was also 
associated with an increased risk in univariate but not 
multivariate analyses in two Canadian studies (216, 217). 
In Germany, organochlorines were associated with a 
5.8-fold increased risk of PD, and using alkylated phos-
phates or carbamates had a 2.5-fold increase if cases were 
compared with regional controls but not if neighborhood 
controls were used (218). In other studies, chlorphenoxy 
and thiocarbamate herbicides and organophosphates are 
associated with increased PD risk in univariate but not 
multivariate analyses (215, 216). In a postmortem com-
parison of organochlorine pesticide concentrations in the 
brains of PD patients, people with AD, and controls, the 
organochlorine insecticide dieldrin was associated with 
an elevated risk of PD (219). So far, no study in humans 
has investigated the combined effects of several agents, 
although combined exposure is the norm in an agricul-
tural setting. In support of the importance of pursuing 
such questions, in an animal model, combined exposure 
to the herbicide paraquat and the fumigant maneb caused 
greater damage to dopamine systems than exposure to 
either agent alone (220). Most of these studies have been 
limited by very broad measures of exposure. In many 
studies, the proportion of exposed persons was low, little 
was known about specific exposures, and validation of 
exposure was not possible.

Gene-environment interaction may also be impor-
tant, and those with impaired pesticide metabolism may 
be most vulnerable. A recent report (197) indicates an 
increased of risk of PD with pesticide exposure in normal 
metabolizers, and about 2-fold further increase in risk 
with pesticide exposure for CYP2D6 poor metabolizers, 
and effect of the metabolizing status on risk for PD with-
out pesticide exposure. Although none of this evidence 
is conclusive regarding possible causative agents in PD, 
these investigations certainly point to specific compounds 
that should be included in future studies.

Other Occupational Risk Factors. Several other occupa-
tional exposures have been associated with an increased 
risk of PD. Gorell and coworkers (221) reported significant 
associations with prolonged occupational exposure to 
copper and manganese and from combined exposures 
to lead-copper, lead-iron, and iron-copper. Odds ratios 
rose with duration of exposure to 2.5 for copper and 
to over 10 for manganese among workers with 20 or 
more years of employment. Interestingly, at least 1 group 
has reported that manganese can result in progressive 
parkinsonism (222). Ecological studies have reported 
increased parkinsonism in proximity to areas in which 
iron ore mining and wood pulp and paper manufacture 
have occurred (19). In addition to these specific agents, 
some very broad categories of chemicals or specific occu-
pations have been associated with PD in case-control 
studies, including organic solvent exposure, chemical 
manufacturing, metal working, teaching and health pro-
fessions, carpentry (men only), and cleaning (women only) 
(2, 205–207, 223, 224). For example, case-control studies 
suggest that occupational exposure to metals (225, 226), 
may increase risk of PD, although cohort studies have not 
replicated this (227, 228). Although these studies have not 
identified specific compounds that may contribute to PD, 
they add support to the proposition that environmental 
factors are at play in the disease. It has been suggested 
that an infectious etiology could explain the increased risk 
in occupational groups such as teachers and health care 
professionals (224).

Lifestyle-Associated Risk Factors. Lifestyle-associated
factors such as habits and diet have also been investigated 
as risk factors for PD (229). The most consistent associa-
tion in this category is the inverse association between 
cigarette smoking and PD. Cigarette smoking has been 
associated with a lower risk of PD in numerous prevalent 
case-control studies in a wide variety of populations, but 
whether this association is due to a biologic effect of 
tobacco or is the result of some other factor remains con-
troversial (2, 205). Alternative explanations for the asso-
ciation have been put forth, including a higher mortality 
in smokers with PD (230) and that nonsmoking behavior 
in people fated to develop PD may be the result of a 
lower reward of smoking due to low dopaminergic tone, 
a genetically conferred decreased propensity to smoke, 
or a premorbid personality (231). Evidence against this 
theory derives from a study in twin pairs discordant for 
PD (232) in which twins without PD had smoked more 
than their brothers. Despite high correlation for smoking 
in MZ twin pairs, this difference was more marked in the 
MZ pairs, known to be remarkably similar in personal-
ity. Similar results have been reported in other studies of 
twins (233) and siblings (234) discordant for PD.

Interestingly, there is persuasive support for a bio-
logic effect of tobacco based on a number of studies that 
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used rigorous methodology. For example, an inverse dose-
response relationship between cigarette smoking and PD 
has been found in both prevalent and incident case-control 
investigations as well as in a prospective cohort study (221, 
235). A meta-analysis (236) indicated a 40% reduced risk 
of PD in smokers. Three basic categories of smoking were 
evaluated: ever smoking, past smoking, and current smok-
ing behavior. Long duration (highest pack/year) correlated 
with dose, and smoking more than 5 years prior to PD 
onset was not protective; recent smoking appeared more 
protective. Other research suggests cigarette smoking, on 
average, appears to lower the risk of developing PD by 
about half (237). A recent study in a population char-
acterized by a high prevalence of occupational pesticide 
exposure confirms an inverse correlation between ciga-
rette smoking and PD in potentially “high-risk” group 
as well (238). One report suggests the inverse association 
of smoking and PD is present only in those with a spe-
cific MAOB allele (239), although this was not replicated 
(240); other single observations suggest other interactions 
of genes and smoking (241). Furthermore, laboratory 
studies support a direct effect of nicotine, the major bioac-
tive component of cigarette smoke. For example, nicotine 
has been found to protect against transection-induced and 
MPTP-induced dopaminergic neuronal cell loss in rodent 
substantia nigra (242–245). Indirect evidence supporting 
a role for nicotine is also provided by the observation that 
PD was less commonly reported among users of smoke-
less tobacco in a large prospective cohort (246). A pooled 
analysis also indicates a dose-dependent reduction of PD 
risk associated with cigarette smoking and potentially with 
other types of tobacco (247).

Assuming smoking is neuroprotective, one might 
expect it to delay the onset of PD and improve the 
course of the disease in people already affected. Neither 
hypothesis has yet been proven. Two studies compared 
clinical features and did not find differences between 
smokers and nonsmokers (248, 249). Although a study 
by Kuopio et al. reported the mean age at onset in ever-
smoking men was significantly higher than in never-
smoking men (249), results of other studies assessing age 
at onset of PD in relation to smoking status (250–253) 
revealed the same or a younger age of onset in smok-
ers. Interestingly, however, in several prospective cohort 
studies, survival of those persons with PD who continue to 
smoke cigarettes appears to be similar to or even somewhat 
better than survival of nonsmokers with PD (235, 254, 255), 
in contrast to the typically increased mortality observed in 
cigarette smokers. This preliminary information suggests 
that some aspect of smoking may not only modify disease 
risk but also improve survival once PD is manifest.

Although the evidence supporting a neuroprotective 
effect of nicotine is compelling, it is possible that drinking 
coffee or alcohol, behaviors that are commonly associ-
ated with cigarette smoking, might actually be the factor 

or factors responsible for the observed inverse associa-
tion between cigarette smoking and PD risk. Nevertheless 
an inverse association of both coffee and caffeine con-
sumption and PD have been reported in case-control and 
cohort studies (206, 256–258). In a longitudinal study of 
Japanese-American men, greater consumption of coffee 
was inversely associated with PD risk in a dose-dependent 
fashion (259). A very provocative finding in the same 
cohort was that greater intake of coffee was inversely asso-
ciated with incidental Lewy bodies at postmortem (260). A 
similar dose-dependent inverse association between coffee 
drinking and PD was observed in two prospective studies 
(256, 261). In each case, the inverse association between 
PD and coffee drinking continued to be observed in mul-
tivariate analyses adjusting for cigarette smoking, alcohol 
use, and other potential confounders. Similar associations 
had previously been reported in a few case-control studies 
of prevalent cases, but these results were inconsistent and 
a dose-response gradient was not described (2, 205).

The effect of coffee appears to differ between men 
and women, with a direct dose-response association in 
men (higher consumption associated with lower risk) but a 
U-shaped pattern in women, although fewer women have 
been studied. It has been suggested a potential interaction 
between hormone exposure, primarily estrogen, and caf-
feine consumption may mediate PD. In participants of the 
Cancer Prevention Study II, caffeine intake was associated 
with a significantly lower mortality by PD in men but not 
in women (262). In women, the association depended on 
estrogen use, with a RR for PD of 0.47 (95% CI 0.27 to 
0.8) in caffeine consumers not using hormones and of 1.31 
(95% CI 0.75 to 2.3) in hormone users.

Caffeine may be neuroprotective through its antago-
nist action on the adenosine A2A receptor (263), which, in 
laboratory studies, modulates dopaminergic neurotrans-
mission (264, 265) and protects against striatal dopamine 
loss caused be MPTP (266, 267). A2A receptor antagonists 
are receiving increasing attention as potential treatments, 
in particular for on/off fluctuations and dyskinesia in 
combination with levodopa therapy (268) but also as a 
possible monotherapy in early-stage PD because of posi-
tive results from animal studies and a small clinical trial 
(269, 270) (see also Chapter 44).

Alcohol use has been found by some to be inversely 
associated with PD even after controlling for possible 
confounding by smoking (206, 258, 271). A biological 
explanation for this observation has not been articu-
lated. One study found that fewer cases with PD had a 
diagnosis of alcoholism than controls (254). The vari-
ability across studies is great and, overall, the current 
evidence for an association between alcohol intake and 
risk of PD is weak. In the Nurses’ Health and the Health 
Professionals’ cohorts, no association between incidence 
of PD and overall alcohol consumption was observed 
(272); however, an inverse association of beer (but not 
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wine or liquor) consumption was seen. Comparison of 
alcoholics and nonalcoholics in a large database found 
comparable PD incidence in both groups (273). Interest-
ingly, in a stratified analysis for men and women sepa-
rately, male alcoholics had a significantly lower incidence 
of PD while female alcoholics had a 2-fold increased 
incidence. Low consumption of alcohol in PD has com-
monly been attributed to the reserved personality that 
has been observed prior to PD manifestation (231). In 
most studies to date, however, the possible confounding 
effects of cigarette smoking or coffee drinking cannot be 
assessed definitively.

Diet is a very difficult exposure to measure both 
because of its complexity and the fact that most indi-
viduals have diets that are qualitatively relatively similar 
(274). Despite these challenges, several dietary factors 
have been associated with PD. A diet that is high in anti-
oxidants has been proposed to lower the risk of PD, but 
to date such a diet has not been consistently associated 
with this lower risk (206, 134, 271, 275–277). On the 
other hand, positive associations of PD with animal fat 
consumption and with a diet that is high in iron have been 
reported (221, 275, 276, 278). Excess intake of dairy 
products has been associated with increased risk of PD 
in two large prospective cohorts (279, 280). In a study 
of health professionals (279), it could not be determined 
whether the effect was due to calcium or milk. Moreover, 
the risk was most marked in men and not clearly observed 
in women. In the second study, PD incidence was more 
than twice as high in men drinking more than 16 oz daily 
in midlife compared to those who consumed no milk. 
This effect was independent of calcium. No women were 
included in this cohort. The reason for this association 
is unclear. One explanation is that milk may be a vehicle 
for potential neurotoxicants such as organochlorine pes-
ticides or tetrahydroisoquinolines.

Multiple lines of evidence indicate that oxidative 
stress plays a major role in the pathogenesis of PD. In 
animal models of the disease, administration of toxic 
agents known to reproduce the pathologic features of 
PD cause formation of reactive oxidizing species which 
attack essential cellular constituents such as lipids and 
proteins; this toxic effect can be mitigated by enhancing 
cellular antioxidant capability (281, 282). Uric acid (UA) 
binds pro-oxidant ferric iron and scavenges free radicals 
(283). Men with baseline UA levels above the median had 
a 40% reduction in PD incidence adjusted for age and 
smoking (284); another study showed the hazard ratio of 
developing PD was inversely associated with UA levels in a 
dose-related fashion [overall hazard ratio 0.71 after adjust-
ment for age, sex, smoking, alcohol intake, dairy product 
consumption and body-mass index (BMI)] (285).

Conversely, oxidative stress may be increased by 
lipid consumption and higher caloric intake, and eat-
ing foods high in animal fat has been associated with 

increased risk of PD in several studies (123). The link 
between measures of body composition and obesity and 
risk of PD, however, is unclear. A large study in Japanese-
American men in Hawaii observed higher prevalence of 
PD with higher triceps skinfold thickness, subscapular 
skinfold thickness, and BMI (286). A similar analysis in 
the Nurses’ Health and the Heath Professionals’ study 
did not find an association between BMI and risk of PD 
but, among never smokers, both waist circumference and 
waist-hip ratio showed significantly positive associations 
with PD risk as compared to smokers (287).

Other studies suggested different dietary risk factors 
for PD. The risk was mildly increased in association with 
high dietary iron intake, but risk was markedly increased 
with high intake of both iron and manganese (288). 
Another study (289) indicated increased risk with intake 
high vitamin C, carotenoids, and sweet food including 
fruit, but the number of cases studied was small (n� 57).
Among those with PD, homocysteinemia has been indi-
cated as a potentially reversible risk factor for depression 
or cognitive decline (290). Protective effects were pro-
posed for B vitamins and folate because of their shared 
pathways with homocysteine and ability to lessen oxi-
dative stress (291). Comparison of 2 large prospective 
cohorts (292) with 415 cases indicated that PD risks did 
not differ in relation to dietary intakes of B vitamins and 
folate [RR 1.0 (95% CI 0.7 to 1.5) comparing the lowest 
to the highest intake quintile in men and 1.3 (95% CI 
0.8 to 2.3) in women]. Certain exotic dietary exposures 
have been proposed to cause atypical forms of parkinson-
ism, including ingestion of indigenous species from Guam 
(293, 294), or the British West Indies (295), although 
these reports are controversial.

Nonsteroidal Anti-Inflammatory Drugs. Inflammatory
mechanisms appear to contribute to neurodegeneration 
in PD, and animal studies suggest that nonsteroidal 
anti-inflammatory drugs (NSAIDs) have neuropro-
tective properties (296) by reducing general inflam-
mation. Studies of AD have shown that the regular 
use of NSAIDs may reduce the risk of AD in humans 
(296–298). That similarities exist in the pathogenetic 
background of PD and AD and animal data suggest-
ing that anti-inflammatory drugs may protect against 
PD (299) have encouraged investigation of the associa-
tion between NSAID use and PD risk in humans. An 
inverse association of NSAID use with risk of PD has 
been observed in 2 prospective studies for nonaspirin 
NSAIDs, as well as for aspirin (300, 301). Interestingly, 
in a cross-sectional study of 1258 PD cases and 6638 
controls from the General Practice Research Database, 
this inverse association was again observed for men but 
not women, in whom nonaspirin NSAID use was associ-
ated with a higher risk of PD (302). Whether this reflects 
a characteristic of the study population or method or 
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a true gender difference in risk will require studies in 
other populations.

Infectious Risk Factors. The observation that enceph-
alitis lethargica often resulted in parkinsonism during 
the influenza pandemic of the early 1900s suggested a 
possible infectious etiology for PD. Since that time, how-
ever, clinical and neuropathologic criteria have clearly 
differentiated postencephalitic parkinsonism from typical 
idiopathic PD. Although many subsequent studies have 
been unable to identify an infectious agent in PD (116, 
303–305), a number of studies have continued to sug-
gest that infection may play a role in the cause of PD. 
Also, rather than reflecting exposure to a chemical, the 
increased risk of developing PD associated with rural 
residence may reflect exposure to an infectious agent.

Mattock and coworkers (306) suggested that expo-
sure to influenza virus in utero may result in damage to fetal 
substantia nigra, predisposing to the occurrence of PD in 
adulthood, but this observation was not confirmed (307). 
Fazzini and coworkers (308) found increased cerebrospi-
nal fluid antibody titers to coronaviruses in PD patients, 
whereas Hubble and colleagues (309) and Kohbata and 
Shimokawa (310) found increased Nocardia antibody 
titers. Although elevated Nocardia titers were not found 
in a subsequent case-control study (305), Nocardia has
a specific affinity for substantia nigral neurons and has 
been shown to cause a levodopa-responsive movement 
disorder in mice (311, 312). Martyn and Osmond (313) 
found that PD patients were more likely to report child-
hood infection with diphtheria and croup than controls, 
but there were no reported differences in the frequency of 
other lifetime infections. Conversely, Sasco and Paffen-
barger (314) found an inverse association between most 
childhood viral infections and PD, and a significant 
inverse association with childhood measles was reported. 
Rather than a protective effect, this may reflect a rela-
tively greater risk associated with subclinical or adult 
measles infection.

Trauma. Several case-control studies have reported that 
head trauma is associated with an increased risk for PD 
(1, 132, 315–318), including a recent report showing a 
dose-dependent increase associated with more frequent 
or more severe injuries (319). Because parkinsonism and 
dementia can follow repeated head injury, as experienced 
by boxers, this result is interesting. However, an equally 
plausible explanation for this association is that of recall 
bias; that is, those with the disease are more likely to 
remember past injuries than nondiseased controls, and 
those with brain disease are more likely to remember head 
injuries in particular. In a prospective study, recall is not 
a factor. In the only study reported to date using prospec-
tively collected information on head trauma, no associa-
tion between head trauma and PD was observed (320). 

There are several explanations for the association between 
head trauma and PD. It could be a recall bias, because sub-
jects with PD are more likely to remember some significant 
events, especially when they occur to the head. On the 
other hand, laboratory studies have suggested that chronic 
head injuries could affect the delivery of oxygen and cause 
defective energy metabolism and subsequently excitotoxic-
ity in certain susceptible areas of the brain, including the 
nigrostriatal system. Head injury can trigger an inflamma-
tory cascade or conceivably disrupt the blood-brain bar-
rier, increasing risk of exposure to toxicants or infectious 
agents. In a sibpair study (321) and a study of twin pairs 
concordant for PD (322), the sibling with younger-onset PD 
was more likely to have sustained a head injury. Additional 
well-designed studies (particularly prospective studies) are 
needed to clarify this association.

Emotional Stress. There are reports indicating that 
people experiencing the extreme emotional and physical 
hardships of concentration camp imprisonment during the 
Holocaust or a war have been shown to have an increased 
risk for developing PD (323–325). Whether these observa-
tions reflect an accelerated nigral injury as the result of 
stress-related increase in dopamine turnover with resultant 
increased oxidative injury (326), nutritional deficiencies 
of dietary protective agents, or other factors cannot be 
determined. Evaluation of the relationship of less severe 
emotional or physical stress to the development of PD 
poses significant methodologic challenges.

Personality. It has been reported that certain premor-
bid personality traits may predispose individuals to PD. 
Several studies suggest that people who are characterized 
as introverted, shy, timid, subordinate, less outgoing, ner-
vous, responsible, morally rigid, and law-abiding have 
a higher risk of developing PD (327–330). This finding 
was explained by a potential illness-related distortion 
of recall bias. However, it could also reflect genetically 
determined endogenous individual differences in dopa-
mine metabolism and in biochemical capacity to detoxify 
certain xenobiotics.

Emerging Research. A variety of symptoms or disorders 
may precede formal diagnosis of PD, including olfactory 
dysfunction, rapid-eye-movement sleep behavior disor-
ders (RBD), QT or rate-corrected QT (QTc) interval 
prolongation on the electrocardiogram, adiposity, and 
constipation. In vivo imaging of the dopamine transporter 
in the striatum with [99mTc]TRODAT-1 (TRODAT) and 
olfactory testing have both been proposed as potential 
biomarkers in PD, and impaired smell recognition corre-
lated with lower TRODAT uptake (331). RBD is strongly 
predictive of PD, and RBD patients have been shown to 
have impaired olfactory function compared to controls 
(332). In addition to olfactory dysfunction and RBD, a 
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number of patients with PD and multiple system atrophy 
(MSA) have QT or QTc interval prolongation on the 
electrocardiogram. In one prospective cohort, these find-
ings were highly predictive of PD incidence (L. R. White, 
personal communication). Although these QT or QTc 
interval abnormalities are likely related to autonomic dys-
function, the pathophysiology remains unknown (333). 
Other characteristics in midlife associated with increased 
PD risk include increased triceps skinfold thickness and 
constipation (334). Men with less than 1 bowel movement/
day at midlife had a 4.1-fold excess incidence of PD when 
compared with men with more frequent bowel move-
ments. Taken together, these observations suggest that 
PD may begin decades before nervous system symptoms 
are observed. That is, PD may be first a disorder of the 
peripheral autonomic nervous system. If an environ-
mental trigger is involved, the GI tract or the olfactory 
epithelium may be portals of entry. This hypothesis is 
indirectly supported by neuropathologic findings, sug-
gesting that nigral pathology is a relatively late event in 
the pathogenesis of PD (4). Further studies to identify 
those at risk will be essential in determining the causes 
of PD and methods for its prevention.

CONCLUSION

Although both genetic and environmental causes of 
parkinsonism have been identified, these causes taken 

together account for only a small fraction of patients 
with the disease. In the next half century, the average 
age of individuals in both developed and developing 
countries is expected to show a progressive increase. 
In the United States alone, this phenomenon of pop-
ulation aging is predicted to result in a 3- to 4-fold 
increase in PD frequency, or several million persons 
with the disease. The impact of PD can also be expected 
to affect disease-associated health expenditures, lost 
income, and personal suffering. As described in this 
chapter, despite intensive research efforts during the 
past several decades, the cause (or causes) of typical 
PD remains unknown. Likely, PD will be understood to 
be multifactorial, and both genetic and environmental 
determinants will be important. Sophisticated methods 
of investigation are needed to arrive at an answer. These 
will include prospective investigations of large popu-
lations, use of incident cases in case-control studies, 
and the study of populations with known exposures in 
addition to the studies described in this chapter. In each 
case, close collaboration with basic scientists involved 
in laboratory investigations of disease mechanisms will 
be critical in guiding the questions addressed in these 
populations. 
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The Impact of MPTP 
on Parkinson’s Disease 
Research: Past, 
Present, and Future

ecognition of the biologic effects 
of MPTP (1-methyl-4-phenyl-1,2, 
3,6-tetrahydropyridine), an event 
that occurred in 1983, has proved 

to be a fertile step in the history of Parkinson’s disease 
(PD) research. This observation applies to many levels of 
work and thought, ranging from its influence on etiologic 
concepts to the creation of a new animal model of the 
disease. This chapter reviews the discovery of this fasci-
nating compound and summarizes current knowledge 
regarding its mechanism of action. The major focus is on 
areas where MPTP has had a significant impact on PD 
research, with an emphasis on its use as a tool to inves-
tigate the cause and treatment of the disease. Wherever 
possible, future directions of research are highlighted with 
a goal of furthering the already prolific scientific career 
of this novel and interesting compound. 

THE DISCOVERY OF THE BIOLOGIC 
EFFECTS OF MPTP

MPTP was not discovered in the environment but rather 
emerged from a pharmaceutical laboratory in 1947 (1), 
where it was first synthesized as part of a search for novel 
narcotic analgesics. In a remarkable harbinger of things 
to come, the compound was actually tested in rodents 
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and primates as a possible therapeutic agent for PD (2). 
These studies were abandoned, at least in part because 
of the compound’s toxic profile, but it remains a mystery 
to this day why its potential as a tool for the study of PD 
was not recognized at the time.

Over the next 35 years, MPTP continued to have 
some use in the chemical industry, primarily as a chemi-
cal building block for other compounds. In fact, in 1983, 
when its parkinsonogenic effects were finally recognized, 
MPTP was commercially available through a specialty 
supplier of chemical products (3). Unfortunately, it prob-
ably first caused parkinsonism in humans well before this 
time in a number of chemists who were using MPTP for 
legitimate purposes. Exposure in these cases probably 
occurred either through cutaneous absorption or vapor 
inhalation (4–6). At least one case of MPTP-induced neu-
rotoxicity through self-administration (by an individual 
who made a tainted batch of a “synthetic narcotic’’) was 
published in 1979, but the identity of the offending agent 
was not clearly determined at the time (7).

Final recognition that MPTP induces parkinsonism 
would have to await a dramatic outbreak of parkinsonism 
among relatively young drug abusers in northernCalifornia 
in 1982 (3). This occurred after a clandestine chemist 
in Morgan Hill, California, began making and selling 
a meperidine analog known as 1-methyl-4-phenyl-4-
proprionoxy-piperidine (MPPP). This synthetic narcotic 
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was sold under the name of “China White’’ and was sell-
ing quite well until the chemist used either too much heat 
or acid and made a bad batch. When this “tainted heroin’’ 
reached the streets, its users began experiencing a myriad 
of untoward effects (8), the worst of which was endur-
ing and profoundly disabling parkinsonism. On the basis 
of the analysis of heroin bindles used by these patients, 
their clinical picture, and an autopsy study of the earlier 
reported case, we concluded that MPTP was the culprit 
and that it was selectively toxic to the substantia nigra 
(SN) (3), something which has since been confirmed in 
both humans (9) and nonhuman primates (10–16) as well 
as in other species, including mice (17). As this chapter 
shows, this discovery opened up an entirely new research 
era in PD. Yet it did not emerge from bench research but 
rather clinical observation, reminding us yet again that, 
when it comes to advancing medical research, pursuing 
leads in the clinic can be just as powerful as high-technology 
research in the laboratory.

WHAT HAVE WE LEARNED FROM MPTP-
INDUCED PARKINSONISM IN HUMANS?

Since the first observations that MPTP had caused par-
kinsonism in a number of young addicts, a great deal has 
been learned that has expanded our understanding of the 
idiopathic form of the disease. First, observations in these 
patients have made it quite clear that the key motor fea-
tures (bradykinesa, rigidity, and tremor) can result solely 
from a lesion of the SN (18). This conclusion is based on 
two findings: (a) our patients with MPTP-induced parkin-
sonism exhibited these cardinal features of PD, including 
rest tremor, and (b) we now have clear-cut pathologic 
evidence that MPTP induces a selective lesion of the 
zona compacta of the SN in humans (9). The observation 
regarding tremor is particularly important, because there 
has been substantial controversy over the years regarding 
the neuroanatomic origins of rest tremor and whether a 
purely nigral lesion can induce it (19). Observations in 
these patients also allow us to draw that same conclusion 
regarding at least two nonmotor features of PD; the mild 
cognitive deficits seen in nondemented patients with the 
disease (20, 21) and facial seborrhea (18), which can be 
the results of a pure nigral lesion. The fact that a primary 
nigrostriatal dopaminergic deficit can cause these central 
motor features of PD has enormous therapeutic conse-
quences for those attempting to restore dopaminergic 
function using cellular replacement techniques.

A second observation in patients with MPTP-induced 
parkinsonism relates to the side effects of therapy. The 
parkinsonism in the drug-addicted patients mentioned 
above was not only dramatically responsive to dopa-
minergic therapy, as might be expected (18), but these 
patients also experienced all of the side effects typically 

encountered with chronic levodopa treatment (13). Fur-
thermore, complications of levodopa therapy were seen 
surprisingly early in the course of treatment. For exam-
ple, in several cases, a short-duration response was seen 
almost immediately after starting treatment, and dyski-
nesias were encountered within days, which suggests that 
severity of disease may be more important than duration 
of treatment, at least for these particular complications 
of levodopa. As a qualifier to this statement, however, it 
must be pointed out that a second variable cannot be con-
trolled in this group, and that is age of onset. Dyskinesias 
are well known to begin earlier in younger patients (22), 
and the MPTP patients were much younger than is typi-
cal for PD. However, the short duration response is not 
known to be age-dependent; therefore it can be concluded 
that it is related to disease severity—an observation that 
is consistent with the hypothesis that diminishing storage 
at the level of the synaptic vesicles may be a key feature 
underlying this phenomenon.

Although the forgoing observations have been avail-
able to the scientific community for some time, a more 
recent observation has emerged from neuropathologic 
studies in two of the original MPTP patients who died 
and a third more recent one from New Hampshire (9). 
The time from exposure to MPTP until death in these 
three cases ranged from 3 to 14 years. Surprisingly, in 
each of these individuals there was neuropathologic evi-
dence of active, ongoing nerve cell death. Specific find-
ings included microglial proliferation and clustering 
with clear-cut neuronophagias; in two of these cases, 
there was abundant extraneuronal melanin. The mecha-
nism of this active neuropathologic process is not clear 
at present but could include enhanced oxidative stress 
from increased dopamine turnover in remaining dopa-
minergic neurons or an active inflammatory process that 
has become self-sustaining. The latter possibility is sup-
ported by the surprising degree of microglial proliferation. 
One hypothesis is that neuromelanin is playing a role in 
triggering an ongoing autoimmune phenomenon (23). In 
any case, these observations may be precedent-setting, 
as they provide compelling evidence that a time-limited 
exposure to an exogenous toxin can induce an active neu-
rodegenerative process that can persist for many years. 
The working hypothesis is that this process may be due 
to chronic inflammation, perhaps through an autoen-
docrine inflammatory loop. A number of groups have 
explored this hypothesis experimentally. For example, in 
the MPTP mouse model, it has been shown that there is a 
inflammatory response accompanying nigral cell degener-
ation after MPTP and that the cell loss can be partially or 
fully prevented with a variety of anti-inflammatory agents 
including dexamethasone (24), vasoactive intestinal pep-
tide (25), and simvastatin (26). Interestingly an adenosine 
A2A antagonist now in clinical trials has been reported 
to protect against MPTP neurotoxicity, possibly through 
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an anti-inflammatory effect (27). In another study, inter-
cellular adhesion molecule-1 (ICAM-1), which plays a 
key role in inflammation, was found to be increased in 
astrocytes in the SN of patients with PD compared to 
controls and similarly in MPTP treated monkeys up to 
14 years after MPTP exposure (28). Finally, at least one 
anti-inflammatory agent, minocycline, has been tested in 
a preliminary clinical trial to slow disease progression 
and found to be promising enough to warrant testing in 
a phase III trial. The further development of such models 
to explore the inflammatory hypothesis of PD could have 
important therapeutic implications by raising the possibil-
ity that anti-inflammatory agents slow or halt the process 
of disease progression (see Chapter 37).

An Animal Model for Parkinson’s Disease

When viewed from a broad perspective, the discovery 
of MPTP opened at least three new research avenues: 
(a) knowledge of its effects in humans gave immediate 
promise for the development of a new animal model for 
PD, (b) it provided an entirely new tool to investigate 
mechanisms of nigral cell degeneration and to test new 
protective strategies to block that degeneration, and (c) 
the discovery focused attention on the hypothesis that 
environmental toxins might play a causative role in 
the disease. This section reviews the first of these new 
research avenues.

MPTP remains unusual among experimental com-
pounds in that its toxic effects were serendipitously 
discovered in humans who self-administered the com-
pound, but this has had some powerful scientific con-
sequences. For example, because its effects were first 
observed in humans, we have a remarkably clear picture 
of just how faithfully MPTP intoxication replicates the 
motor aspects of PD—an observation that gave birth 
to the immediate development of new animal models. 
And indeed, the drug has been given to animals rang-
ing from monkeys (14, 29) to goldfish (30). However, 
the models that have found most favor over the years 
are those of the mouse and the nonhuman primate. But 
these two species have proved to be quite different. In 
spite of inducing substantial nigrostriatal damage in mice, 
they fail to develop behaviorally evident parkinsonism 
(31, 32), although a variety of motor effects have been 
reported. Surprisingly, rats were found to be almost 
impervious to the toxic effects of the compound after 
systemic administration (33). Indeed, only human and 
nonhuman primates develop full-blown, characteristic 
parkinsonism after MPTP exposure. Therefore, when it 
comes to investigating the therapeutic benefit of antipar-
kinsonian agents or exploring the aspects of nigrostriatal 
circuitry that are deranged in the parkinsonian state, the 
primate model has proved not only invaluable but also 
a necessity, because only in this model can one directly 

observe the effects of any manipulations on clinically 
overt parkinsonism. And indeed this model has been used 
intensively to investigate new pharmacologic and surgical 
approaches to the treatment of PD. As this chapter shows, 
if there is one consistent theme that has emerged from 
MPTP-related research, it is that the primate model has 
been highly predictive and reflective of human parkinson-
ism, its physiology, and symptomatic responses to therapy 
(including side effects). On the other hand, it still is not 
clear how useful the model is for predicting agents that 
could modify disease progression.

The Role of the Subthalamic Nucleus (STN). One of the 
most important critical advances came from the work of 
DeLong and colleagues (34–39), who carefully investi-
gated the neurophysiologic changes in basal ganglia cir-
cuitry in primates with MPTP-induced parkinsonism. In 
1990, they made the seminal observation that lesioning 
of the subthalamic nucleus results in a reversal of motor 
deficits, including akinesia, rigidity, and tremor, on the 
contralateral side in primates rendered parkinsonian by 
MPTP (35). This experiment came after painstaking neu-
rophysiologic work indicating that the lesioning of the 
STN with MPTP resulted in a decrease in striatal inhibi-
tory output, with subsequent disinhibition of the STN. 
Because the output of the STN to the internal segment of 
the pallidum is excitatory, this appears to cause overstim-
ulation of the globus pallidus, thus altering outflow to the 
thalamus and cortex. Blocking this pallidal overstimula-
tion appears to correct many of the features of PD.

The impact of these experimental observations 
has been enormous. The immediate effect was to 
renew interest in pallidotomy, a procedure that was 
first attempted half a century ago (see Chapter 56). 
However, with the advent of deep brain stimulation, 
which can be done bilaterally and implanted directly 
into the STN, interest has increasingly turned to this 
procedure (see Chapter 54). And indeed, high-frequency 
stimulation of the STN in MPTP-lesioned parkinso-
nian monkeys has been shown to reverse parkinsonism 
(40, 41), and the procedure is now FDA-approved and 
widely used to treat patients with PD, offering what 
perhaps is the most immediate hope for patients no 
longer enjoying satisfactory control from current forms 
of medical therapy (42).

Neurotransplantation. The other surgical approach 
to the treatment of PD for which the MPTP model has 
been very helpful is neural transplantation. Although a 
huge amount of the original work laying the foundation 
for this approach was carried out in rodents (43), the 
lack of clinically identifiable parkinsonism in this species 
kept it a step short of being an ideal model to transi-
tion to patients with PD. The MPTP-lesioned primate, 
however, with its full array of parkinsonian features, 
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has proved an excellent testing ground for the effective-
ness of this approach. Indeed, many groups have been 
able to demonstrate clear-cut therapeutic benefits of 
neural grafting in this model (44–47). It has also been 
used for a wide variety of related investigations, which 
include autologous superior cervical ganglion graft-
ing (48), intracerebral adrenomedullary grafting (49), 
polymer-encapsulated PC12 cells (50), and the use of 
ex vivo and in vivo gene therapy (51). Furthermore, 
using this model, it has been possible to show the effects 
of grafts at the neuropharmacologic level. For exam-
ple, Elsworth and colleagues (52) have shown that D2 
receptors (which are upregulated after MPTP-induced 
nigrostriatal denervation) are downregulated after neu-
ral grafting, suggesting a return to normal synaptic func-
tion, and others have shown that there is extensive graft 
reinnervation and interaction with surrounding tissue in 
primates with MPTP-induced parkinsonism (53). Such 
studies have been invaluable in translating this therapeu-
tic approach to humans in terms of showing feasibility, 
potential efficacy, and safety.

In the late 1980s this fetal grafting procedure was 
extended to 3 human subjects with MPTP-induced 
parkinsonism. All 3 traveled to Lund, Sweden, where they 
underwent neural grafting, and all experienced substantial 
improvement. Of these patients, 2 have been reported in 
detail (54). Interestingly, they seem to have done slightly 
better than patients with the idiopathic disease, possibly 
because of their age, the amount of tissue transplanted, 
or because they have more selective lesions of the SN. 
On the other hand, placebo-controlled, randomized clini-
cal trials in humans with PD have not produced the hoped 
for results (see Chapter 55), prompting a critical reap-
praisal of the models and clinical approaches used (55). 
However, using models such as that provided by MPTP-
induced parkinsonism in primates seems to be the main 
hope for sorting these issues out in the future (56). One 
example of such a study was an investigation by Collier 
and colleagues in which the fetal cell transplants where 
placed in the SN of monkeys, indicating the feasibility of 
such an approach (57). In summary, neurotransplantation 
remains an important direction in the long-term search 
for a cure for this disease, which may ultimately depend 
on elucidating why the human trials were not more suc-
cessful as well as finding alternative tissue sources for 
transplantation. Takagi and colleagues (58) were able to 
show behavioral and imaging evidence of improvement in 
monkeys with MPTP-induced parkinsonism after neural 
grafting with stem cell–derived dopaminergic neurons. A 
review of the current status of neural transplantation can 
be found in Chapter 55.

Dopamine Receptors. The MPTP-lesioned monkey 
has provided an excellent opportunity to better under-
stand the dopamine receptor system in the presence of 

nigrostriatal denervation and behaviorally overt parkin-
sonism. After lesioning with MPTP, dopamine receptor 
studies (using D1- and D2-specific radioligands) have typi-
cally shown that D2 receptors are upregulated (denerva-
tion supersensitivity). On the other hand, D1 receptors 
have been reported to be either unchanged, increased, or 
decreased after denervation (59–63). The parkinsonian 
primate has been used for a wide variety of approaches 
to pharmacologic therapy, which includes the study of 
D1 and D2 agonists and their value in the treatment of 
PD. The antiparkinsonian effects of D2 agonists have 
been consistently demonstrated as predicted from both 
clinical experience and the dopamine receptor studies in 
MPTP-lesioned monkeys (64, 65). However, results of 
studies using D1 agonists have not always been consis-
tent (possibly reflecting the variable results of studies on 
D1 receptors after MPTP lesioning), with some groups 
demonstrating antiparkinsonian effects (66–68) but others 
failing to show any benefit (69–71). At least one group 
has reported that D1 agonists may exhibit fairly rapid 
desensitization with a shorten duration of response (72). 
Interestingly, another selective D1 agonist has been shown 
to improve cognition in a chronic model of MPTP intoxi-
cation (73) and, in at least one primate study, to be more 
effective in more severe parkinsonism compared to milder 
stages (74). The MPTP-induced primate model of parkin-
sonism has been used to evaluate the effects of the D1-3 
dopamine agonist rotigotine (75), which has been devel-
oped for transdermal delivery in PD patients as a patch, 
as well as another promising selective D2 agonist known 
as sumanirole (76).

Dopa Dyskinesias. Perhaps one of the more intensive 
areas of investigation utilizing the MPTP-induced primate 
model relates the side effects of dopaminergic therapy, 
particularly levodopa. As expected from the experience 
with PD patients, monkeys with MPTP-induced par-
kinsonism were quickly found to develop classic dopa 
dyskinesias (77–79), something that to date seems to be 
unique to primates. Thus this model has found increas-
ing use and indeed has become the “gold standard’’ 
for investigating this troubling and dose-limiting side 
effect of levodopa therapy. Several studies have sug-
gested that the more severe the lesion, the more likely 
animals are to develop dyskinesias (80–82). Somewhat 
surprisingly, it is often difficult to obtain a therapeutic 
response without also encountering dyskinesias (80). 
The reason for this is not clear, but it may be related 
to the high-dose acute regimens of levodopa that most 
investigators use. Another potentially important obser-
vation is that these animals never develop dyskinesias 
on their first dose of levodopa, thus confirming the need 
for “priming’’—something that may hold a clue as to 
their cause but for which there has not previously been 
an adequate model (83).
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There is no doubt that DA receptors play a role in 
dyskinesias, since D1, D2, and D3 dopamine receptor 
subtype-selective agonists have all been shown to induce 
dyskinetic movements in MPTP-lesioned monkeys (67, 
71, 84–90). When given in combination, D1 and D2 
agonists cause dyskinesias more prominently than either 
agent does alone, perhaps because they simulate the effect 
of levodopa more completely (91). However, dopamine 
agonists given individually seem less likely to induce dys-
kinesias than levodopa, even when given at an apparently 
equivalent therapeutic dose (92). Indeed, the MPTP pri-
mate model was successfully used to predict that dopa-
mine agonists are far less likely to induced dyskinesias 
in previously untreated animals than levodopa (93), an 
observation that has now been validate in several large 
clinical trials in PD (94, 95), and which subsequently led 
to the widespread practice of initiating agonist therapy to 
forestall the onset of dyskinesias and motor fluctuations. 
In a head-to-head match, D1 agonists were less likely to 
cause dyskinesias than either levodopa or a D2 agonist 
in levodopa-primed animals (96). Not surprisingly, apo-
morphine has also been found to induce dyskinesias in 
this model (97).

It has been reported that pulsatile administration 
of D1 and D2 agonists is more likely to cause dyskine-
sias than constant administration (98, 99). Despite these 
compelling observations on the importance of dopa-
mine receptors in the generation of dyskinesias, neither 
D1 nor D2 receptor changes in the striatopallidal com-
plex have been found to correlate with their occurrence 
(98, 100–102). Furthermore, we have demonstrated that 
D3 receptors decline after MPTP lesioning only in the 
caudate and that, in levodopa-treated dyskinetic animals, 
D3 receptors return to normal (103). Thus we have not 
been able to establish that an abnormality of this recep-
tor population is related to dyskinesias. More recently, 
this model has been used to provide even more compel-
ling evidence that continuous dopaminergic stimulation 
may reduce the incidence of dyskinesias. In one study, it 
was shown that multiple small doses of levodopa plus the 
catechol-O-methyltransferase inhibitor entacapone, which 
would be expected to provide a more continuous exposure 
of the receptors to dopamine, clearly reduced the incidence 
of dyskinesias when compared to levodopa alone (104).

There has been increasing interest in the possibil-
ity that NMDA receptors mediate dopa dyskinesias; 
indeed, similar to observations in humans with PD, the 
administration of NMDA receptor antagonists attenu-
ates dopa-dyskinesias in the MPTP-lesioned monkey 
(105–110). This suggests that excessive activity at NMDA 
glutamatergic receptors may be playing a role. However, 
the molecular mechanisms by which glutamate recep-
tors are activated and in turn contribute to dopa dyski-
nesias remains unknown, although rodent studies have 
suggested that alterations in certain levodopa-induced 

motor responses may be linked to modifications in the 
phosphorylation state of the NR2A and NR2B subunits 
of the NMDA receptor (111, 112). More recently, pri-
mate studies have highlighted the potential importance 
of alterations in the NR2A subunit in the genesis of dys-
kinesias (113).

Preproenkephalin (PPE) has also been investigated 
as a link in the sequence of events that could lead to 
dyskinesias. Nigral dopaminergic neurons are thought 
to tonically inhibit striatopallidal output through activa-
tion of D2 receptors located on enkephalin-containing 
GABAergic striatal neurons in the striatum. Lesioning 
of the nigrostriatal system in rodents has been shown 
to increase in PPE mRNA in these neurons (114–115). 
Striatal PPE mRNA levels are also known to increase 
in MPTP-lesioned monkeys (116–121). However, these 
elevations do not appear to be appreciably changed in 
MPTP-lesioned monkeys with dopa dyskinesias (119, 
120, 122). On the other hand, Morissette et al. (121) 
found that these elevations were corrected in animals 
treated with a D2 agonist at a dose that corrected the 
parkinsonism but did not cause dyskinesias, whereas D1 
agonist treatment at a level that induced dyskinesias fur-
ther elevated PPE mRNA. They subsequently reported 
that chronic blockade of NR1A/2B NMDA receptors 
with CI-1041 normalizes PPE-A mRNA expression and 
prevents the development of levodopa-induced dyskine-
sias in MPTP-lesioned primates (123). Further studies 
are needed to see whether this peptide is marking one or 
more important cellular changes in the sequence of events 
that lead to dopa dyskinesias.

This model has also been employed in the search 
for pharmacologic agents that might block or lessen 
dopa dyskinesias. Among those that have been reported 
to ameliorate dyskinesias in parkinsonian primates 
are CCK (124), (-)-OSU 6160 (a D2-receptor selective 
compound) (125), 17 beta-estradiol (126), the alpha-2-
adrenergic receptor antagonist idazoxan (117, 127), the 
clozapine analog JL-18 (128), the noncompetitive AMPA 
antagonist LY300164 (129), Mu- and delta-opioid recep-
tor antagonists (130), naloxone (131), quetiapine (an 
atypical antipsychotic with 5HT2A/C and D2/3 antago-
nistic activity) (132), the selective adenosine A(2A) receptor 
antagonist KW-6002 (133), magnesium sulfate (presum-
ably through NMDA receptor antagnosism) (134), the 
antiepileptic drug levetiracetam (135), 3,4-methylene-
dioxymethamphetamine (ecstasy) (136), fipamezole (JP-
1730) (an alpha-2-adrenergic receptor antagonist) (137), 
topiramate (which attenuations AMPA receptor-mediated 
transmission) ( 138), the histamine H3 receptor agonists 
immepip and imetit (139), and docosahexaenoic acid 
(140). Although many of these studies have yet to be 
replicated, Fox and colleagues (141), in a review of the lit-
erature, found that for all 6 nondopaminergic transmitter 
systems reviewed, the MPTP-lesioned primate correctly 
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predicted phase II efficacy of at least one drug in each 
class of compounds. Thus, exploring new pharmacologic 
approaches to minimize or even prevent dyskinesias may 
be one of the more fruitful ways to learn more about 
their underlying pathophysiology and, at a more practi-
cal level, may be the quickest way to find approaches for 
their prevention. Given the number of compounds tested 
to date, we are already off to a good start; indeed, there 
are few advances that could have more of an immediate 
impact on the successful long-term treatment of PD.

Before leaving the subject of dyskinesias, two inter-
esting observations warrant note. The first relates to the 
neurophysiology of the internal segment of the globus 
pallidus (GPi). Quite early after the MPTP model was 
developed, Crossman and colleagues (142) observed that 
2-deoxyglucose use was markedly increased in the GPi 
of MPTP-lesioned parkinsonian animals but markedly 
decreased when the animals were experiencing dopa dys-
kinesias. Their observations were subsequently confirmed 
physiologically by Papa and colleagues (143), who found 
that cellular firing in the internal segment of the globus 
pallidus is almost completely suppressed in animals with 
dopa dyskinesias. This may be a key change in the cascade 
of events that leads to dyskinesias and certainly warrants 
further study. However, one of the first tasks ahead is to 
explain the paradox of why pallidotomy, which might 
be expected to have the same effect, clearly has an anti-
dyskinetic effect.

The other, and perhaps one of the most provoca-
tive observations to emerge from work using primates to 
study dopa dyskinesias, relates to the conventional wis-
dom that a loss of nigrostriatal terminals is required for 
their development. This generally accepted convention is 
based not only on clinical observation but also a substan-
tial body of experimental literature. For example, using a 
dose of 40 mg/kg of levodopa, Boyce et al. (81) reported 
that animals with an intact nigrostriatal system became 
hyperactive but did not show typical dopa-dyskinesias, 
whereas animals with a lesioned nigrostriatal system 
developed peak-dose dyskinesias that were choreoath-
etoid in nature. Alexander et al. (61, 144) were also unable 
to induce dyskinesias in animals with an intact nigrostriatal 
system. However, R. K. Pearce et al. (145) challenged this 
view by reporting that normal monkeys that received 
extremely high doses of levodopa (80 mg/kg) over many 
months did exhibit dyskinesias. Recent observations have 
revealed dyskinesias in normal monkeys receiving short-
term levodopa. Because of the importance of this issue, 
we carried out a prospective, blinded study using the 
Global Primate Dyskinesia Scale, which has been tested 
for both reliability and validity (146, 147). The results of 
this experiment were clear-cut, as all of the nonlesioned 
levodopa-treated animals developed dyskinesias that 
were indistinguishable from dyskinesias in animals with 
MPTP-induced parkinsonism (148). A careful review 

of the literature revealed that, in one of the original 
experimental studies of levodopa in monkeys in 1973, 
Mones (149) reported that normal animals developed 
involuntary choreiform movements of the limbs along 
with hyperactivity and orofacial movements when very 
high doses of levodopa were given (200 to 400 mg/kg). 
What is different about the recent prospective study is 
that far lower doses of levodopa were given (15 mg/kg), 
which are much closer to the range used in humans 
with PD.

Variations on the MPTP Model in Primates. A number 
of variations of the MPTP model have been developed. 
These include the hemilesioned model, which uses uni-
lateral MPTP intracarotid injection (150); the bilateral 
intracarotid model (151); the so-called overlesioned model 
(unilateral intracarotid lesioning followed by low-dose 
systemic injection); and a low-dose chronic model (152). 
The advantages and disadvantages of each of these have 
been reviewed in detail elsewhere (153).

Summary. The MPTP model continues to be used for 
the testing of new therapeutic strategies in PD and to 
better understand the complications of therapy, because 
monkeys lesioned with MPTP exhibit not only the clinical 
consequences of a nigrostriatal dopaminergic deficit—that 
is, clinically overt parkinsonism—but almost all of the 
underlying neurophysiologic changes in the basal ganglia 
that seem to occur in the idiopathic disease. For these 
reasons, it is clear that one can expect this model to be 
highly predictive of the symptomatic responses that will 
be observed in humans with the disease and that it will 
continue to provide invaluable opportunities for transi-
tioning new therapies from the laboratory to patients. 
On the other hand, as noted earlier, the usefulness of 
this model for the study of disease-modifying therapies 
has yet to be determined This is discussed further in the 
next section.

Mechanism of Action of MPTP: 
The Beginning of the Age of Neuroprotection

The observation that MPTP was capable of inducing par-
kinsonism in humans by virtue of selectively killing nigral 
neurons (3) led to a tremendous surge in research activity 
directed toward unraveling its mechanism of action (154). 
Perhaps the most fascinating puzzle was understanding 
exactly how a compound could be so selectively toxic to 
the neurons of the SN. This research has also led to a 
myriad of new strategies to protect against MPTP toxic-
ity; these have been tested at almost every level of biologic 
complexity, ranging from tissue culture to patients with 
PD. Indeed, it would not be an overstatement to say that 
these studies ushered in a new age of research on neuropro-
tective strategies aimed at slowing the progress of PD.
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The Biotransformation of MPTP: The Monoamine Oxi-
dase Story. The first major step in unraveling the mecha-
nism of action of MPTP was the discovery that MPTP 
itself is not toxic. Rather, it requires biotransformation 
to a toxic metabolite, the 1-methyl-4-phenylpyridinium 
ion, or MPP� (15, 28). A clue that monoamine oxidase 
might be responsible for this biotransformation came 
from Parsons and Rainbow (155), who astutely observed 
that the distribution of MPP� binding in the rodent brain 
corresponded closely to the known distribution of MAO. 
However, definitive evidence that MAO (and specifically 
MAO B) was the enzyme mediating the bioactivation 
of MPTP came from Chiba and colleagues (156), who 
demonstrated that the MAO B inhibitors deprenyl and 
pargyline blocked the conversion of MPTP to its toxic 
metabolite. It was quickly shown that blocking MAO B 
prevented dopamine depletion in mice (27, 28) and nigral
cell degeneration in primates (11). This transition almost 
certainly is taking place in glia, not intraneuronally 
(157–160).

These observations had several interesting implica-
tions, both practical and theoretical. First, they triggered 
a renaissance of interest in MAO and its role in the human 
nervous system (161). Although MAO was generally 
thought to be a housekeeping enzyme, these new data 
raised the possibility that it might have other less well 
known biologic functions. Second, the potential thera-
peutic implications were immediately obvious. If deprenyl 
could be used to block the neurodegenerative effects of 
MPTP, might this drug be used to slow or halt the pro-
gression of PD? For this reason, we initiated a prospective 
controlled trial in patients with PD to assess the effect of 
selegiline (deprenyl) on disease progression (162). Shortly 
thereafter, planning for a much larger trial (DATATOP) 
was initiated, which was also designed to assess alpha 
tocopherol in addition to selegiline. In 1988 the results of 
both of these studies were published (162, 163), and both 
showed that levodopa therapy could be substantially 
delayed with the initiation of early selegiline therapy in 
de novo patients. Furthermore, based on clinical evalu-
ation, the drug appeared to slow disease progression 
by about 50%. However, these findings became contro-
versial when the larger study showed that a small but 
definite and statistically significant symptomatic benefit 
was derived from selegiline. Many argued that this small 
symptomatic benefit confounded the results of the study 
in that it could mimic the slowing of disease progression. 
Although this debate can never be unequivocally resolved 
until there is a way to monitor nigral cell degeneration in 
patients, selegiline has continued to enjoy substantial use 
in clinical practice. Furthermore, this compound seems 
to have had a second life as a neuroprotective agent after 
the discovery that it may also have a “rescue effect’’ 
independent of MAO B inhibition (discussed below in 
the section on apoptosis).

The MAO-inhibitor approach has recently received 
even more attention with the introduction a second-
generation irreversible MAO-B inhibitor for PD known as 
rasagiline (164, 165). Although rasagiline was approved 
for both the early and late treatment of PD, perhaps the 
most interesting part of this story comes from studies 
attempting to evaluate its neuroprotective properties. This 
investigation was the first to address a new trial approach 
known as the delayed-start design (166). As noted above, 
previous trials were confounded by a symptomatic effect 
of MAO B inhibition, leading to the argument that the 
day-to-day improvement evoked by MAO B-inhibitor 
therapy would have mimicked a disease-modifying effect 
by making patients appear better than their underlying 
disease process. A simple solution to this problem was 
to stop the MAO inhibitor for a month (the “washout” 
period”) to assess what each patient’s underlying condi-
tion really was. However, it was argued that a 1-month 
(and later even a 2-month washout) was not long enough. 
The delayed-start design obviates the need for a washout. 
Rather, this design delays the start of a putative neuropro-
tective agent in one group of patients and then determines 
whether they can “catch up” with the group that got the 
drug from the beginning. If a drug is just symptomatic, 
they should quickly catch up. But if it is neuroprotective, 
then the delayed group should never completely catch up. 
And this in fact appeared to be the case in the study with 
rasagiline (166). Importantly, a much larger study is in 
progress to see if these results can be replicated.

It is worth noting that the MAO-mediated biotrans-
formation of MPTP to MPP� could have broader impli-
cations for neurodegenerative disease. This is because 
it provides an example of a nontoxic compound being 
converted to a neurotoxin by the brain’s own enzymatic 
machinery. This is precedent-setting and could represent 
a metabolic “Achilles’ heel’’ of the brain. Xenobiotics 
are frequently metabolized into reactive compounds that 
can then be conjugated and excreted. However, in this 
instance, MPP� cannot be further metabolized and is 
toxic. This failure of the xenobiotic metabolic pathway 
could have implications for PD and other neurodegenera-
tive processes and has generated an entire field of research 
on genetically determined abnormalities of xenobiotic 
metabolism as potential risk factors for neurodegenera-
tive disease.

Uptake of MPP�. The mystery of the remarkable selec-
tivity of MPTP was at least partially solved when it was 
found that MPP� (but not MPTP) is selectively taken 
up via the dopamine transporter, thus accounting for its 
selective accumulation in dopaminergic neurons (167). 
Uptake inhibitors were quickly shown to protect against 
MPTP toxicity in rodents (168–170), but protection in 
primates was more difficult to achieve (171), probably 
because of the long half-life of MPP� in this species and 
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difficulties in maintaining constant uptake inhibition with 
currently available agents. Perhaps for this reason there 
has yet to be serious consideration of a neuroprotec-
tive trial in PD using dopamine uptake inhibitors. More 
recently, in an elegant study using transgenic mice, Bezard 
and colleagues (172) showed that animals that lack the 
dopamine transporter were completely protected from 
MPTP-induced cell loss.

If one considers this aspect of MPTP toxicity, it 
could be argued that it exemplifies a remarkable sequence 
of events. First, the brain (more specifically glia) con-
verts a nontoxic substance into a toxin that cannot be 
further metabolized or conjugated. Next, the dopami-
nergic uptake system recognizes this potentially toxic 
compound as a friendly substance (i.e., dopamine or a 
dopamine-like compound) and transports it intracellu-
larly, where it can cause cell death. The vast abundance 
of uptake systems in the brain accounts for the need for 
a tight barrier between the blood and the brain, but in 
this instance the blood-brain barrier is circumvented in 
the form of MPTP, a nontoxic and lipophilic compound. 
The system is then undone from within by the creation of 
MPP�, representing what could be considered a biologic 
“Trojan horse” phenomenon. Certainly one of the more 
interesting questions to address is whether this remark-
able sequence of events is a rare aberration or a much 
more common scenario that plays a role in one or more 
human neurodegenerative diseases.

MPP� was used in an elegant series of experiments 
to clone the dopamine vesicular transporter (173). Addi-
tional work since that time has shown that accumulation 
of toxins such MPP� in the vesicular transporter may 
actually protect cells from the harmful effects of such 
compounds (174)—an observation that could have impli-
cations for other neurodegenerative diseases as well.

MPP�: A Mitochondrial Toxin. Once in nigral neurons, 
MPP� accumulates as much as 40-fold in mitochondria 
(175, 176). This is apparently due to the energy-dependent 
electrical gradient that is maintained across the mito-
chondrial membrane. Once accumulated in mitochon-
dria, MPP� inhibits complex I of the electron transport 
chain (177, 178) at or near the rotenone-sensitive site. Di 
Monte and colleagues (179) demonstrated the functional 
consequences of this effect when they showed that MPTP 
induced a dramatic depletion of ATP in isolated hepa-
tocytes. These observations led to the search for similar 
deficits in PD, and a complex I deficiency was found 
(180–182). Indeed, the mitochondrial hypothesis of PD, 
which was largely precipitated by MPTP-related discov-
eries, continues to be one of the most viable hypotheses 
regarding potential mechanisms that may underlie cell 
death. However, there is still much that is not known. 
Whereas there is near universal agreement that a complex 
I deficit is present in the SN of patients with PD (183), 

whether a similar deficit is present in other tissues, such 
as muscle, remains controversial, although the data from 
platelets appears to be the compelling (184–189). Nor do 
we know if the mitochondrial deficit is primary or second-
ary. If primary, what causes the deficit in the first place? 
Perhaps the strongest argument against mitochondrial 
DNA playing a major role in PD is the paucity of evidence 
for maternal inheritance (190), as would be expected if 
mitochondrial DNA were involved. On the other hand, 
Shapira and colleagues (183) have shown that, at least in 
a subset of patients, this deficit in complex I activity does 
appear to be determined by mitochondrial DNA—a con-
clusion based on experiments using rho cybrid cells that 
carried mitochondrial DNA from patients with PD (191). 
More recently, Parker and Parks (192), using brain tissues 
from PD patients and controls, evaluated low-frequency 
amino acid–changing mutations in a narrow region of the 
mitochondrial gene encoding the complex I subunit know 
as ND5 in brain tissue from PD and controls; they found 
that the presence or absence of these mutations correctly 
classified 15 of 16 PD samples. If these impressive results 
are replicated, it would certainly support a contributing 
role for mitochondrial DNA.

Regardless of the answers to these questions, inter-
est in the energy-depleting effects of MPTP, which have 
now been confirmed in vivo experimentally (193), has 
led to intensive investigations that focus on blocking 
these effects using a variety of approaches. Fructose was 
shown to be neuroprotective in isolated hepatocytes (194) 
In models of mild MPTP toxicity (i.e., modest MPTP-
induced striatal dopamine depletions in the mouse), a 
combination of coenzyme Q10 and nicotinamide (both 
thought to improve mitochondrial function) protected 
against toxicity (195). Oral administration of creatine 
or cyclocreatine, which may increase phosphocreatine or 
cyclophosphocreatine buffering against ATP depletion, 
also protects against MPTP-induced striatal dopamine 
depletion in mice. Creatine has also been shown to be pro-
tective in an in vitro model (196). Another strategy aimed 
at compensating for bioenergetic defects is to administer 
triacetyluridine (TAU) as a means of delivering exogenous 
pyrimidines (197). TAU has previously been shown to be 
neuroprotective in animal models of Huntington’s and 
Alzheimer’s diseases and has recently been shown to sig-
nificantly attenuate MPTP-induced depletion of striatal 
dopamine and loss of tyrosine-hydroxylase–positive neu-
rons in the STN. This suggests that TAU might provide a 
novel approach for treating neurodegenerative diseases 
associated with impaired mitochondrial function (197). 
Promethazine (PMZ), an FDA-approved antihistaminer-
gic drug that accumulates in brain mitochondria in vivo 
and inhibits Ca2�-induced mitochondrial permeability 
transition pore (PTP) in rat liver mitochondria in vitro, 
has also been found to protect against MPTP toxicity 
in the mouse without affecting its effects on complex 1, 
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suggesting that there may be multiple ways MPTP causes 
neurodegeneration.

Finally, in an interesting set of experiments by Rich-
ards and colleagues (198) it was shown that overexpres-
sion the yeast single-subunit NADH dehydrogenase 
(NDI1) (thereby bypassing the need for complex 1) in cell 
culture abolished the toxicity of MPP(�). Furthermore, 
overexpression of NDI1 through stereotactic adminis-
tration of a viral vector harboring the NDI1 gene into 
the SN protected mice from both the neurochemical and 
behavioral deficits elicited by MPTP. These data not only 
verified the importance of complex I in the process lead-
ing to MPTP-induced parkinsonism but adds weight to 
the role of complex 1 in PD and the utility of using the 
MPTP model to study. They also further support strate-
gies to improve complex 1 function (or even bypass it) 
as a therapeutic role in PD.

The mitochondrial story has once again provided 
examples of basic science having direct implications 
for PD. First, a controlled clinical trial is has now been 
completed which was designed to determine whether 
coenzyme Q, a promoter of mitochondrial function, 
could be used to slow or halt the progression of the 
disease (199, 200). This trial met prespecific criteria 
showing a trend toward a slowing of disability in those 
receiving coenzyme Q10 at 1200 mg/kg per day. A larger 
trial is now planned that should be more conclusive and 
will utilize an even higher dose (2400 mg/kg). Second, 
creatine has been tested for neuroprotective effects in a 
futility trial in patients with Parkinson’s disease (201) 
and is now under consideration for a much larger clini-
cal trial for its potentially neuroprotective effects.

Oxidative Stress. Although evidence that MPP� is a 
mitochondrial toxin is incontrovertible, it is certainly not 
the only mechanism that has been proposed to explain 
how MPTP/MPP� kills cells. The foremost of the other 
theories relates to oxidative stress. Although it was origi-
nally proposed that MPP� undergoes redox cycling in a 
manner similar to paraquat, this concept has long since 
been abandoned (202, 203). On the other hand, there is 
now good evidence that paraquat, which has been shown 
to be selectively toxic to dopaminergic neurons as well 
(204), generates oxygen free radicals through a process 
or redox-cycling (205) and acts in a manner that is very 
different from MPP� and rotenone, another complex 1 
inhibitor (206). However, there are a myriad of other ways 
that this compound could induce oxidative stress, includ-
ing disruption of the electron transport chain (207).

One of the most common approaches used to inves-
tigate the “free radical hypothesis’’ is to use antioxidants 
to protect against MPTP toxicity, but these studies have 
been frustratingly contradictory. Alpha tocopherol (208), 
beta carotene (157), melatonin (209–211), and ascorbic 
acid (208, 212) have been reported to protect against 

MPTP-induced striatal dopamine depletion in the mouse, 
but not all investigators have seen these effects (213–216). 
Furthermore, investigations in the nonhuman primate 
using alpha tocopherol and beta carotene (217) as well 
as ascorbic acid (218) have failed to show a neuropro-
tective effect. Blanchet and colleagues (219) used OPC-
14117, a potent antioxidant, to block MPTP-induced 
parkinsonism in a chronic model of MPTP intoxication 
(a model that attempts to closely mimic the slow progres-
sion of PD), but this effort failed. On the other hand, 
AD4, a novel low-molecular-weight thiol antioxidant, 
has been reported to be neuroprotective in the MPTP 
model (220). Spin-trapping agents such as alpha-phenyl-
ter-butyl-nitrone (PBN) (221), azulenyl nitrone (222), 
MDL 101, 002 (223), and stilbazulenyl nitrone (224) 
have also been reported to be at least partially neuro-
protective in the mouse model of MPTP toxicity, but 
Ferger and colleagues (225) were unable to make an 
association between the hydroxyl radical–savaging effect 
of PBN and MPTP neurotoxicity. In yet another study, 
bromocriptine was found to block MPTP toxicity in 
the mouse (226). Because this drug was also effective 
in blocking striatal glutathione depletion, the possibil-
ity was raised that this dopamine agonist was acting by 
stimulating antioxidant activity in the brain. Melatonin, 
an endogenous antioxidant, has been shown to inhibit 
a loss of tyrosine hydroxylase (TH) immunoreactivity in 
the mouse striatum, presumably through a similar mecha-
nism (227). Another interesting agent that has been found 
to ameliorate the effects of MPTP is apomorphine, which 
could be working as a radical scavenger (228). Finally, the 
angiotensin converting enzyme (ACE) inhibitor captopril, 
which appears to have antioxidant properties, has been 
shown to attenuate MPTP toxicity in mice while at the 
same time decreasing markers of oxidative stress (229). 
Similar findings have also been reported with the antitu-
berculosis drug rifampicin (230, 231).

Metallothioneins, free radical scavengers, have 
also been used to investigate the free radical hypothesis 
of MPTP neurotoxicity. In 1997, Rojas and Rios (232) 
reported that inducers of metallothionein provided 
significant protection against MPTP-induced striatal 
dopamine depletions in the mouse. MPTP alone pro-
duced a 50% reduction in striatal metallothionein, and 
in another set of experiments induced a 30% to 39% 
reduction in metallothionein mRNA. However, in a later 
study, metallothionein I and metallothionein II knockout 
mice were not found to be more sensitive to MPTP, which 
suggests that these proteins are not directly involved in 
blocking the effects of MPTP (233). Because iron may 
be involved in the process of free radical generation, 
chelators of iron have been examined. Ferger and col-
leagues (234) showed that cytosine is an effective chelator 
of iron and that it significantly protected against MPTP-
induced striatal dopamine depletion in the mouse.
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In a study by Aubin and colleagues (235), salicylate, 
aspirin, and aspergic (acetylsalicylate of DL lysine) were 
all found to prevent MPTP neurotoxicity. These inves-
tigators also demonstrated that cyclo-oxygenase inhibi-
tors or agents that inhibited NF-kappB did not have this 
effect and that this effect of salicylates was not due to 
either inhibition of MAO B or dopamine uptake. In a 
separate study, this same group reported that hydrox-
ylated salicylate metabolites were present in the brains 
of MPTP- and salicylate-treated mice, suggesting that 
hydroxyl radical savaging may be the mechanism under-
lying this neuroprotective effect. Subsequently, Ferger 
and colleagues (236) showed that salicylate blocks the 
MPTP-induced decline in TH-positive cells in the mouse 
SN, further suggesting that salicylate is neuroprotective. 
Interestingly, green tea polyphenols have been found to 
prevent MPTP neurotoxicity in mice (237); they are now 
being tested for neuroprotective effects in a clinical trial 
that is being conducted in China in conjunction with our 
Institute, representing yet another translational event to 
emerge from studies in laboratory animals, which have 
now reach the clinical trials stage.

Another way to investigate the role of oxidative 
stress is to search for evidence of reactive oxygen species 
in the brain of animals exposed to MPTP. For example, 
Sriram and colleagues (238) used both sagittal slices of 
mouse brain exposed directly to MPTP and mice exposed 
via systemic administration of MPTP and found that there 
were significant increases in both reactive oxygen species 
and lipid peroxidation products and declines in glutathi-
one. Because these changes preceded complex I inhibi-
tion, they suggested that free radical generation was the 
primary event leading to toxicity. Ali and colleagues (239) 
identified the generation of reactive oxygen species in 
older but not young mice given MPTP, and a number of 
investigators have reported evidence that MPTP alone 
induces hydroxyl radical formation (240–242). In cell cul-
ture systems, it has been shown that cell lines deficient in 
catalase activity are more sensitive to the effects of MPP�
than those with higher levels (243). On the other hand, 
in a series of experiments using a murine dopaminergic 
cell line comparing 6-hydroxydopamine and MPTP, Choi 
and colleagues (244) found that reactive oxygen radicals 
seemed to play an essential role in 6-OHDA–mediated 
apoptosis, but there was no evidence of this in the setting 
of MPP�-induced necrosis.

Transgenic mice have also been used to investigate 
the possible role of oxidative stress in MPTP toxicity. For 
example, mice overexpressing the mitochondrial form of 
dismutase superoxide seem to be at least partially pro-
tected from MPTP (245, 246), and mice overexpressing 
Bcl-2, which may protect against free radicals, were found 
to be partially protected against MPTP toxicity (247, 
248). Conversely, administration of MPTP to glutathione 
peroxidase (a critical intracellular enzyme involved in 

detoxification of hydrogen peroxide to water) knockout 
mice resulted in significantly greater depletions of dopa-
mine, 3, 4-dihydroxybenzoic acid, and homovanillic acid 
when compared to wild-type control mice (249–250). 
Similarly, Zn CuZn-superoxide dismutase (SOD) knock-
out mice have been found to be similarly affected by 
MPTP  and mice overexpressing mitochondrial SOD2 
are at least partially protected from the effects of MPTP, 
possibly by preventing aconitase inactivation and iron 
accumulation (251).

In summary, there is a diverse literature on the pos-
sible role of free radicals in MPTP neurotoxicity, but this 
literature is conflicting, much as it is in PD. At least part of 
the problem relates to the use of different models, animal 
strains, and experimental paradigms. Also contributing to 
the confusion may be the fact that other actions of putative 
antioxidants, such as inhibition of MAO B or blocking the 
dopamine transporter, were not ruled out as contributing 
to their possible “neuroprotective’’ effects. Finally, many 
of these studies relied on striatal dopamine concentrations 
as the primary measure of nigrostriatal integrity and there-
fore may not have actually been assessing the process of 
neuronal degeneration. Adding to the complexity of this 
problem is that any process that affects the mitochondrial 
respiratory chain and energy production will probably 
cause leakage or generation of oxyradicals and subsequent 
oxidative stress, so that the two processes are probably 
inexorably linked (252) (see Chapter 30). A role for oxi-
dative stress in the cascade of events that lead to toxicity 
seems to be established and will probably continue to be 
an important and challenging area of investigation—one 
that continues to have implications for the cause and treat-
ment of PD.

MPTP-related research continues to be surprisingly 
translational. Although interest in the “free-radical’’ 
hypothesis of PD long antedates the discovery of 
MPTP (253), it took the MAO B inhibitor trial to precipi-
tate an antioxidant trial in PD, as alpha tocopherol was 
added as an additional component to the DATATOP trial 
that tested deprenyl (163). This arm of the trial showed 
no evidence of neuroprotection, somewhat dampening 
hopes that antioxidants might be able to slow disease 
progression in PD. However, it is not known if adequate 
levels of alpha tocopherol were ever achieved in the cen-
tral nervous system (CNS), so it is difficult to know how 
much weight to place on a negative result. Successful neu-
roprotection against MPTP neurotoxicity in experimental 
models, particularly in the primate, could well lead to a 
second attempt for forestall progression of PD in patients 
by using effective antioxidant therapy.

Nitric Oxide. During the last few decades, nitric oxide 
(NO) has come to the forefront as a possible endogenous 
toxin that could play a role in the process of neurode-
generation in a variety of diseases including PD (254). 
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To some degree this interest is a result of studies using 
the MPTP model. This began when several investiga-
tors reported that inhibiting NO synthetase (NOS) was 
partially protective against MPTP neurotoxicity in mice 
(255–258) and the baboon (259). It was also shown in the 
baboon that MPTP-induced increase in nigral perxoyni-
trite was prevented by inhibiting NOS (260). Furthermore, 
MPTP administration causes upregulation of iNOS in the 
STN. NO production has been shown to be increased by 
around 50% after MPTP administration (261). Increases 
in iNOS after MPTP can be partially prevented by nNOS 
and iNOS inhibitors (262), and iNOS knockouts have 
been reported to be less sensitive to the effects of MPTP 
by one group (263) but not another (264). In one study 
using iNOS knockout mice, MPTP induced microglial 
activation as expected in the nigra, but cells were nearly 
completely preserved. Oddly, however, MPTP-induce 
loss of dopaminergic terminals was not ameliorated in 
the knockout mice, suggesting a different mechanism of 
terminal damage (265).

The importance of NO in MPTP toxicity was 
questioned when several groups found that the most 
commonly used NOS inhibitor, 7-nitroindazole (7-NI), 
also inhibited MAO B (266–268), raising the possibil-
ity that, rather than by blocking the synthesis of NO, 
inhibition of MAO might explain at least some of the 
effects of 7-NI in protecting against MPTP toxicity (269). 
The next step was to examine other NOS inhibitors to 
see if they blocked MPTP toxicity as well. Although 
Matthews et al. (270) reported that S-methylthiocitrul-
line, a relatively selective inhibitor of NOS, protected 
mice against MPTP-induced striatal dopamine depletion, 
MacKenzie and colleagues (271) were unable to inhibit 
MPTP toxicity in the monkey using another NOS inhibi-
tor (L-NGnitro-arginine methyl ester, or LNAME).

The reasons for these disparate results regarding 
a role for NO in MPTP toxicity are not clear. How-
ever, it seems likely that the effects of 7-NI on MAO 
B have confounded at least some of the studies. Other 
investigators have suggested that iNOS inhibitors are 
actually acting as antioxidants (272). In a study by Tsai 
and Lee (273), NO donors actually appeared to protect 
astrocytes from MPP�-induced damage. More recently, 
Rose and colleagues (274), using intracerebral microdi-
alysis in rats, found that NO appeared to be involved in 
the MPP�-induced production of hydroxyl radical but 
not MPP�-induced dopamine release. A number of other 
interesting studies bear mentioning. In a study on the 
neuroprotective effects of minocycline, the authors found 
evidence that minocycline blocks MPTP neurotoxicity in 
vivo by indirectly inhibiting MPTP/MPP(�)-induced glial 
iNOS expression and/or directly inhibiting NO-induced 
neurotoxicity, most likely by inhibiting the phosphoryla-
tion of p38 MAPK (275). The neuroprotective effects of 
pioglitazone may also be mediated, at least partially, by 

moderating NO production (276). Green tea polynoles 
have also been shown to decrease nitric oxide–mediated 
MPTP toxicity in mice (237). Somewhat paradoxically, 
Genc and colleagues (277) reported that neuroprotective 
effects of erythropoietin against MPTP-induced neuro-
toxicity in the mouse seem to be mediated by increasing 
nitric oxide production. Similar observations have been 
reported with the ACE inhibitor perindopril (278). In 
contrast to these two studies, increase NO production 
has also been implicated in another model of increased 
susceptiblity to MPTP that occurs after development of 
obesity induced by a high-fat diet (279).

At the moment one can only say that the transition 
of experimental studies with NO and NOS inhibitors 
to PD is a work in progress. The only primate study 
done to date, which used a NOS inhibitor other than 
7-NI, failed to show a neuroprotective effect. Although 
there have been some hints of a role for NO in PD (280, 
281), the exact role is far from established (254). Interest-
ingly, an association between polymorphisms in the genes 
for iNOS and nNOS has been reported by at least one 
group (282), suggesting that some relationship of NO and 
PD in a human population exists. Another problem is that 
the clinical effects of NOS inhibitors remain unknown 
(283). Should new evidence of the importance of NO in 
MPTP toxicity be forthcoming in primates, there might 
well be a revitalization of research interest in NOS inhibi-
tors as neuroprotective agents for PD.

Excitotoxicity. Unraveling the importance of excito-
toxicity as a mechanism that underlies neurotoxicity of 
MPTP has proved to be a challenging. Whereas NMDA 
antagonists were first used in an attempt to induce symp-
tomatic improvement in the MPTP-lesioned monkey with 
variable results (284–286), these agents were also used as 
potentially protective therapies. In a study by Turski and 
colleagues (287) and several others that followed (288, 
289), NMDA antagonists were shown to protect against 
MPTP/MPP� toxicity, including actual nigral cell degen-
eration. However, the waters were clouded by a rapid suc-
cession of reports that NMDA antagonists provided only 
partial (290, 291) or no protection (292–294) in mice. 
Similar results were reported using rat mesencephalic cell 
cultures (295). On the other hand, Srivastava and col-
leagues (296) found that decortication (a procedure that 
removes glutamateric input to the striatum) or MK-801, a 
prototype NMDA antagonist, blocked MPP�-induced cell 
loss in the rat using direct intrastriatal injections of MPP�.
Clonidine, an alpha-2 agonist that is thought to block glu-
tamate overflow, has been shown to partially protect mice 
against MPTP-induced dopamine depletion (297).

We found that MK-801 did protect against MPTP-
induced striatal dopamine depletion in the mouse, but this 
protection was only transient, lasting less than 12 hours. 
The drug did not block degeneration of dopaminergic 



VI • PATHOGENESIS AND ETIOLOGY418

neurons (294). However, MK-801 was also found to 
delay elimination of MPP� from the brain. Since seques-
tration of MPP� in synaptic vesicles has been shown to 
protect neurons from its toxic effects (298), one possibil-
ity is MK-801 is at least temporarily promoting vesicular 
storage. In support of this possibility is the observation 
that MK-801 inhibits MPP�-induced striatal dopamine 
release (299), although whether this is related to an effect 
on vesicular release is not known.

Although the mixed results described may have 
tempered enthusiasm, there continues to be abun-
dant interest in exploring the possibility that NMDA 
receptor antagonists might be neuroprotective in PD 
(see Chapter 43). One agent that has come under close 
scrutiny is the NMDA inhibitor riluzole. Although 
there has been great interest in this drug as a potential 
neuroprotective agent in amyotrophic lateral sclerosis 
(ALS), it has also been found to block MPTP-induced 
striatal dopamine depletion in mice (300) and monkeys 
(301, 302). Because of its potential as a neuroprotec-
tive agent in PD, a pilot study has now been carried 
out with riluzole in patients with PD (303). Although 
the observed deterioration in scores on the United 
Parkinson’s Disease Rating Scale (UPDRS) appeared 
to slightly more pronounced in the placebo group, the 
difference between this group and the riluzole group 
did not reach statistical significance and there was no 
statistically significant difference in the time between 
enrollment and start of symptomatic therapy when 
patients initially treated with riluzole were compared 
to those initially treated with placebo. The authors 
concluded that riluzole (100 mg/day) was well toler-
ated but that because the trial was only a pilot, larger 
longitudinal studies were still warranted.

Clinical trials have also been completed with rema-
cemide, another glutamate antagonist (304–306), but 
none of these trials have been designed specifically to 
assess potential neuroprotective effects.

Growth Factors. The use of trophic factors to treat PD 
has been considered a very attractive approach because 
they could theoretically achieve the same goals as sur-
gery. Current evidence suggests that, although dopamine 
depletion in the disease exceeds 80%, cell loss is more in 
the range of 60%. This suggests that there may be a sub-
stantial number of “dormant’’ or nonfunctional neurons 
still present. If these could be reactivated, it is theoreti-
cally possible that trophic factors could be used not only 
to slow or halt disease progression but actually reverse 
signs and symptoms if enough of these cells could be 
rejuvenated. This represents one of the potentially most 
exciting options for the future, but it may well prove to 
be one of the most challenging.

MPTP models have provided a vigorous testing 
ground for trophic factors in PD. Indeed, fibroblast 

growth factor (FGF) (307–310), glial-derived neuro-
trophic factor (GDNF) (311, 312), epidermal growth 
factor (EGF) (313), brain-derived neurotrophic fac-
tor (BDNF) (314–316), and even nerve growth factor 
(NGF) (315) have all been tested in the MPTP model. 
However, the results of these studies have not always been 
consistent. For example, although FGF was effective in 
the mouse model, it was not found to be neuroprotective 
in tissue culture (317). When studies with this trophic 
factor were extended to primates, no effect was seen on 
the nigrostriatal system in one study (318), but positive 
results were seen in another (319). With higher intraven-
tricular doses used in the former of these two studies, 
ependymal and choroids plexus overgrowth was observed. 
In some instances this led to hydrocephalus, reminding 
us that this approach is not without hazard.

It is important to note that at least two strategies 
have been employed in the testing of growth factors. The 
first can be described as a neuroprotective strategy, in 
which the trophic factor is given before or around the 
time of MPTP administration to block or ameliorate 
toxicity. The other strategy, which is typically carried 
out in vivo, is to give the trophic factor after an animal 
has been lesioned in an attempt to induce recovery. Stud-
ies on GDNF illustrate these two approaches. This neu-
rotrophic factor was first studied in 1995, when it was 
shown to both protect against MPTP-induced striatal 
dopamine depletion and nigral cell loss in the mouse as 
well as to at least partially restore nerve fiber densities 
and dopamine levels when given after MPTP admin-
istration (311). Investigations were quickly extended 
to primates, where GDNF was found to improve bra-
dykinesia, rigidity, and postural instability and also to 
increase nigral dopamine levels after direct intrastriatal 
injection (312, 319). This restorative effect of GDNF has 
been shown to be effective in old as well as young mice 
(320), an important observation if this approach is to be 
used in PD. One puzzling but fascinating feature about 
GDNF is its apparent ability to improve dopaminergic 
function at the level of the SN but not at the level of 
nigrostriatal terminals (321). This is a unique effect and 
suggests that, because these animals improve, the events 
occurring at the level of the SN deserve more attention 
in regard to their neurophysiologic role in movement. 
Importantly, GDNF has now been shown to improve 
MPTP-induced parkinsonism in monkeys after intra-
ventricular delivery (322, 323), using viral vectors for 
delivery (324, 325), and the placement of encapsulated 
GDNF-producing C2C12 cells into the ventricles of 
chronic MPTP-treated baboons (326).

Glial cells may also be mediators of neurotrophic 
effects in response to nigrostriatal injury. For example, 
Chen and colleagues (327), having observed the prolifera-
tion of nestin-expressing astroglial cells in MPTP-treated 
C57/BL mice, have suggested that these nestin-expressing 
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activated astroglial cells may play important roles in 
protection of nigrostriatal dopamine neurons and in the 
pathogenesis of PD, possibly by virtue of synthesizing 
and releasing neurotrophic factors. This group subse-
quently showed that these cells expressed a variety of 
trophic factors, including nerve growth factor (NGF), 
neurotrophin-3 (NT3), and GDNF (328).

In 1996 the first human trial using GDNF for the 
treatment of PD began. One problem was the fact that, 
because trophic factors are large molecules, delivery to 
the CNS represents a major challenge. Because animal 
studies have shown that GDNF reaches the SN after intra-
ventricular administration (329), this offered one route 
by which to administer the drug, although this approach 
required the use of an intraventicular cannula. In all, 
12 subjects received placebo and 7 or 8 were assigned 
to each of several different dosage groups. Parkinson 
disability scores did not improve at any dose. Unfor-
tunately a number of side effects were seen, including 
nausea and vomiting hours to days after dosing, weight 
loss, asymptomatic hyponatremia, and bothersome par-
esthesias, often described as electric shocks (Lhermitte’s 
sign). For these reasons, the intracerebroventricular route 
of administration has been largely abandoned. Several 
other approaches, including direct intraputamenal deliv-
ery, were considered. The first such trial in humans, which 
was open-label, was encouraging (330, 331), but a sub-
sequent controlled trial using a similar approach failed 
to reach significance using the designated primary out-
come variable (332). This plus concerns over potential 
side effects (the development of neutralizing antibodies in 
some patients and the development cerebellar lesions in a 
few nonhuman primates) led to discontinuation of studies 
using this approach. However a number of technical con-
cerns regarding the way GDNF was delivered confound 
interpretation of the double-blind study and suggest that 
we still cannot conclude whether this approach will be 
effective in patients with PD (333). In the meantime, sev-
eral alternative approaches are being pursued, including 
in vivo gene therapy and the use of encapsulated GDNF 
factors, an approach that has been shown to have promise 
in experiemental animals (334, 335).

An alternative approach is to search for small mol-
ecules that can cross the blood-brain barrier and that have 
trophic activity. One class of compounds thought to have 
had such activity are the neuroimmunophilins. In 1997,
one of these compounds, GPI-1046, was shown to induce 
regenerative sprouting of surviving dopaminergic neu-
rons after MPTP lesioning in mice (336). Subsequently, 
another immunophilin, V-10, 367, was reported to com-
pletely protect against MPTP-induced loss of TH staining 
in the mouse striatum (337), again suggesting that this 
class of compounds may be effective in protecting and 
possibly even restoring dopaminergic neurons. Primate 
studies have yet to be reported; but given the potential of this 

class of drugs to treat PD, ease of administration, and the 
impressive data in the MPTP-treated mouse, clinical trials 
seemed a logical next step. However, the limited trials carried 
out to date have been disappointing (338).

Does MPTP Cause Apoptosis and/or Necrosis? Many
of the theories on the mechanism of action of MPTP are 
not only highly reflective of current theories on PD patho-
genesis but some are also controversial. Nowhere has this 
been more evident than when it comes to determining the 
role of apoptosis in MPTP-induced cell death (339). This 
possibility was raised by Mochizuki and colleagues (340) 
when they reported morphologic and histochemical evi-
dence of apoptotic cell death in mesencephalic–striatal 
cocultures exposed to MPTP. However, a year later, using 
an acute dose paradigm in mice, Jackson-Lewis and col-
leagues (341) failed to find any evidence of apoptosis 
(although, interestingly, they did note that MPTP can 
induce a loss of TH immunoreactivity without causing 
neuronal degeneration). Subsequent studies, however, 
have found evidence of apoptosis in vitro, including 
experiments involving the exposure of PC12 cells in tis-
sue culture to the 2-ethylphenyl analog of MPTP (342), 
SH-SY5Y human neuroblastoma cells to MPP� (343),
and GH3 cells (a clonal strain from the rat anterior pitu-
itary) treated with MPP�, which was inhibited by a pan-
caspase inhibitor (344). Similar results have been reported 
in SN4741 cells (345), ventral mesencephalic cells (where 
MPP� activates phosporylation of c-Jun, a pro-apoptotic 
factor) (346), and in human SH-SY5Y neuroblastoma 
cells using low concentrations of MPP� (347). On the 
other hand, another investigation using PC12 cells failed 
to find evidence apoptosis (348), and Choi et al. (244), 
using a murine dopaminergic cell line, found that MPP�
(in contrast to 6-OHDA) caused non-caspase-dependent 
necrosis rather than apoptosis.

Favoring a role for apoptosis is the fact that a num-
ber of compounds have been found to inhibit apoptosis 
induced by MPP� in cellular models, including epidermal 
growth factor (344), selegiline (see below) (349), certain 
caspase inhibitors (347), and CEP-1347 (a mixed-lineage 
kinase inhibitor) (350).

Several groups have reported evidence of apoptosis 
in mice given systemically administered MPTP (351, 352). 
However, Usha and colleagues (353) failed to find evi-
dence of typical apoptotic-like DNA cleavage in the SN 
or caudate-putamen after a robust two-dose regimen of 
MPTP that caused a 75% dopamine depletion; caspase 
3 levels were elevated in this model, but caspase 1 was 
unchanged. It has been reported that delivery of Apaf-
1-DN, which blocks apoptosis, by using an AAV vec-
tor system prevents nigrostriatal degeneration in MPTP 
mice (354). Turmel and colleagues (355) have also shown 
that MPTP elevates caspase 3 levels mice, which would 
be expected to promote apoptosis. Also favoring a role 
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for apoptosis is the observation that mutant mice lack-
ing the proapoptotic protein Bax are significantly more 
resistant to MPTP than their wild-type littermates. In 
summary, while there are an increasing number of studies 
incriminating apoptosis, there continues to be a lack of 
consensus on the role apoptosis in MPTP-induced neu-
rotoxicity. Much the same controversy continues to brew 
in regard to apoptosis in PD (356, 357).

Selegiline has resurfaced as part of the evolving body 
of work on apoptotic pathways and cell death related 
to MPTP toxicity. The original deprenyl story seemed 
straightforward enough in that the drug appeared to pre-
vent MPTP toxicity simply by blocking the conversion 
of MPTP to its toxic metabolite MPP� by inhibiting 
MAO B. However, there was one loose end that appeared 
quite early. In 1985. Mytilineou and colleagues (358) 
reported the curious observation that selegiline prevented 
neurotoxicity of MPP� in rat mesencephalic cultures, 
an observation that was later replicated in another cell 
system (and linked to apoptosis) (359). This early finding 
hinted that selegiline might have other neuroprotective 
actions besides simply inhibiting MAO B. In 1991, Tatton 
et al. (360) reported that selegiline could at least partially 
protect against the neurodegenerative effects of MPTP 
in mice, even when given for up to 5 days after MPTP 
administration, apparently “rescuing’’ neurons that were 
destined for destruction. Further evidence that the drug 
had other actions besides its effect on MAO came from 
a study by Wu and colleagues (361). These investigators 
found that dopamine release and hydroxyl radical forma-
tion produced by the infusion of MPP� into the striatum 
of rats declined significantly when selegiline was added to 
the perfusate. Later, this same group also provided evi-
dence of a rescue effect using a very different paradigm, 
one that involved lesioning the nigrostriatal system by 
infusing MPP� directly into the SN (362). When selegi-
line was given for 4 days following the infusion, it par-
tially protected against even high doses of MPP�. These 
investigators suggested that selegiline was acting as an 
antioxidant, because similar results were obtained when 
2-methylaminochromans (an inhibitor of iron-catalyzed 
lipid peroxidation) and DSMO (a hydroxyl radical scav-
enger) were used (363).

In 1996, Magyar and colleagues (364) reported that 
selegiline was a potent inhibitor of MPTP-induced apoptosis 
in PC12 cells, and Hassouna et al. (365) demonstrated that 
bax expression was increased in the SN of MPTP lesioned 
mice. Tatton and colleagues (351, 366) have shown that 
one of the metabolites of selegiline, desmethyldeprenyl, 
appears to mediate an antiapoptotic action and that it 
alters expression of SOD 1 and 2, BCL-, BCL-XL, NOS, 
c-JUN, and nicotinamides in a variety of cell systems. This 
antiapoptotic effect appears to be associated with reduc-
tion of the mitochondrial membrane potential, an early 
stage in the evolution of apoptosis, possibly by binding to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). At 
least one in vivo study appears to support this mechanism of 
action, as Guo and colleagues (367) have reported that sele-
giline blocks MPTP-induced apoptosis in mice. Although 
apoptosis is still controversial in regard to MPTP toxicity, 
these findings certainly suggest there are properties of the 
drug that have yet to be fully elucidated in spite of the fact 
that it has been almost 25 years since it was first intro-
duced as a treatment for PD (368). Interestingly, there is 
now increasing evidence that the novel second-generation 
MAO inhibitor rasagiline, which is now approved for the 
treatment of early and late-stage PD, may have similar 
properties. Rasagline is a selegiline-related propargylamine, 
which also appears to block apoptosis in a variety of models 
including that induced by MPTP (369).

Poly(ADF-ribose) Polymerase (PARP). One of the 
most interesting and perplexing observations regarding 
the mechanism of action of MPTP relates to the role 
of poly(ADF-ribose) polymerase (PARP) in the cascade 
of events that lead to MPTP neurotoxicity. PARP is an 
enzyme repair system for DNA that catalyzes the attach-
ment of ADP ribose units (from NAD) to nuclear proteins 
after DNA damage occurs, a process that consumes con-
siderable energy. In 1996, Cosi et al. (370) reported that 
a variety of PARP inhibitors partially protected against 
MPTP-induced striatal dopamine depletion (and corti-
cal noradrenaline depletion as well) in the mouse. PARP 
inhibitors were subsequently found to block MPTP-
induced ATP depletion (371). In accordance with this 
observation, these investigators reported that MPTP 
reduced NAD� levels, which could also be blocked with 
PARP inhibition (372). More recently a novel and more 
potent PARP inhibitor known as FR255595 was found to 
be partially protective against the effects of MPTP in mice 
as well (373). One of the most compelling pieces of evi-
dence to date is the observation that PARP knockout mice 
are almost completely resistant to MPTP (374). However, 
at least one study failed to support a role for PARP; in this 
investigation inhibition of PARP with 3-aminobenzamide 
failed to protect against striatal DAT loss after intranigral 
injection of MPP� (375).

Overall, the evidence that PARP plays a role in MPTP 
toxicity is fairly compelling but far from understood. 
Mandir and colleagues (376) have reported that the tumor 
suppressor protein p53, which, when activated, can lead 
to death in a variety of cells including neurons, is heavily 
poly(ADP-ribosyl)ated by PARP-1 following MPTP intox-
ication. The p53 protein typically has a fleeting half-life, 
but this posttranslational modification appears to stabilize 
p53. The authors suggest that this effect of PARP-1 on p53 
could provide a mechanism underlying MPTP toxicity and 
even other models of neuronal death. Another possible 
explanation relates to energy perturbation. In view of the 
evidence that an energy deficit may be important in PD, 
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this “energy perturbation hypothesis” could have implica-
tions for the idiopathic disease itself. In the MPTP model, 
it may be that the energy deficit induced by this mitochon-
drial toxin is simply not enough to kill the cell but rather 
that an additional oxygen-depleting event is necessary to 
administer the coup de grâce to the cell, that event being 
PARP activation in response to free radical–induced DNA 
damage. Studies in primates represent a logical next step 
in the evaluation of the importance of PARP activation 
in MPTP toxicity and perhaps PD.

GM1 as a Neuroprotective Agent. Interest in GM1 was 
first sparked by Hadji Constantinou and colleagues (377) 
in 1986 when they reported that its administration largely 
restored striatal dopamine levels in mice with MPTP-
induced dopamine depletion. They later showed that GM1
also restored normal morphology to remaining dopami-
nergic neurons (378) and corrected MPTP-induced D2 
receptor supersensitivity (379). Although concerns were 
originally expressed that systemically administered GM1
would be unlikely to reach the target areas in the CNS, it 
has since been shown to at least reach the CSF (380). Date 
et al. (381) reported similar reversal of dopamine deple-
tion in young but not older mice, but others have observed 
at least some recovery in older mice as well (382). On the 
other hand, Fazzini et al. (383) found that the effects of 
GM1 were only transient in the MPTP model.

Schneider and colleagues (384) have shown that 
there is a return of TH immunoreactivity in MPTP-
lesioned GM1-treated mice and suggested that the com-
pound could cause regenerative sprouting in the damaged 
nigrostriatal system, an observation that was supported 
by later studies indicating that both mazindole-binding 
and KCL-induced striatal dopamine release are improved 
in MPTP-lesioned mice after GM1 administration (385). 
GM1 treatment may also improve the ability of remain-
ing dopaminergic neurons to convert levodopa to dopa-
mine (386), which of course could have implications for 
treating PD. Recently, it has been shown that a synthetic 
form of GM1 is more effective in aged mice and actually 
works in mice with very extensive MPTP-induced lesions 
not responsive to GM1 itself (387).

Finally, GM1 has been reported to facilitate behav-
ioral and neurochemical recovery after MPTP exposure 
in both cats (388) and monkeys (Macaca fascicularis)
(389, 390), including effects on cognition (391). On the 
other hand, Herrero and colleagues (392) reported that 
GM1 did not protect against either striatal neurochemi-
cal changes or nigral cell loss in cynomolgus monkeys, 
although it did seem to enhance TH cellular content in 
the SN. They suggested that this compound might be a 
“palliative’’ approach to PD.

The GM1 story represents yet another example of 
basic research with MPTP stimulating clinical trials in 
PD. On the basis of the promising work in mice and their 

own studies in primates, Schneider and colleagues initiated 
an open-label trial in parkinsonian patients and reported 
promising if not dramatic results in 1995 (393). The results 
of a double-blind, controlled study were subsequently 
reported in 1998, and a significant difference in UPDRS 
motor scores was found at 16 weeks (394). The activities 
of daily living (ADL) scores in “off” periods were also 
improved, as were timed motor tests of arm, hand, and 
foot movements as well as walking. These encouraging 
results led to a 5-year double-blind, placebo-controlled 
trial using 100 patients to examine symptomatic improve-
ment with GM1 treatment over a 6-month period as well 
as long-term effects on disease and symptom progression 
(Jay Schneider, personal communication).

Other Neuroprotective Agents to Emerge from the Study 
of MPTP. A variety of other agents have been identified 
as possible inhibitors of MPTP toxicity. Pai et al. (395), 
using lactic acid release in striatal tissue slices as a 
marker of toxicity, reported that inhibitors of cyto-
chrome P450 at least partially protect against MPTP 
toxicity. Bodis-Wollner and colleagues (396) observed 
that neither parkinsonism nor electroretinograph 
features of MPTP toxicity were seen in primates pre-
treated with acetyl-levo-carnitine. The very robust epide-
miologic finding that cigarette smoking protects against 
PD has also been pursued in the MPTP model. In fact, 
one group actually tested cigarette smoke directly and 
found that it partially protected against MPTP-induced 
striatal dopamine depletion (397), an effect that was asso-
ciated with inhibition of MAO. Nicotine, when given in 
an acute intermittent but not a chronic continuous fash-
ion, partially protects against MPTP-induced striatal 
dopamine depletion in the mouse (398). Our own group, 
using a primate model that closely mimics the continu-
ous exposure to nicotine experienced by cigarette smok-
ers, found partial protection from the effects of MPTP 
(399). Thalidomide has also been shown to protect again 
MPTP-induced striatal dopamine depletion in the mouse, 
presumably by blocking the inflammatory component 
of the response (400). Agents that stimulate dopamine 
receptor activity may be neuroprotective in the mouse 
model (401), and adenosine A1 agonists prevent MPTP-
induced striatal dopamine depletion in mice both when 
given before and up to 5 hours after MPTP administra-
tion (402). Coadministration of the vigilance-promoting 
drug modafinil has been reported to block MPTP-induced 
loss of both TH-positive and TH-negative neurons using 
stereologic counting techniques in the mouse (403), but 
the mechanism by which this occurs has yet to be deter-
mined. Other agents that have been reported to be neuro-
protective include estrogen (404, 405), 17 beta-estradiol 
(406–411), progesterone and raloxifene (412), the spin-
trapping agent PBN (413) , copper sulfate (414), other 
compounds related to tobacco (415, 416), caffeine and 



VI • PATHOGENESIS AND ETIOLOGY422

related compounds (417–419), the ginsenosides Rb(1) 
and Rg(1) (420), inhibitors of cyclooxygenase isoenzymes 
COX-1 and COX-2 (421), other adenosine A2A receptor 
antagonists (422, 423), nicotinic acetylcholine receptor 
agonists (424), parasite-derived counterpart of neuro-
trophic factors (PDNF) (425), calpain inhibitors (426, 
427), the astrocyte-modulating agent arundic acid (428), 
green tea polyphenols (429), environmental enrichment 
(430), a synthetic new derivative of squamosamide known 
as FLZ (431), immunization with myelin oligodendrocyte 
glycoprotein and complete Freund adjuvant (432), gel-
danamycin, which induces heat shock protein 70 (433), 
an azulenyl nitrone antioxidant (224), dextromethorphan 
and a series of its analogues (434), the 5-HT1A agonists 
BAY 639044 and repinotan (in primates) (435), gamma-
glutamylcysteine ethyl ester (436), low dose whole-body 
gamma-irradiation (437), curcumin (a polyphenolic anti-
oxidant) (231), and cystamine (438). These studies provide 
an almost bewildering array of potentially tantalizing leads 
in the search for neuroprotective agents for PD. Which 
ones, if any, will prove to be key remains to be determined, 
but looking for commonality of mechanism or biochemi-
cal pathways may be good starting points for teasing out 
the most promising starting point for research.

Exacerbation of MPTP Toxicity

Although the preceding section focused almost exclu-
sively on ways to prevent toxicity, there has been a paral-
lel, though perhaps less vigorous, effort focusing on ways 
to enhance toxicity. Such studies are  important because 
of their obvious implications regarding environmental 
toxicants that might play a causative role in PD. In 1985 
Corsini and colleagues (439) reported what was probably 
the first example of a compound that actually exacerbated 
MPTP toxicity. The compound was diethyldithiocarba-
mate (DDC), and it exacerbated MPTP-induced dopa-
mine depletion in the mouse. This was at first thought to 
be due to an enhancement of oxidative stress; however, 
Irwin and colleagues (440) subsequently showed that 
DDC administration led to a marked increase in MPP�
concentrations in the rodent brain, possibly through 
enhanced delivery of MPTP to the CNS and its biotrans-
formation to MPP�. Miller and colleagues (441) reported 
that DDC, when given with MPTP, enhanced gliosis as 
measured by GFAP and resulted in more extended toxicity, 
with norepinephrine depletion and gliosis in the hippo-
campus. Walters and colleagues (442) demonstrated that 
DDC can “unmask’’ MPTP toxicity by virtue of convert-
ing a nontoxic dose of MPTP into one that causes toxicity. 
An important aspect of this study was that stereologic 
cell-counting techniques were used, so the neurodegen-
erative effects of MPTP were being studied, not just its 
ability to deplete striatal dopamine. These findings have 

implications for PD in that they raise the possibility that 
multiple environmental “hits’’ may be required to cause 
the disease. This might explain why no single agent has 
been identified to date as “the cause’’ of PD.

A variety of other compounds have been identified 
that enhance the dopamine-depleting effects of MPTP 
in mice, including N-methylmercaptoimidazole (443), 
tetraphenylboron, ethanol and acetaldehyde (444), 
DSP-4 (445), DFP and nicotine (446), and magnesium 
sulfate (447). N-methylmercaptoimidazole probably 
enhances toxicity by inhibition MPTP N-oxygenation in 
the liver (by virtue of blocking flavin-containing monoxy-
genase), and tetraphenylboron is thought to potentiate 
inhibition of mitochondrial respiration. The mechanisms 
by which these other compounds are working are less 
clear. In an observation that could have more direct impli-
cations for environmental causes of nigrostriatal degener-
ation, Takahashi et al. (448) reported that the agricultural 
fumigant Maneb (a dithiocarbamate) enhanced locomotor 
effects and cataplexy induced by MPTP; however, neu-
rochemical measurements were not done. We tested two 
other widely used dithiocarbamates and found that one 
(ethylene bis dithiocarbamate) enhanced MPTP-induced 
striatal dopamine depletion in the mouse (449). Ironi-
cally, minocycline, which has been reported to protect 
against the effects of MPTP and was tested as a potential 
“neuroprotect agent” in a futility trial, has also been 
found to exacerbate MPTP toxicity (450, 451).

Several other approaches have been taken to exac-
erbate MPTP toxicity. Duan and colleagues (452) found 
that dietary folate deficiency and elevated homocysteine 
levels increased sensitivity to MPTP in mice. In another 
study, fas-deficient lymphoproliferative mice were unex-
pectedly found to be highly susceptible to the neuro-
toxic effects of MPTP (453). Fas (CD95) is a member of 
the tumor necrosis factor receptor superfamily, but the 
mechanism of this effect is not clear. Another interesting 
approach involved administering iron to neonatal mice, 
and then exposing them to MPTP at 2 months (454). 
Iron-exposed mice were much more sensitive to the 
effects of MPTP, although this conclusion was based on 
behavioral studies only. In somewhat similar paradigm. 
Richardson and colleagues exposed mice to dieldrin 
during the perinatal period and found and enhanced 
sensitivity to MPTP at 3 months. This study is of par-
ticular interest since dieldrin has been implicated as 
a possible causative agent in PD. Given the current 
interest in PD as a protein misfolding disorder, a num-
ber of investigators have explored the possibility that 
overexpression of alpha synuclein enhances susceptibil-
ity to MPTP, and several have found that this is indeed 
the case (455–457), indicating that alpha synuclein 
overexpression enhances MPTP. However, other investi-
gators have not seen this effect (458, 459).
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AGING AND MPTP

In what seemed to be more than coincidence, the 
effects of MPTP were quickly found to increase with 
age, making it an even more compelling compound for 
modeling an age-related neurodegenerative disease. 
The first indication that this was the case came from 
Jarvis and Wagner (460), who found that effects of 
MPTP on striatal dopamine concentrations were more 
pronounced in older rats, compared with very young 
ones. Shortly thereafter, similar results were reported 
in the mouse, with a shift to the left of the dose/effect 
curve for MPTP-induced dopamine depletion in older 
animals (461), and Gupta et al. demonstrated that a 
loss of catecholamine fluorescence in the locus ceruleus 
and ventral tegmental area in old but not young mice 
lesioned with MPTP (462). Further highlighting the 
importance of aging was the observation that older 
mice do not recover from the effects of MPTP, whereas 
young mice do (463), and the clear-cut demonstration 
that MPTP induced greater cell loss in older animals 
compared with younger ones (464). In addition, a much 
more robust microglial activation is seen in older mice 
after MPTP administration (465).

The likelihood that this was due to pharmacoki-
netic effects (at least in the mouse) was suggested by the 
fact that much higher levels of MPP� were observed 
in older versus younger mice after equivalent doses of 
MPTP were given (461, 466). Furthermore, intraven-
tricular administration of MPP�, which circumvents 
pharmacokinetic factors, showed no difference between 
age groups, which again suggests that it was the amount 
of MPTP/MPP� delivered to the nigrostriatal system 
that was the key rather than an increased sensitivity of 
the neurons themselves with aging (a pharmacodynamic 
effect). The relationship between MPTP toxicity, aging, 
and brain MAO levels was further teased out by Irwin 
and colleagues (467), who showed that the dopamine-
depleting effects of MPTP increased through 16 months 
of age and then decreased slightly in very old animals 
(20 months). These changes were closely mirrored by 
age-dependent changes in MAO B, suggesting that this 
enzyme is responsible for changes in MPTP toxicity that 
occur during the aging process in the mouse. Similar age-
related changes in MAO B (but not MAO A) have been 
demonstrated by others as well (468), and inhibition of 
MAO B but not MAO A has been shown to block the 
age-related effects of an analog of MPTP that is activated 
by both forms of this enzyme (469).

Work in primates has had a somewhat different evo-
lution. One of the earliest observations related to aging 
was the novel finding that MPTP induced eosinophilic 
inclusion bodies and cell loss in the locus ceruleus in 
very old squirrel monkeys (470). Neither of these findings 

had been seen in younger animals. The inclusion bodies 
were of particular interest in that they were reminiscent 
of Lewy bodies in humans, both in regard to their dis-
tribution and the fact that they were seen only in older 
animals. Rose and colleagues (471) have reported that 
larger doses of MPTP were required to induce parkin-
sonism in younger animals, which suggests that older 
animals were more sensitive to MPTP. However, neither 
of these investigations was a prospective or systematic 
investigation in terms of its approach to aging. Using an 
intracarotid infusion paradigm of MPTP, Ovadia (472) 
found that older animals required less MPTP to become 
parkinsonian, and that their parkinsonism tended to be 
less severe. We carried out a careful prospective study of 
aging in the primate and found unexpectedly that neither 
MAO B nor MAO A changed with aging (473). Thus, 
in monkeys at least, there may be different reasons for 
increased sensitivity to age, which may relate more to 
changes in neuronal vulnerability.

Because aging remains the only unequivocal risk 
factor for PD to this day, this would appear to be a 
valuable experimental model in which to pursue the 
underlying mechanisms that make us more susceptible 
to the disease as we age. One interesting example of the 
potential relevance of such studies comes from recent 
work in young (3 months) and old (18 months) Fischer 
F344 rats (474). In this investigation livers were perfused 
with either MPTP, DDT, or malathion. The recovery of 
all 3 compounds was increased in older rats (by 258%, 
253% and 134% respectively) compared to young rats. 
The transport of DDT and malathion into hepatocytes 
was reduced with age, and the authors suggested age-
related impairment of hepatic detoxification would 
increase the bioavailability of potentially toxic xenobi-
otics which could, in turn, increase the risk for develop-
ing PD with aging. It is also worth noting that enhanced 
sensitivity of the aging nigrostriatal dopamine pathway 
to other pesticides, particularly paraquat and maneb in 
combination, have also been reported (475).

In summary, research on the relationship between 
aging and susceptibility to PD seems to have been by and 
large understudied. In part this may have been because of 
inadequate models or lack of good hypotheses. The MPTP 
model continues to provide a remarkable opportunity to 
explore this relationship, and it can only be hoped that 
there will be an acceleration of research in this area.

SPECIES SUSCEPTIBILITY

One of the earliest and perhaps most surprising 
findings regarding the biologic effects of MPTP was 
that although human and nonhuman primates are 
exquisitely sensitive to its effects, rodents are much 
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less sensitive, and rats are nearly refractory to systemi-
cally administered toxin (33). One dramatic difference, 
which to this day defies explanation, is that MPP�
is rapidly removed from the mouse brain (in a mat-
ter of hours), whereas it persists for weeks or longer 
in the primate brain (476). Obviously the inability to 
remove potentially noxious xenobiotics from the brain 
could represent a major risk factor for neurodegenera-
tion in the primate, but this research lead has been 
by and large ignored. This is unfortunate, because it 
might provide clues as to risk factors for PD. Although 
differences between primates and rodents may not be 
surprising, it is now clear that substantial differences 
in sensitivity to MPTP may be seen even with differ-
ent strains of mice (477), with C57Bl/6 mice being the 
most vulnerable (478, 479). Because of their sensitiv-
ity, this species is widely used for studies with MPTP. 
Remarkably, sensitivity to MPTP may vary within the 
same strain of mouse. Heikkila et al. (480) found, for 
example, that the same strain of mouse from different 
commercial suppliers differed in sensitivity to MPTP, 
suggesting that very subtle biologic variations can 
affect vulnerability. This observation also has practical 
implications in the laboratory, because changing com-
mercial supplier can seriously alter the experimental 
conditions. In a novel study using 7 strains of mice, 
Hamre and Tharp (481) presented fascinating evidence 
that susceptibility to MPTP-induced cell loss may be 
autosomal dominant and is due to a polymorphism 
carried on C57BL/6J allele. Differences in susceptibil-
ity have even been observed between different species 
of snakes (482).

Differing levels of MAO B in the CNS appears to 
be one of the factors that affect species sensitivity (483). 
Kalaria and colleagues (484, 485) pointed out the impor-
tance of MAO B levels in the blood-brain barrier, and 
indeed this factor may be a key to explaining the refrac-
toriness of rats to the effects of systemically administered 
MPTP. This was clearly illustrated in a study of 5 different 
strains of rats using intracarotid injection of MPTP, in 
which the degree of toxicity best correlated with levels 
of MAO B in the capillary endothelia of the brain (486). 
A similar phenomenon may explain differences between 
mouse strains (487). On the other hand, Mushiroda and 
colleagues (488) have provided evidence that flavin-
containing mono-oxygenases (FMOs) may also play a 
significant role in the detoxification of MPTP in cere-
bral endothelial cells and thereby account for variations 
between species. Furthermore, striking strain differences 
have been found in the ability of glia to convert MPTP 
to MPP� (489), and considerable variations between 
species in levels and ratios of MAO A and B have been 
found in both brain and liver as well (490). Another fac-
tor that may account for differences between mouse and 
rat relates to the transport system of synaptic vesicles, 

VMAT2, as it is generally thought that uptake of cytosolic 
MPP� (and dopamine) may protect cells for toxicity (see 
earlier discussion on VMAT2). Staal and colleagues (491) 
investigated this hypothesis and found that the maximal 
transport rate (Vmax) was 2-fold greater in vesicles from 
rats than in those from mice.

In conclusion, it seems quite possible that further 
exploration of these species and strain differences could 
provide clues regarding susceptibility to PD and may 
therefore represent a potentially important and fertile 
area for future research, as exemplified by the provoca-
tive study of Hamre and Tharp (481) or searching for 
chromosomal loci that might be determinants of genetic 
susceptibility to MPTP (492) or other potentially toxic 
xenobiotics.

INTRANIGRAL SELECTIVE VULNERABILITY

The selective vulnerability of subsets of nigral neurons in 
response to MPTP has been a subject of interest for some 
time, just as it is in PD. A very interesting observation, 
first published in 1991, was that calbindin-containing 
nigral neurons appeared to be spared in mice (493) and 
primates (494) exposed to MPTP, an observation sub-
sequently confirmed by German and colleagues (495) 
in both species. Importantly, these investigators subse-
quently extended these observation to PD (495). Parent
et al. (496) also confirmed this finding in monkeys. 
However, this story has undergone an interesting twist 
with the findings of Sanghera and colleagues (497). Using 
in situ hybridization and immunocytochemistry in rat 
and mouse, these investigators reported that DAT mRNA 
was much lower (approximately 10-fold) in regions with 
calbindin-containing neurons and that subpopulations 
of neurons higher in DAT were actually more sensitive 
to MPTP (498). Their observations raise the possibility 
that the lack of a dopamine transporter might explain 
why these neurons are less vulnerable to MPTP/MPP�.
Similarly, there is now evidence that low levels of DAT in 
the ventral tegmental area may explain the long-standing 
mystery as to why this dopaminergic area is less sensi-
tive to the effects of MPTP than the zona compacta of 
the SN (499). These observations are supported by the 
work of Airaksinen and colleagues (500), who found 
that calbindin null-mutant mice exposed to MPTP were 
not more sensitive to its effects, as would have been 
predicted if calbindin itself was neuroprotective in some 
manner. This refocusing on the dopamine transporter 
as a key to selective vulnerability within the nigra could 
also be quite relevant to the etiopathogenesis of PD. This 
is because a similar pattern of intranigral vulnerability 
has been seen in patients with the disorder, possibly rep-
resenting a clue that selective uptake of an exogenous 
or endogenous toxin may be important. On the other 
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hand, Liss and colleagues (501) have provided evidence 
that K-ATP channels promote the differential degenera-
tion of dopaminergic midbrain neurons after exposure to 
MPTP. Others have provided evidence for the expression 
pattern of metabotropic glutamate receptor 1alpha in 
the nigra playing a role in differential susceptibility of 
nigral neurons (502). So it is probably safe to say that we 
have much more to learn about this phenomenon both in 
toxicant-induced parkinsonism and in PD.

EPIDEMIOLOGIC INVESTIGATIONS

The discovery of the biologic effects of MPTP had at least 
3 major scientific implications, the third of which is its 
impact on thinking regarding the environmental hypothesis 
of PD. The fact that such a simple compound could induce 
the classic motor (and even some nonmotor) features of 
PD raised the possibility that one or more environmental 
agents might play a role in the causing or triggering the 
idiopathic disease. This possibility was further stimulated 
by the similarities between MPP� and the herbicide para-
quat, although their basic mechanisms action were quickly 
shown to be different (202, 203). Although earlier studies 
failed to show that paraquat was toxic to the dopaminer-
gic system in mice (503, 504), subsequent investigation 
have clearly shown that this herbicide causes dopamine 
depletion and actual degeneration of nigrostriatal neurons 
after systemic injection (203, 505).

Armed with knowledge of the biologic effects MPTP 
and the results of a twin study also published in 1983 (506) 
that failed to show a genetic influence on PD, investigators 
initiated a wide variety of epidemiologic studies aimed at 
finding environmental risk factors in PD; indeed, many 
such factors, including rural living, pesticide exposure, 
well-water consumption, and excessive exposure to metals 
have all been reported to apparently increase risk.

Another line of research enhanced by MPTP relates 
to the metabolism of xenobiotics and the risk for PD. 
Simply put, the hypothesis indicates that inherited defects 
in xenobiotic metabolism could enhance the susceptibility 
to toxicity from exogenous agents and thereby increase 
the risk for PD. This concept was fostered by earlier 
observations suggesting that inherited abnormalities 
in the cytochrome P450 system could enhance the risk 
for PD. This has since led to a fascinating and complex 
literature (507). Finally, it should be pointed out that 
two large twin studies have failed to show a significant 
genetic influence in typical PD (508, 509), particularly 
when beginning over the age of 50 years, thus strongly 
pointing to the importance of environment. Furthermore, 
an in-depth genomewide screen showed no evidence of a 
major genetic determinant in the disease, again suggesting 
the need to search the environment for causative trigger 
factors (510). Thus is seems fitting that a line of research 

that was spurred nearly 25 years ago after the discovery 
of a relatively simple molecule is now not only alive and 
well but thriving. It will be interesting to see which next 
steps will prove to be the most revealing as we search for 
the environmental determinants of PD.

PROTEIN MISFOLDING, PARKINSON’S 
DISEASE, AND MPTP

As noted above, environmental influences appear to play 
an important role in PD, but at the same time it would 
be very difficult to overestimate the impact of genetics. 
To date, at least 5 monogenetic forms of parkinsonism 
have been identified, but the one that has had the greatest 
impact is known as PARK 1. This form of genetic par-
kinsonism is due to a mutation in the gene that encodes 
for the protein alpha synuclein (511). While families 
with mutations in this gene are exceeding rare, alpha 
synuclein was quickly found to be a major constituent 
of Lewy bodies (a cardinal pathologic feature of PD) 
(512). However, the exact relevance of this protein to 
PD remained unclear, since the vast majority of patients 
with the disease do not have mutations in this gene. 
This view changed with what many considered to be 
a series of seminal observations reporting that either 
triplication (513) or duplication (514, 515) of the nor-
mal alpha-synuclein gene can cause parkinsonism, prob-
ably as the result of a lifetime of exposure to increased 
concentrations of the endogenous protein (516). These 
observations are important because they showed for the 
first time a direct connection between normal synuclein 
and parkinsonism. Furthermore, autopsied cases have 
revealed a distribution of cell loss, Lewy bodies, and Lewy 
neuritic pathology (513, 517) that is highly reminiscent 
of that which is seen in PD. These observations suggest 
that when overexpressed in humans, normal synclein can 
be neurotoxic, induce Lewy body formation, and reca-
pitulate the pattern of selective vulnerability seen in PD. 
These observations have had a profound influence on the 
thinking of many researchers in the field and have given 
birth to a whole new generation of research on PD as a 
protein misfolding or aggregation disorder.

Although at first glance the relationship between 
an exogenous neurotoxicant such as MPTP and an 
endogenously produce protein discovered though genet-
ics might not be apparent, there have been a series of 
fascinating observations on the relationship between the 
two. One of the earliest clues that there might be a con-
nection came from a study in baboons demonstrating an 
aggregation of alpha synuclein in cell bodies in the SN 
of MPTP-exposed animals (519). We found that 1 week 
after squirrel monkeys are exposed to MPTP (at a time 
when only 10% of dopaminergic neurons a lost), there is 
a marked increase in alpha-synuclein mRNA and protein 
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in the neuronal network of the SN only but not in the 
nigral cell bodies themselves. However, 1 month after 
MPTP exposure (when the neuronal loss had reached 
around 40%), robust immunoreactivity was present in 
the cell bodies, the vast majority of which contained neu-
romelanin. Approximately 80% of the dopaminergic cell 
bodies that survived MPTP toxicity stained positive for 
alpha synuclein. The results indicate that a single toxic 
insult is capable of inducing a sustained alpha-synuclein 
upregulation in the primate brain and that this occurs 
primarily in dopaminergic neurons. Vila and colleagues 
have also shown an upregulation of alpha-synuclein 
mRNA and protein in ventral midbrain in mice after 
MPTP administration (519). Similar to studies in pri-
mates, immunohistochemistry revealed a marked increase 
in the number of alpha synuclein–positive neurons that 
occurred only in TH-positive neurons. These investiga-
tors have also reported that tyrosine nitration of alpha 
synuclein occurs in the striatum and ventral midbrain of 
MPTP-exposed mice (520), which would likely disrupt 
the physical properties of the protein. On the other hand, 
other gene expression studies in mice have been mixed, 
with some studies showing upregulation of gene expres-
sion but others reporting that there is a downregulation 
of alpha-synuclein gene expression after MPTP exposure 
in mice (521).

Meredith and colleagues (522) have observed alpha 
synuclein–positive granular and filamentous inclusions in 
dopaminergic and cortical neurons from C57/black mice 
treated chronically with MPTP and probenecid. Interest-
ingly, lipofuscin granules were also seen in nigral and 
limbic cortical neurons. The inclusions appeared to be 
present the neurons that survived the initial toxic MPTP 
insult. However, in their study, alpha-synuclein mRNA 
was actually downregulated at the time point studied. 
Therefore the authors concluded that defective protein 
degradation rather than altered gene expression leads to 
alpha-synuclein deposition and raised the possibility that 
lysosomal compartments could be activated to seal off 
the potentially toxic material.

Fornai and colleagues (523) have reported a poten-
tially important new MPTP model using chronic infu-
sion of MPTP with an osmotic minipump. In addition 
to nigral cell damage, synuclein- and ubiquitin-positive 
inclusions were seen in the SN (523). However, Shimoji 
and colleagues (524) were unable to induce inclusions 
using a chronic model involving daily injections rather 
than continuous infusion. Because of its potential use-
fulness for the study of neuroprotective agents in PD, it 
will be important to see whether others can replicate the 
continuous infusion model.

The relationship between MPTP toxicity and alpha 
synuclein took a fascinating turn when Dauer and col-
leagues reported that alpha-synuclein knockout mice were 
resistant to the effects of MPTP (525). In their study it 

appeared that MPTP administration did not cause mito-
chondrial complex I inhibition in the null mice. At least 4 
other groups have also observed that an absence of alpha 
synuclein protects against MPTP toxicity (523, 526–528). 
Interestingly, several of these studies also noted that alpha-
synuclein knockout mice have few dopaminergic neurons 
to begin with. The mechanism underlying this phenom-
enon is far from clear, but these observations almost cer-
tainly represent one more piece of the puzzle regarding 
neurodegeneration in the subtantia nigra in both MPTP-
induced parkinsonism and the idiopathic disease.

Finally, there have been a number of interesting in 
vivo studies on the mechanisms of interaction between 
MPTP and alpha synuclein. Gomez-Santos and colleagues 
(529) found that MPP� increases alpha-synuclein expres-
sion and ERK/MAP-kinase phosphorylation in human 
neuroblastoma SH-SY5Y cells. They suggested that 
increases in synuclein after injury may actually be pro-
tective but that ERK/MAP activation may play direct role 
in the toxic effects of MPTP. In another study, heat-shock 
proteins were found to reduce alpha-synuclein aggrega-
tion induced by MPP� in SK-N-SH cells (530), suggesting 
that such proteins may play an important neuroprotec-
tive role.

At this point it time, it seems clear that there is a 
relationship between MPTP neurotoxicity and changes in 
alpha-synuclein regulation, but it is far from clear what 
the underlying mechanisms are. It does appear that under 
some circumstances, alpha synuclein may be protective, 
but clearly it plays a role in neurotoxicity under other 
conditions. One of the great challenges for the future will 
be in further defining each of these and the roles they play 
in heath and disease.

Before concluding this section, it is worth highlight-
ing the fascinating ways in which these different areas 
of inquiry can come together. Braak and colleagues 
(531, 532), using synuclein immunohistochemistry to 
stage Parkinson’s disease, have suggested that Parkinson’s 
disease actually begins in the lower brainstem and olfac-
tory bulb, with nigral involvement coming only in mid-
stage disease. This evolution has been given additional 
credibility as the clinical syndromes that go with these 
other stages have been identified and better defined (533). 
In a novel study, Rojo and colleagues (534) administered 
MPTP daily via intranasal inoculation to C57BL/6 mice 
for 30 days. These animals developed progressive motor 
deficits that correlated with a severe depletion of striatal 
dopamine levels and loss of tyrosine hydroxylase and 
dopamine transporter in SN and striatum; these changes 
were accompanied by gliosis in the in SN and striatum. 
This work represents the kind of creative approach that 
can be carried out to merge clinical, pathologic, and 
experimental observations, and, as the authors suggest, 
represents yet another way to assess the risk from envi-
ronmental neurotoxins.
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CONCLUSIONS

The discovery of the biologic effects of MPTP has had a 
richly diverse impact on research in PD. Indeed, knowl-
edge of the very existence of such a compound ushered in 
a research renaissance on the disease, with new initiatives 
ranging from those focused on basic mechanisms of cell 
death to large epidemiologic studies. In regard to mecha-
nisms of neurodegeneration, it is striking to see how each 
step in the cascade of events that lead to MPTP toxicity 
have in some way or another been implicated in PD. Per-
haps the most impressive outcome of this research is the 
number of clinical trials that have been generated from 
basic science on MPTP and its mechanisms. However, 
this impact has undoubtedly been equaled by its useful-
ness in the primate model in unraveling basal ganglia cir-
cuitry. It is now possible to say that this model has stood 
the test of time in terms of relevance to the idiopathic 
disease, at least when it comes to neuropharmacologic 
and neurophysiologic changes in the basal ganglia that 
occur in parkinsonism. The model has therefore proved 
to be a widely used testing ground, even a gold stan-
dard, for investigating new pharmacologic and surgical 
forms of therapy. Finally, almost all aspects of research 
on MPTP have fostered new investigations directed at 
finding the cause or causes of PD. Caveats are that it 
remains unclear how useful the model is for identifying 
disease-modifying therapies and that it does not model 
the widespread symptomatology and neuropathology of 
the idiopathic disease (533). What can we expect in the 
coming years from MPTP-related research? Undoubtedly 
new compounds will continue to be tested for their symp-
tomatic and/or neuroprotective effects in MPTP-induced 

models of the disease. Although neuroprotective studies 
will be performed in a variety of settings and models, 
symptomatic forms of therapy will ultimately rely on 
primate studies, as they are the only species to manifest 
full-blown and behaviorally typical parkinsonism. This 
model is proving equally valuable in the investigation of 
side effects of therapy, particularly dopa dyskinesias.

From a basic research standpoint, there remain 
an abundance of controversies to be resolved regarding 
various aspects of the mechanism of action of MPTP. 
Furthermore, there are many unsolved mysteries, such as 
the question of why the primate brain has such difficulty 
eliminating MPP� while the rodent brain can do it in a 
matter of hours. Also, it seems almost certain that, as new 
theories regarding cell death in PD emerge, they will prob-
ably be explored using MPTP. The evolving investigations 
on the relationship between alpha synuclein and MPTP 
represents an excellent example of this, and it seems safe 
to predict that there will be many more studies investigat-
ing the interaction between MPTP (and other putative 
environmental agents) and alpha synuclein.

In closing, it seems reasonable to ask the rhetorical 
question: Will MPTP-related research eventually solve the 
complex riddle that we call PD? Certainly it has had an 
enormous impact on research and will likely do so in the 
future. There is little doubt that it will continue to be used 
as a readily accessible tool to explore new hypotheses on 
the cause and treatments of the disease. The good news is 
research on this disease has never been at a higher level, and 
there is reason for optimism. But science must continue at its 
own pace. If and when the disease is solved, it seems MPTP 
will likely be allowed to take a bow as a member of the cast, 
regardless of whether or not it plays the leading role.
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Rotenone and Other Toxins

NATURE AND COURSE OF 
PARKINSON’S DISEASE

Parkinson’s disease (PD) is a late-onset, progressive neu-
rodegenerative disorder affecting approximately 2% of 
the population over the age of 65. Clinical symptoms 
consist of resting tremor, muscular rigidity, bradykinesia, 
and abnormal postural reflexes (1). The pathologic hall-
mark of PD is the progressive degeneration of the nigros-
triatal pathway and dopaminergic cells of the substantia 
nigra (2), although recent neuropathologic studies sug-
gest a more extended neuronal degeneration starting in 
the medulla oblongata that later spreads to the midbrain 
and finally the cerebral cortex (3). Nevertheless, it is the 
degeneration of the nigrostriatal pathway and subsequent 
dopamine deficiency in striatum that is believed to under-
lie many of the motor manifestations of PD (4–8).

Another important pathologic feature of PD is the 
presence of fibrillar cytoplasmic inclusions known as 
Lewy bodies. Lewy bodies contain aggregates of many 
different proteins, including ubiquitin and �-synuclein (9), 
and are present in the surviving dopaminergic neurons of 
substantia nigra and in brain regions, such as the cerebral 
cortex and magnocellular basal forebrain nuclei (10).

The etiopathogenesis of sporadic PD, the more com-
mon form, is not fully understood, although the general 
consensus today is that it is multifactorial, as evident 
from genetic analyses of the few familial PD cases, epide-
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miologic studies suggesting environmental associations, 
neuropathologic investigations, and new experimental 
models of PD (11–13).

Genetics and Parkinson’s Disease 
(See Also Chapter 37)

Mutations in the �-synuclein gene have been associated 
with rare familial cases of PD (14). Furthermore, Lewy 
bodies contain �-synuclein in the majority of idiopathic 
PD cases that actually lack �-synuclein mutations, sug-
gesting a central role for �-synuclein protein aggregation 
in PD pathogenesis (9, 15). Additional mutations in 2 
other genes, parkin (16–18) and ubiquitin carboxy-ter-
minal hydrolase L1 (UCH-L1) (19), have been associated 
with familial PD and have added to data supporting the 
belief that dysfunctional protein degradation might be an 
important factor in the etiology of PD. While proteasomal 
dysfunction has been reported in sporadic cases of PD 
(20), mitochondrial dysfunction (21–25) and oxidative 
stress (26) have been the pathogenic mechanisms most 
strongly implicated in PD. Evidence linking recessively 
inherited mutations in PINK1 (PTEN-induced kinase 
1), a putative mitochondrial protein kinase (27) and 
DJ-1, a protein allegedly associated with oxidative stress 
(28–30), to familial forms of PD further augment the 
role of mitochondrial dysfunction and oxidative stress in 
PD pathogenesis. More recently, mutations of LRRK2 or 

35
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leucine-rich repeat kinase 2 (PARK 8) have been shown 
to cause autosomal dominant PD (31,32). It is estimated 
that LRRK2 mutations account for 5% to 6% of cases 
with positive family history and of up to 1.6% of appar-
ently sporadic cases of PD (33). At present, little is known 
about LRRK2 function, and preliminary data regarding 
its association with the outer mitochondrial membrane 
(34, 35) and parkin (36) requires further validation.

Environment and Parkinson’s Disease

Environmental toxins (11) have also been determined 
to be risk factors for PD, based on numerous epidemio-
logic observations. Living in rural areas, farming, and 
drinking well water have been associated with increased 
exposure to agricultural chemicals (i.e., pesticides, her-
bicides, and insecticides, which in turn are associated 
with increased risk for PD) (37, 38). High doses and long 
duration (�20 years) of exposure of these chemicals are 
particularly important risks for developing PD (11, 39). 
Among individual pesticides, paraquat exposure has been 
shown to be either significantly associated with PD (40, 
41), especially with more than 20 years of exposure or 
to demonstrate a statistical trend in association with PD 
risk (40, 42).

Analyses of genetic and environmental factors 
suggest that diverse pathways converging on mito-
chondrial defects, oxidative stress, and aberrant pro-
tein aggregation account for most cases of PD (12, 43). 
This chapter discusses the toxin models—including the 
rotenone, paraquat, and paraquat/maneb models—that 
give credence to “gene-environment interactions” in PD 
pathogenesis and emphasizes the role of mitochondrial 
dysfunction, systemic complex I inhibition, and oxida-
tive stress in parkinsonian-like pathology and neuro-
degeneration.

Mitochondria and Parkinson’s Disease

Both genes (30, 44–46) and environmental toxins (47–49) 
associated with the development of PD have implicated 
mitochondrial dysfunction and oxidative stress in the 
pathogenesis of neuronal degeneration. Prior to these 
studies, however, biochemical analysis had associated 
PD with a systemic but modest complex I deficiency 
(22–24, 50–54). In addition, the observation that MPP�,
the active metabolite of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and an inhibitor of complex 
I of the mitochondrial electron transport chain, causes an 
acute parkinsonian syndrome (55–57) further accentu-
ated the potential role of mitochondria in PD.

Mitochondrial Complex I Mitochondria are cellular 
organelles that are present in virtually every eukary-
otic cell, though they differ in shape, size, and number. 

The central role of mitochondria lies in the production 
of energy in the form of adenosine triphosphate (ATP) 
acquired by the cell via two interrelated sets of reac-
tions: the Krebs or the tricarboxylic acid (TCA) cycle 
and oxidative phosphorylation (58). The TCA cycle 
takes place in the mitochondrial matrix and generates 
reduced nicotinamide adenine dinucleotide (NADH) 
and flavin adenine dinucleotide (FADH2). NADH and 
FADH2 undergo oxidative phosphorylation (oxphos) by 
donating electrons to the electron transport chain (ETC) 
and its constituent complex array of enzymes located on 
the inner mitochondrial membrane (Figure 35-1). This 
membrane is selectively permeable to ions, and the con-
trol of its permeability is the key to most mitochondrial 
functions, including oxphos, intracellular calcium regu-
lation, apoptosis, and cell death. Oxphos consists of 2 
closely coupled processes: electron transport to oxygen 
and phosphorylation of adenosine diphosphate (ADP). 
Electrons from NADH enter the ETC via complex I 
(NADH dehydrogenase or NADH- ubiquinone oxido-
reductase). Complex I is composed of 46 subunits, 7 of 
which are mitochondrially encoded. Rotenone and MPP�

are known inhibitors (see Figure 35-1) of this enzyme (56, 
59). Electrons from complex I are transferred to complex 
III (ubiquinol– cytochrome c oxidoreductase) via ubiqui-
none. Ubiquinone also receives electrons from FADH2
most of which is generated by the TCA cycle. From 
complex III the electrons are donated to cytochrome c,
which transfer them to complex IV. Complex IV transfers 
electrons to molecular oxygen, the final electron acceptor. 
Complexes I, III, and IV pump protons from the inner 
mitochondrial matrix to the outer mitochondrial matrix, 
creating potential energy that is stored in the form of 
an electrochemical gradient. These protons flow back 
into the matrix through complex V or ATP synthase and 
provide the energy needed for ATP production (60). The 
knowledge that human brain contributes 2% of the body 
weight but produces 20% of ATP confirms the impor-
tance of oxphos (61).

Mitochondria and Oxidative Stress Mitochondrial respi-
ration is also a source of reactive oxygen species (ROS). At 
several locations along the mitochondrial ETC, there are sites 
of “electron leaks” (see Figure 35-1). These electrons can 
combine with molecular oxygen and form reactive oxygen 
species (62,63), such as superoxide (O2�) and hydrogen per-
oxide (H2O2). The ROS can readily react with DNA, lipids, 
and proteins and cause oxidative damage. Partial complex 
I inhibition is known to enhance ROS production (63–65).

Biochemical analysis has provided evidence for the 
involvement of oxidative stress in PD. Increased lipid per-
oxidation and oxidative damage to DNA and proteins have 
been observed in the substantia nigra of PD patients (26, 
66–68). Decreased levels of glutathione in this region have 
also been found, further implicating oxidative stress (69).
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Keeping with the concept that mitochondrial dys-
function and, more specifically, “systemic complex 
I inhibition” has a central role in PD pathogenesis, we 
hypothesized that systemic low levels of chronic complex 
I inhibition would induce selective degeneration of the 
nigrostriatal pathway. Indeed, continuous low levels of 
rotenone (a selective complex I inhibitor) exposure in 
rats resulted in selective degeneration of the nigrostriatal 
pathway.

THE ROTENONE MODEL IN RATS

A naturally occurring compound derived from the roots 
of Lonchocarpus, a plant, rotenone is commonly used 
as an “organic” insecticide and to kill nuisance fish in 
lakes. Rotenone is also a classic high-affinity complex 
I inhibitor and is typically used to define the specific 
activity of complex I (70, 71). Additionally, rotenone is 
a lipophilic compound that easily crosses the blood-brain 
barrier. Unlike MPP�, rotenone does not require the help 

of transporters (72) to cross cellular membranes. Once 
inside the cell, rotenone accumulates in the mitochon-
dria (73), where it impairs oxidative phosphorylation by 
inhibiting complex I (71).

Rotenone Administration

To simulate low levels of exposure of a complex I inhibi-
tor during a normal life span, Sprague- Dawley and Lewis 
rats were systemically and chronically exposed to low 
levels of rotenone via an intrajuglar cannula attached 
to a subcutaneous osmotic minipump (74). Lewis rats 
developed more consistent lesions and were therefore 
used exclusively for further studies. At first the doses of 
rotenone used ranged from 1 to 12 mg/kg/day. At high 
doses, rotenone produced systemic cardiovascular toxic-
ity and nonspecific brain lesions similar to those observed 
by others (75, 76). Downward titration of rotenone dos-
ing resulted in less systemic toxicity and more specific 
nigrostriatal dopaminergic degeneration. The optimal 
dose for inducing PD-like pathology was determined to 

FIGURE 35-1

Schematic diagram of the mitochondrial ETC. Note the site of complex I inhibition by rotenone and MPP�, electron leakage, 
and ROS production.
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be 2 to 3 mg/kg/day. It is important to note at this point 
that even at the “optimal dose,” only 30% to 50% of 
Lewis rats demonstrated PD-like pathology. Nonetheless, 
low levels of systemic rotenone administration produced 
pathologic features characteristic of PD (74). Intrajugular 
cannulation surgeries are, however, labor-intensive and 
increase the risk of postsurgical complications. There-
fore an alternative route was developed to administer 
rotenone. Instead of cannulation and vascular adminis-
tration, rotenone was administered by subcutaneously 
placed osmotic minipumps that released rotenone into 
the body cavity (74, 77). Subcutaneous administration of 
rotenone, at 2 to 3 mg/kg/day in Lewis rats also produced 
selective nigrostriatal dopaminergic lesions, as previously 
reported (74).

Rotenone emulsified in sunflower oil and adminis-
tered daily by intraperitoneal injection was also able to 
induce parkinsonian symptoms and degeneration of nigral 
dopaminergic neurons in Sprague-Dawley rats (78).

Characteristics of Rotenone-Induced Toxicity

Systemic Complex I Inhibition Consistent with its 
ability to cross biological membranes easily, chronic 
low doses of systemic rotenone infusion resulted in uni-
form inhibition of complex I throughout the rat brain. 
(3H) dihydrorotenone binding to complex I in brain 
was reduced by approximately 75%. This inhibition of 
specific binding translated to be 20 to 30 nM of free 

rotenone in the brain. Rotenone infusion did not have 
any effect on the enzymatic activities of complex II and 
complex IV, analyzed histochemically (74). This uniform 
complex I inhibition induced by rotenone was unlike 
the effects of MPTP, which selectively inhibits complex 
I in dopaminergic neurons due to the dependence of 
MPP�, the active metabolite of MPTP, on the dopamine 
transporter (79).

Selective Nigrostriatal Dopaminergic Degeneration
Interestingly, despite this uniform complex I inhibition, 
rotenone caused selective degeneration of the nigrostriatal 
dopaminergic pathway (74, 77, 78, 80). Immunocyto-
chemistry for tyrosine hydroxylase (TH), a rate-limiting 
enzyme involved in the production of dopamine and a 
phenotypic marker for dopaminergic neurons, demon-
strated absence of dopaminergic innervation in the stria-
tum (Figure 35-2). Other dopaminergic markers, including 
dopamine transporter (DAT) and vesicular monoamine 
transporter type 2 (VMAT2), confirmed the striatal lesions 
(80). Staining for neurodegeneration such as silver and 
fluoro-jade B unambiguously verified that the absence of 
dopaminergic phenotypic markers in the striatum was due 
to degeneration of dopaminergic terminals. The striatal 
dopaminergic lesions were either partial or focal, located 
in the central or dorsolateral region of the anterior stria-
tum, or were diffused and spread out to involve most of 
the motor striatum (see Figure 35-2). Interestingly, even 
when the lesion was severe, there was relative sparing of 

FIGURE 35-2

Selective degeneration of dopaminergic terminals in the striatum of rotenone-infused rats (2.5–3.0 mg/kg/day). Striatal sections
from control (A, E) and rotenone-infused rats (B, C, D, F, G, H) were stained for TH (A, B, C, D) and DARPP32 (E, F, G, H) ICC.
B, C, and D represent 3 different patterns of striatal lesions following rotenone exposure (3–21 days of rotenone exposure) as 
determined by TH-ir. Striatal DARPP32-positive neurons were mostly intact following rotenone infusion (F, H), despite extensive
TH loss, except for a small necrotic focal area (G) devoid of DARPP32-ir.
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dopaminergic fibers in the medial aspects of the striatum, 
nucleus accumbens and olfactory tubercle, areas that are 
relatively spared in idiopathic PD (74).

Neurodegeneration of various extents was also evi-
dent in the dopaminergic neurons of the substantia nigra. 
Animals with partial striatal lesions had dopaminergic 
neurons in the substantia nigra that looked relatively nor-
mal, while animals with extensive striatal lesions had 
obvious reductions in nigral TH-positive neurons. Silver 
staining demonstrated clear signs of degenerating nigral 
neurons with silver deposits in their cell bodies and pro-
cesses; this was found even in animals that had normal-
looking TH-positive cells and partial striatal lesions. Rats 
with severe striatal lesions exhibited more extensive signs 
of degeneration in the nigral neurons.

Both TH immunocytochemistry and silver staining 
demonstrated retrograde degeneration of nigral dopami-
nergic neurons following rotenone exposure; degenera-
tion began at the terminals in the striatum, where the 
effects were more severe compared to the nigral neurons 
(74, 80, 81). Quantitative analysis of dopamine levels 
has also shown extensive deficiency in the striatum (78), 
similar to postmortem analysis of brains from PD patients, 
which have shown more extensive loss of striatal dopa-
mine compared to substantia nigra (82). Furthermore, 
neurons in the lateral and ventral tiers of the substantia 
nigra appeared to be more vulnerable to systemic rotenone 
infusion, very similar to the pattern of neuronal vulner-
ability observed in PD. Despite the loss of TH-immuno-
reactivity in the substantia nigra, dopaminergic neurons 
of the ventral tegmental area (VTA) were spared, as is 
also seen in PD. In addition, similar to PD, noradrenergic 
neurons of the locus ceruleus were susceptible to rotenone 
toxicity (74, 80, 81).

Despite profound loss of presynaptic dopaminergic 
terminals in the striatum, the postsynaptic striatal neu-
rons remained intact. In the majority of the rotenone-
infused rats, striatal neurons were minimally affected 
(see Figure 35-2), as observed with Nissl stain and NeuN 
and with immunocytochemistry for various striatal phe-
notypic markers such as (dopamine and cAMP-regulated 
phosphoprotein (DARPP32), glutamic acid decarboxylase 
(GAD), neuronal nitric oxide synthase (nNOS), and histo-
chemistry for acetylcholinesterase (AchE). There was an 
exception to this rule, however. One or two rats with acute 
focal lesions had a necrotic core (see Figure 35-2) and 
showed evidence of striatal cell loss (80, 83). Rotenone 
toxicity also had minimal effects on neurons of other 
brain regions, including globus pallidus and subthalamic 
nucleus, as confirmed with silver staining (77). These data 
further support the nigrostriatal dopaminergic selectivity 
of rotenone-induced neurodegeneration.

Microglial Activation PD is characterized by selective 
activation of a nigrostriatal microglial response, while 

astrocytosis is rarely observed. Selective microglial activa-
tion in the striatum and nigral brain regions was detected 
in rotenone-infused rats (80, 84). Enlarged microglia with 
short, stubby processes were detected prior to dopami-
nergic lesions. Rotenone-induced microglial activation 
was less pronounced in the cortex and in rats that did 
not develop a striatal lesion. Microglia are the brain’s 
resident immune cells and are activated in response to 
immunological stimuli and /or neuronal injuries. They are 
known to produce potentially neurotoxic reactive oxy-
gen species, which probably add to the oxidative stress 
reported in PD (85, 86).

Oxidative Stress Rotenone-induced complex I inhibi-
tion resulted in increased oxidative stress, both in vitro in 
neuroblastoma cells (87) and in vivo in rats (88), as impli-
cated by increased levels of protein carbonyls, a marker 
for oxidative stress. It was observed that the toxicity in 
neuroblastoma cells chronically exposed to low levels of 
rotenone was mainly due to increased levels of oxida-
tive stress and minimally due to ATP depletion. Further-
more, rotenone-induced toxicity in cells was attenuated 
by prior treatment with �-tocopherol, a known antioxi-
dant, confirming that the toxic action of rotenone was via 
oxidative stress (88). Rotenone-infused rats also demon-
strated increased levels of oxidative stress, most notably 
in dopaminergic regions, including the striatum, ventral 
midbrain, and olfactory bulb.

DJ-1 mutations are associated with an early-onset, 
recessive form of parkinsonism in patients (28). The func-
tion of DJ-1 appears to relate to oxidative stress. Inter-
estingly, chronic rotenone exposure, both in vitro and in 
vivo, resulted in oxidative modifications of DJ-1 protein 
by a shift in pI toward a more acidic form and translo-
cating it to the outer mitochondrial membrane from the 
cytoplasm (47). It is suggested that DJ-1 is normally neu-
roprotective, while mutations or oxidative modifications 
can reduce these effects (89, 90). Thus rotenone-induced 
toxicity appears to be strongly associated with oxidative 
stress, which in turn has been strongly implicated in PD 
pathogenesis (26),

�-Synuclein–Positive Cytoplasmic Inclusions �-Synuclein–
positive cytoplasmic inclusions, called Lewy bodies, are 
characteristic hallmarks of PD pathology. Such inclusions 
in nigral cells were also detected in rotenone-infused rats 
(74, 77, 81). They also stained positively for ubiquitin 
and appeared as “pale eosinophilic” inclusions with 
hematoxylin and eosin (H&E) staining. These inclusions 
were ultrastructurally similar to the Lewy bodies of PD 
in that they had a homogenous dense core surrounded 
by fibrillar elements (74). Biochemical analysis confirmed 
the accumulation and aggregation of �-synuclein in rote-
none-infused rats (Figure 35-3). Western immunoblot-
ting demonstrated significant and selective increases in 
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�-synuclein levels in the ventral midbrain regions. Higher-
molecular-weight bands (�30 and �52 kDa) were also 
seen in addition to the 19 kDa �-synuclein band (47). 
In the striatum, punctate �-synuclein accumulation was 
detected in regions that were devoid of TH immunore-
activity (47), very similar to that observed patients with 
Alzheimer’s/Lewy body disease (AD/LBD) (91).

Proteasomal Dysfunction A dysfunctional ubiqui-
tin proteasomal system (UPS) was also found to be a 
consequence of rotenone-induced complex I inhibition. 
Ubiquitin-independent proteasomal enzymatic activities 
were significantly and selectively reduced in the ventral 
midbrain regions (VMB) of rotenone-infused rats with 
striatal lesions. Furthermore, ubiquitin conjugated pro-
teins, an indicator of proteins marked for degradation, 
were markedly increased in VMB, suggesting impairment 
of the ubiquitin-dependent proteasome degradation path-
way (47).

Impairment of proteasomal function could be due 
to complex I inhibition–induced changes in bioenergetics, 
such as ATP production and/or complex I inhibition–
induced increase in free radicals production resulting in 
oxidatively damaged proteins. An acute in vitro design 
using ventral mesencephalic primary cultures indicated 
that rotenone-induced impairment of proteasomal func-
tion is primarily due to ATP depletion and not free radi-
cal production (92). However, chronic exposure to low 
levels of rotenone, while minimally affecting bioenerget-
ics, significantly increases the levels of oxidative stress, 
which—under these circumstances—may play a greater 
role in neuronal degeneration (47, 87, 88). It is possible 
that the increased levels of oxidatively damaged proteins 
observed following rotenone-infusion/treatment could 

impair the proteasomal pathway by either “clogging-up” 
the UPS or by oxidatively modifying the proteasomal sub-
units themselves. In fact Shamoto-Nagai et al. (93) have 
shown that complex I inhibition with rotenone in neu-
roblastoma SH-SY5Y cells reduced proteasomal activity 
through increased production of oxidatively modified 
proteins, including oxidative modification of the pro-
teasome itself. Thus it appears that increased oxidative 
stress could inhibit proteasomal function and eventually 
lead to neuronal degeneration.

Behavior Reduced striatal dopaminergic activity is 
known to cause parkinsonian symptoms in humans (1). 
In rats, rigidity and akinetic behavior are referred to as 
catalepsy. Catalepsy tests revealed a significant increase in 
cataleptic behavior in rotenone-treated rats as compared 
to control, vehicle-treated rats (78). In addition, rotenone-
treated rats displayed a significant decline in locomotor 
activities, including active sitting, rearing, and line-crossing 
behavior (78). Rigidity and hypokinetic behavior as well 
as flexed posture, similar to the stooped posture of PD 
patients, were previously reported in rotenone-exposed 
rats (74, 77). Some of the rotenone-infused rats also 
developed severe rigidity and a few had spontaneously 
shaking paws, reminiscent of resting tremor in PD.

Variability in the Rotenone Model

Since the initial studies with rotenone, numerous reports 
have either confirmed (78, 80) or questioned (76, 81) 
the selectivity of rotenone-induced degeneration of the 
nigrostriatal dopaminergic pathway. These differences 
could be due to a “small window” for rotenone’s action 
that results in selective neurodegeneration. There is a 

FIGURE 35-3

�-Synuclein accumulation in dopaminergic nigral neurons. Coronal sections through the substantia nigra from control (A, B, C) 
and rotenone-infused (D, E, F) rats were double labeled for TH (A, D) and �-synuclein (B, E). Note the increased �-synuclein
expression in dopaminergic neurons following rotenone exposure. Western immunoblotting (G) confirmed the increase in 
�-synuclein levels (red bands) and accumulation in the ventral midbrain. Note the increased expression and presence of higher-
molecular-weight bands in rotenone-exposed rats (R1, R2, R3) as compared to a control rat (C). MAPk (green bands) was used 
as a loading control. See color section following page 356.
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threshold for every drug beyond which it has nonspecific 
or “side effects.” For rotenone, this threshold appears to 
be very small—some animals have an acute response while 
some are not affected by rotenone at all, and yet there are 
some rats that develop very characteristic features of PD. 
At high doses, as shown by Ferrante et al. (75), rotenone 
can have nonspecific effects.

That the variability observed in the effect of rote-
none-induced toxicity ranges from none to nearly com-
plete striatal dopaminergic lesions (74, 76, 77, 80, 81) 
is interesting. This variability clearly demonstrates the 
individual susceptibility to complex I inhibition in rats, 
which could be due to genetic differences and/or differ-
ences in the ability to metabolize environmental toxins 
(72). Similar individual differences in humans may deter-
mine one’s susceptibility to the development of PD.

THE ROTENONE MODEL IN FLIES

Interestingly, many PD features have been recapitulated 
in Drosophila melanogaster (94). Following several days 
of sublethal doses of rotenone exposure, these flies devel-
oped locomotor impairments that increased with dose. 
Immunocytochemistry studies demonstrated a significant 
and selective loss of dopaminergic neurons in the brain 
clusters. Placing L-dopa into the feeding medium rescued 
the behavioral deficits but not neuronal loss, implying that 
locomotor deficits are due to loss of dopaminergic neu-
rons. In contrast, the antioxidant melatonin alleviated both 
behavioral deficits and neuronal loss, suggesting a major 
role for oxidative stress in neuronal degeneration in Dro-
sophila. These studies provide a new model from which to 
study PD pathogenesis and to screen therapeutic drugs.

OTHER TOXINS

The Paraquat Model in Mice

Paraquat (PQ), or 1, 1�-dimethyl-4,4�-bi-pyridinium, is 
an herbicide and an environmental toxin that is structur-
ally similar to MPP� (95). The proposal that PQ may be 
toxic to the nigrostriatal dopaminergic system and may 
contribute to PD pathogenesis was also based on epide-
miologic studies that have shown a positive correlation 
between PQ exposure and incidence of PD in some rural 
areas (40, 41). In addition, PQ is the only herbicide for 
which a dose-dependent relationship has been reported 
between lifetime cumulative exposure and increased PD 
risk (41). In an investigation based in Taiwan, where 
paraquat is commonly sprayed on rice fields, the odds 
ratio for PD incidence was as high as 6.4 among subjects 
who had been exposed to the herbicide for more than 
20 years.

Despite the fact that PQ does not readily cross the 
blood-brain barrier (96), significant brain damage (not 
specific to the nigrostriatal dopaminergic system) has 
been reported in individuals who have died from high 
PQ exposure (97, 98). To test the role for PQ in PD 
pathogenesis and its potential use as a model for toxicant-
induced nigrostriatal injury, PQ has been administered in 
animals via different routes, including intracerebral injec-
tions in rats (41) as well as systemic injections in mice (49, 
99); however, not all studies have reported dopaminergic 
toxicity or, more specifically, striatal dopamine deple-
tion and loss of nigral neurons (49, 99, 100). McCor-
mack et al., for the first time, correlated stereologic cell 
counts with pathologic observations in substantia nigra 
and neurochemical evaluations in the striatum (48). Mice 
at different ages received three intraperitoneal injections 
of PQ once a week for 3 weeks; brains were then har-
vested at different time points after the last injection. 
Systemic PQ administration resulted in a dose- and age-
dependent loss of dopaminergic neurons (25% to 33%) in 
the substantia nigra. Furthermore, PQ toxicity was specific 
to the dopaminergic nigral neurons and did not affect 
the GABAergic nigral neurons or neurons of the hippo-
campus. However, nigral dopaminergic cell loss did not 
accompany any significant depletion in striatal dopamine 
levels, although enhanced dopamine synthesis was sug-
gested by an increase in striatal TH activity. Interestingly, 
�-synuclein levels were elevated in both the frontal cortex as 
well as the ventral midbrain, and �-synuclein-positive inclu-
sions were present in the substantia nigra neurons (101). 
PQ-induced dopaminergic cell death and �-synuclein aggre-
gation, features characteristic of PD pathology, suggests 
that paraquat could be used to model PD in animals.

The Paraquat-Maneb Model in Mice

The fungicide manganese ethylenebisdithiocarbamate, or 
maneb, is used in overlapping geographic areas with PQ; 
it has been shown to decrease locomotor activity and 
potentiate MPTP toxicity in animals (102, 103), suggest-
ing that exposure to a mixture of chemicals may also be 
relevant to PD etiology. Maneb itself has been directly 
implicated in at least 2 cases of parkinsonism in humans 
(104, 105), further implicating environmental toxins in 
PD pathogenesis.

The use of the combination of PQ and diethydithio-
carbamates such as maneb is practiced along the Pacific 
Coast, in the Northeast, the plains states, the mid-Atlantic, 
the Southeast, and Texas (49). PQ and diethydithiocar-
bamates are used on many of the same crops, including 
tomatoes (49). The geographical overlap in use of pes-
ticides and the fact that multiple pesticide residues can 
be detected in foods suggest the possibility of multitoxin 
human exposure underlying PD pathogenesis and there-
fore a possible multihit toxin exposure as a model for PD. 
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On the basis of this premise, Thiruchelvam et al. (49) have 
examined and compared individual effects and the com-
bined effects of PQ and maneb exposures on the nigros-
triatal dopaminergic systems. Male C57 BL/6 mice were 
treated twice a week for 6 weeks with intraperitoneal 
saline, 10 mg/kg PQ, 30 mg/kg maneb, or a combination 
of PQ and maneb. The mice were killed at varying time 
points ranging from 1 hour to 7 days after treatment. No 
treatment-related changes in body weight or lung pathol-
ogy were observed at any point during the experiments. 
Behavioral changes, in terms of failure of motor activity 
to recover within 24 hours, were evident only in com-
bined PQ and maneb-treated mice. Tyrosine hydroxylase 
(TH) and dopamine transporter (DAT) immunoreactiv-
ity as well as TH protein levels were also reduced in 
PQ/maneb-treated mice. TH and DAT related changes 
were evident only in the dorsal striatum and not the 
nucleus accumbens. In addition, TH-positive cell counts 
were reduced in the substantia nigra but not the ventral 
tegmental region in PQ/maneb-treated mice, suggesting 
the involvement of only the dopaminergic nigrostriatal 
pathway. In this study, exposure to PQ or maneb alone 
did not produce any significant changes. Interestingly, 
however, all three groups showed an increase in loco-
motor deficits when challenged with an acute exposure 
to MPTP. These studies, demonstrating the effects of a 
multitoxin exposure on the dopaminergic nigrostriatal 
pathway, suggest a possible role of multiple-toxin expo-
sure in the etiology of PD. Furthermore, such exposures 
could act in conjunction with a genetic predisposition, 
resulting in gene-environment interactions; this is the cur-
rent basis for PD pathogenesis.

A word of caution before using these models to 
study PD is that the selectivity and specificity of PQ 
and maneb are not documented. To date, no data are 
available pertaining to the effects of PQ and maneb on 
GABAergic or cholinergic systems in addition to dopa-
minergic neurons (106).

MECHANISMS OF TOXICITY

Rotenone-Induced Toxicity

Rotenone is a specific inhibitor of complex I of the 
mitochondrial electron transport chain (73). In rats, 
chronic and systemic infusion of rotenone resulted in 
selective and uniform inhibition of complex I. Based on 
(3H)dihydrorotenone binding studies (74, 107), it was 
deduced that the free rotenone in the brain of rotenone-
infused rats was approximately 20 to 30 nM. This concen-
tration of rotenone is known to partially inhibit complex I 
activity. Oximetry analysis of brain mitochondria indicated 
that this level of complex I inhibition was inadequate to 
inhibit glutamate-supported respiration, suggesting that 

defective ATP production may not be responsible for neu-
rodegeneration. Partial complex I inhibition also stimulates 
the production of reactive oxygen species (62), as also con-
firmed in the rotenone-infused rats and in neuroblastoma 
cells exposed to rotenone; increased levels of carbonyls, a 
marker for oxidative stress, were detected in dopaminergic 
brain regions and in cells (88). DJ-1, an oxidative stress–
associated protein, underwent oxidative modifications in 
the same brain regions in rotenone-infused rats (47, 108). 
Furthermore �-tocopherol, a known antioxidant, attenu-
ated rotenone-induced toxicity in cells and organotypic 
slice cultures (88). Thus studies to elucidate the mecha-
nisms of rotenone toxicity have indicated that free radical 
production and subsequent oxidative stress has a pivotal 
role in rotenone-induced neurodegeneration.

Oxidative damage can also provide a partial expla-
nation for the rotenone-induced elevations and aggrega-
tion of �-synuclein observed selectively in nigral neurons. 
�-Synuclein is known to undergo oxidative modifications 
in PD brains. which can render the protein insoluble, lead-
ing to aggregation (109). Both in vivo and in vitro studies 
have demonstrated that rotenone accumulation correlates 
with upregulation in protein carbonyls, suggesting that 
rotenone can cause oxidative modifications to �-synuclein 
and its aggregation (109, 110). Furthermore, prior treat-
ment with �-tocopherol attenuated rotenone-induced 
increases in �-synuclein in vitro, confirming the associa-
tion between �-synuclein and oxidative stress (47).

Rotenone exposure also resulted in selective pro-
teasomal inhibition in the ventral midbrain regions of 
rotenone-infused rats with striatal lesions (47, 111). Pro-
teasomal dysfunction can be attributed to both increased 
oxidative stress and an increase in �-synuclein levels. 
Increased oxidative stress can result in the generation 
of oxidatively modified proteins. which can ultimately 
clog the protein degradation pathway (112, 113) or 
oxidatively modify the proteasomal subunits, rendering 
them dysfunctional (93). Although it is not clear whether 
�-synuclein is degraded by the ubiquitin proteasomal 
pathway (114), increased levels of �-synuclein can 
inhibit the UPS by interacting with the proteasomal sub-
units (115). Thus rotenone-induced oxidative stress and 
�-synuclein accumulation can inhibit the UPS.

Interestingly, the effects of chronic and systemic 
rotenone infusion such as uniform complex I inhibition, 
oxidative stress, �-synuclein aggregation, and protea-
somal dysfunction became regionally restricted, finally 
resulting in highly selective nigrostriatal dopaminergic 
degeneration.

Paraquat-Maneb–Induced Toxicity

Paraquat is known to exert its toxic effects through oxida-
tive stress mediated by redox cycling with cellular diaph-
orase, such as nitric oxide synthase (116,117), yielding 
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reactive oxygen species (ROS). The mechanism of maneb-
induced toxicity is not well known; however. indirect evi-
dence suggests the involvement of oxidative stress as well 
(118). Furthermore, the association of oxidative stress with 
combined PQ- and maneb-induced toxicity is evident from 
the significant increase in striatal catalase, glutathione S-
transferase, and lipid peroxidation following 3, 6, and 9 
weeks of cotreatment as compared with individual treat-
ments or controls. Furthermore, antioxidant pathways 
involving cytochrome P4502E1(CYP2E1) and glutathi-
one-S-transferases A4-4 (GSTA4-4) in the detoxification 
of several pesticides including PQ and maneb have been 
previously documented (118). Combined treatment with 
PQ (10 mg/kg IP) and maneb (30 mg/kg IP) augmented the 
gene expression levels of CYP2E1 and GSTA4-4. CYP2E1 
is associated with free radical production, contributing to 
lipid peroxidation and oxidative stress.

CONCLUSIONS

The rotenone model appears to be an accurate model 
in that systemic complex I inhibition results in specific, 
progressive, and chronic degeneration of the nigrostriatal 
pathway similar to that observed in PD. It also reproduces 
oxidative damage, neuronal inclusions, and �-synuclein
aggregation as well as the proteasomal dysfunction seen 

in PD. Thus, the rotenone model recapitulates most of 
the mechanisms apparently associated with PD patho-
genesis. For this reason, neuroprotective drug treatment 
trials in this model may be more relevant to PD than 
other, more acute model systems. The major disadvantage 
of this model is the variability, with some animals show-
ing lesions while others do not. However, the variability 
in individual responses to rotenone toxicity provides an 
opportunity to identify mechanisms involved in selec-
tive susceptibility/protection of dopaminergic neurons to 
complex I inhibition.

The paraquat model in mice demonstrates charac-
teristic features of PD, including nigral dopaminergic cell 
death and �-synuclein aggregation, while the PQ-maneb 
model displays degeneration of nigral dopaminergic neu-
rons. However, the selectivity and specificity of PQ- or 
PQ-maneb–induced toxicity remain to be elucidated. Fur-
thermore, the changes observed in the striatum are subtle. 
Future studies, including the exposure of animals with 
a PD-related genetic predisposition to PQ and maneb, 
could be of interest.
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Inflammation

lthough much has been learned 
about Parkinson’s disease (PD) since 
James Parkinson penned its first dis-
tinctive description, the events that 

trigger neuronal destruction and the processes that fuel 
its relentless progression remain uncertain.

Numerous theories regarding the possible etiology 
of PD, including both genetic and environmental causes, 
have been postulated. Epidemiologic studies have asso-
ciated increased risk for the development of PD with a 
diverse array of occupations, including teaching and the 
medical professions (1, 2). A common thread connecting 
all occupations singled out for increased risk of PD has 
not been identified, but it has been suggested that repeated 
exposure to viral or other infections might link teachers 
and medical professionals (1). Although it is known that 
victims of von Economo’s encephalitis could, sometimes 
decades later, develop postencephalitic parkinsonism, no 
specific infectious agent, viral or otherwise, has ever been 
clearly linked with the development of PD (3).

The pathology of PD has received exhaustive inves-
tigative attention, and progressive loss of nigrostriatal 
dopaminergic neurons with consequent striatal dopamine 
deficiency has been identified as the core abnormality 
accountable for the development of the primary motor 
features. It has been demonstrated that the neuronal dam-
age in PD is not limited to the nigrostriatal dopaminergic 
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system but also engulfs other dopaminergic systems within 
the brain, other neurotransmitter systems, and even sys-
tems outside the central nervous system (CNS) such as the 
enteric nervous system; however, an explanation of what 
drives the relentless neuronal destruction has eluded firm 
identification. A number of theories have been advanced, 
including oxidative stress, excitotoxicity, proteasomal dys-
function, and others. Inflammatory mechanisms within 
the CNS have also been proposed. This chapter focuses 
on neuroinflammation and its potential role in the patho-
genesis of PD.

INFLAMMATION IN THE BRAIN

It has traditionally been taught that the brain is an 
immunologically privileged organ, protected from sys-
temic pathogens by the blood-brain barrier and unable 
to mount a significant immune response of its own. 
However, this is not true. The CNS is fully capable of 
generating a well-organized innate, or early-response 
immune reaction, as when faced with bacterial infection 
or other insults. This response originates in structures 
within the brain (median eminence, area postrema, sub-
fornical organ and others) that lack a blood-brain barrier 
and act as immune sentinels for the brain. This response 
spreads from these regions to involve microglia within 

A
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the brain parenchyma (4). This initial immune response 
may evolve into an adaptive immune response designed 
to lead to long-term immune protection. In the periphery, 
the primary mediators of the innate immune response are 
macrophages, neutrophils, dendritic cells, and natural 
killer cells, while the adaptive immune response is mar-
shaled by lymphocytes, divided into B cells, which gener-
ate the humoral immune response, and T cells, which are 
responsible for cell-mediated immune responses (4, 5). 
Within the CNS, the glial cells—specifically astrocytes 
and microglia—play a dominant though probably not 
exclusive role (6). Despite these differences, the CNS is 
capable of generating an active immune response, not 
only against acute attacks from foreign sources but also 
in response to processes that appear to originate from 
within the CNS itself.

An important aspect of the glial-based immune 
response within the CNS is the ability of glial cells to pro-
duce both destructive and protective mediators (7–10). 
In recent years, it has been recognized that disturbances 
in this delicate balance between neuronal nurturing and 
neuronal destruction may be the genesis of neurodegen-
erative diseases such as PD.

Astrocytes in Neuroinflammation

In the normal brain, astrocytes participate in the homeo-
static control of the neuronal extracellular environment 
(11, 12). They are instrumental in maintaining extracel-
lular potassium concentration and also play a role in 
uptake of synaptic transmitters and in maintenance of the 
blood-brain barrier (12, 13). When activated by injury 
or other insult, astrocytes take on additional duties that 
may protect surviving neighboring neurons by detoxify-
ing (via the action of glutathione peroxidase) oxygen free 
radicals released by dying neurons, by removing excessive 
extracellular glutamate and by producing neurotrophic 
factors (8, 14, 15).

Microglia in Neuroinflammation

Approximately 10% to 13% of glial cells within the 
CNS are microglia (16–18). Microglia are not evenly 
distributed throughout the brain; their density is par-
ticularly high in the substantia nigra (19, 20). Under 
normal conditions, microglia are in a resting state and 
display a ramified, extensively branched morphology (21). 
Like astrocytes, microglia become activated by distur-
bances in their microenvironment and when activated 
assume an ameboid, macrophage-like appearance (22). 
They then express marker molecules, such as major 
histocompatibility complex (MHC) antigens and com-
plement receptors, and they release proinflammatory 
molecules whose ingredients include reactive oxygen 
species, reactive nitrogen species, proinflammatory 

prostaglandins, and cytokines such as tumor necrosis 
factor alpha (TNF-�) and interleukin-1beta (IL-1	) (13, 
21, 23). In assuming these characteristics, microglia 
become phagocytic cells (24) and their actions promote 
the removal of dying cells and other cellular debris fol-
lowing injury, which are necessary functions in dam-
age repair. In carrying out their phagocytotic mission, 
activated microglia also make use of the complement 
system (25) and develop the ability to present antigen to 
T cells (26). Products of activation of the complement 
system have been noted to be present in the setting of 
inflammation within the CNS, where the complement 
system can apparently be activated by molecules other 
than antibodies (17, 25, 27, 28).

NEUROINFLAMMATION IN 
PARKINSON’S DISEASE

Innate inflammatory responses are usually self-limited 
events, subsiding as the immunologic threat recedes and 
damage control and repair are completed. In certain 
situations within the CNS, however, the neuroinflam-
matory process appears to take on a life of its own 
and sustained activation of astrocytes and microglia is 
perpetuated, apparently indefinitely and with disastrous 
consequences, as presumably healthy neurons, which 
might be viewed as innocent bystanders in the vicinity of 
the activation, are ultimately attacked and destroyed in 
what in military terms would be called “collateral dam-
age.” Sustained glial activation has been documented in 
neurodegenerative disorders such as Alzheimer’s disease 
(29) and PD (30) and also in individuals with parkin-
sonism induced by the toxin 1-methyl-4-phenyl-1, 2, 3, 
6-tetrahydropyridine (MPTP) (31). It is uncertain 
whether this is the result of a sustained assault from 
an as yet unidentified pathogenic source or whether it 
reflects a smoldering, self-perpetuating immunologic 
reaction that, once kindled, feeds upon itself long after 
the primary insult has passed.

In PD, there is no indication that oligodendrog-
lial cells participate in the pathologic process. It also 
appears that astrocytes play only a minor role. There 
is little evidence of prominent astrocytic activation in 
the substantia nigra of individuals with PD (8, 11, 32), 
although it has been suggested that astrocytes may medi-
ate microglial proliferation, perhaps via release of the 
cytokine, granulocyte macrophage colony-stimulating 
factor (GM-CSF) (33), and that they release myelo-
peroxidase, an oxidant-producing enzyme that may 
produce dopamine neuronal damage (34). In contrast, 
a striking and robust increase in microglial activation 
has been consistently recognized, both in animal mod-
els of PD (35–37) and in autopsy studies of PD (30) or 
parkinsonism induced by MPTP (31). It is this microglial 
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activation and proliferation that is recognized as the 
neuroinflammatory hallmark of PD.

Microglia in Parkinson’s Disease

The recognition that microglial activation might be playing 
a role in PD is credited to McGeer and colleagues (30), who 
described prominent proliferation of HLA-DR-positive 
reactive microglia in the substantia nigra of 5 autopsy 
cases of PD and then expanded their observations in a 
string of reports and reviews (17, 23, 25, 38). Other 
investigators have further illuminated and expanded the 
picture of neuroinflammation in PD. Increased levels of a 
number of cytokines and other proteins—including TNF-�,
IL-1	, IL-2, IL-4, IL-6, epidermal growth factor (EGF), 
transforming growth factor alpha (TGF-�), TGF-	1, and 
TGF-	2—have been identified in nigrostriatal regions 
of the brain and in the ventricular cerebrospinal fluid of 
individuals with PD, presumably erupting from activated 
microglia (39–45). It has been suggested that prolonged 
exposure to proinflammatory cytokines, such as IL-1	,
may be necessary to trigger neuronal damage (46). Recep-
tors for proinflammatory cytokines, such as TNF-�, are 
present on the cell bodies and processes of nigrostriatal 
neurons, which presumably render the neurons vulner-
able to the cytotoxic effects of the cytokines released 
by the activated microglia (14, 21). Stimulation of these 
receptors may trigger or activate a caspase cascade that 
results in apoptotic death of the targeted neuron (47).

In addition to cytokines that attack the nigrostria-
tal neurons, microglial activation may also damage and 
destroy neurons by other mechanisms. Evidence of oxida-
tive stress has been documented in postmortem exami-
nation of PD brains. Activated microglia produce both 
nitric oxide (NO) and superoxide, which can combine 
to form peroxynitrite, a highly reactive and destructive 
oxidant that reacts with DNA, proteins, and lipids to 
produce cellular damage and death (48). Perhaps more 
importantly, NO released from activated microglia can 
cross cell membranes and penetrate dopaminergic neu-
rons, where it can react with superoxide produced within 
the neuron itself and inflict oxidative damage that eventu-
ally leads to neuronal destruction (11, 49). This has been 
demonstrated in MPTP-induced animal models of PD and 
has been hypothesized to occur in PD (48).

Other processes amplify and perpetuate the microg-
lial onslaught against dopaminergic neurons in experi-
mental models of PD. Cyclo-oxygenase (COX), which 
occurs in two isoforms (COX-1 and COX-2), is the rate-
limiting enzyme in arachidonic acid–derived prostaglan-
din production (50, 51). Inflammation triggers increased 
COX-2 expression, with consequent increased production 
of prostaglandin-E2 (PGE2). Postmortem examination of 
the substantia nigra in PD demonstrates increased PGE2 
content (52, 53). Reactive oxygen radicals are formed by 

this process (54) and could further fuel microglia-induced 
cellular damage. It has been suggested that PGE2 itself, 
via receptors located on microglia, may play a role in 
fomenting and perpetuating microglial activation (55).

Some investigators have suggested that the neuro-
inflammatory process in PD may actually not be entirely 
generated by neuronal and glial processes but also involve 
peripheral immune cells and even brain capillaries (15). 
The presence of T cells, presumably infiltrating the brain 
parenchyma from the circulatory system, has been con-
jectured on the basis of the identification of interferon-
–positive cells within the substantia nigra of PD patients 
(56). The significance of the presence of these cells is 
uncertain, but it may indicate that the blood-brain barrier 
is actually modified or altered in some way in PD (56).

POTENTIAL THERAPEUTIC IMPLICATIONS

Contemporary treatment of PD is quite effective in ame-
liorating disease symptoms but does not alter the progres-
sion of the disease process. However, recognition of the 
role that neuroinflammation may be playing in PD has 
focused attention on the possibility that anti-inflammatory 
therapeutic approaches may offer a means to slow disease 
progression.

Anti-inflammatory drugs have been shown to protect 
against MPTP toxicity in animal models of PD. The tetra-
cycline derivative minocycline possesses anti-inflammatory 
qualities distinct from its antibiotic actions. In MPTP-
treated mice, investigators have reported that minocycline 
increased the survival of tyrosine hydroxylase–positive 
neurons in the substantia nigra in a dose-related fash-
ion, decreased MPTP-mediated nitrotyrosine forma-
tion, inhibited MPTP-induced microglial activation, and 
reduced production of microglia-derived toxic mediators 
such as IL-1	 (35). Others report that minocycline attenu-
ates microglial activation but does not provide neuropro-
tection against MPTP insult (57). A possible explanation 
for these disparate results resides in differences in the 
MPTP dosing utilized by the two groups of investiga-
tors. Dexamethasone has also been shown to diminish 
glial reaction and reduce dopaminergic neuronal loss in 
MPTP-treated mice (58, 59).

Inhibition of COX has also provided neuroprotec-
tion in MPTP-exposed mice. Indomethacin, a nonspecific 
COX inhibitor, protects against MPTP-induced toxicity in 
mice by reducing microglial activation (60). Both meloxi-
cam, a preferential COX-2 inhibitor, and acetylsalicylic 
acid, a nonspecific inhibitor, prevent nigral neuronal loss 
and preserve locomotor activity in this paradigm (61). 
The selective COX-2 inhibitor valdecoxib also attenuates 
MPTP-induced loss of both nigral dopaminergic neurons 
and striatal dopaminergic fibers and reduces microglial 
activation (51). Other investigators, however, have not 
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been able to demonstrate an effect of COX-2 inhibition 
on microglial activation (53).

Valproic acid (VPA), a short-chain fatty acid used 
extensively in a number of neurologic and psychiatric dis-
orders, has also been reported to possess anti-inflammatory 
and neuroprotective properties. In rat midbrain primary 
neuron-glial cell cultures exposed to lipopolysaccharide, 
VPA protected dopaminergic neurons by suppressing 
microglial activation and downregulating expression of 
proinflammatory factors, including TNF-�, NO, and 
reactive oxygen species (62). Other investigators have 
reported that VPA induces caspase-dependent microglial 
apoptosis (63). Valproic acid has also been demonstrated 
to upregulate expression of neurotrophic factors, such 
as brain-derived neurotrophic factor (BDNF) and glial 
cell line–derived neurotrophic factor (GDNF) in astro-
cytes and thus may actually possess a dual mechanism 
for protecting dopaminergic neurons, stimulating the 
neuroprotective properties of astrocytes while inhibiting 
the neurodestructive actions of microglia (64). It is worth 
noting, however, that there are anecdotal reports of VPA 
producing reversible parkinsonism in humans (65).

Information regarding the effects of anti-inflammatory 
drugs in PD is beginning to surface. Utilizing data from 
two large prospective cohorts—the Health Professionals 
Follow-Up Study involving 44,057 men and the Nurses’ 
Health Study involving 98,845 women—Chen and col-
leagues documented that self-reported regular users of 
nonsteroidal anti-inflammatory drugs (NSAIDs) had a 
reduced risk of developing PD compared to nonregular 
users, with a relative risk of 0.55 (95% confidence inter-
val, 0.32 to 0.96, P � .04) (66). In those who took 2 or 
more aspirin tablets daily, a non–statistically significant 
reduction in risk was also catalogued, with a relative risk 
of 0.56 but a 95% confidence interval of 0.26 to 1.21. In 
a population-based case-control study in which an auto-
mated pharmacy database was employed to document 
use of NSAIDs and aspirin or aspirin combination drugs, 
however, no correlation between the use of nonaspirin 
NSAIDs and PD was evident; only a nonsignificant reduc-
tion in risk among regular aspirin users was noted (67). 

The frequent use of over-the-counter aspirin and other 
NSAIDs, however, complicates and potentially compro-
mises interpretation of the results of this study. In another 
case-control study involving 196 individuals with PD and 
196 matched controls, the use of NSAIDs was less in the 
PD group than in controls, but the difference did not reach 
statistical significance (68). Prospective controlled clinical 
trials of NSAIDs in PD have not yet been initiated.

Other drugs have also demonstrated efficacy in 
reducing microglial activation and providing protec-
tion to dopaminergic neurons in animal models of PD. 
Dextromethorphan, a dextrorotatory morphinan com-
pound, protects against lipopolysaccharide-induced mes-
encephalic dopaminergic toxicity (69). Similar effects 
have been demonstrated with naloxone (70, 71). Formal 
clinical trials of these drugs as potential disease-modifying 
agents in humans have not yet been initiated, although 
dextromethorphan has been reported to ameliorate 
levodopa-induced dyskinesia via its activity as a gluta-
mate antagonist (72, 73) and naloxone has been shown 
to reduce end-of-dose wearing off of levodopa efficacy 
but not to reduce dyskinesia (74).

Minocycline has been evaluated in a phase II ran-
domized double-blind futility trial (75). Minocycline 
could not be rejected as futile in this trial and thus is 
considered a suitable candidate drug for further study in 
phase III clinical trials.

CONCLUSION

The recognition that a neuroinflammatory response is 
present in the substantia nigra of patients with PD and 
can be demonstrated in some animal models of PD has 
provided impetus for investigation into possible mecha-
nisms of neuronal injury and death in PD. It has also 
opened up new vistas for potential treatment approaches 
that might alter progression of the disease process. The 
concept of neuroinflammation as part of PD has been an 
advance in our understanding of this neurodegenerative 
disorder.
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PARADIGM SHIFT: ENVIRONMENT 
VERSUS GENES

In 1817, James Parkinson theorized that “shaking palsy” 
might be a result of stress (1); 50 years later, this was 
reiterated by Charcot (see Chapter 3). A familial compo-
nent to Parkinson’s disease (PD) was proposed by Gowers 
more than 70 years later (2). In the century that followed, 
many studies reported familial clustering of PD, but they 
were later dismissed because of confounding by selection 
bias, diagnostic uncertainties, and methodologic limita-
tions. Up until the last decade, PD was believed to be an 
environmentally caused disorder with little or no genetic 
component. The nongenetic dogma was challenged in 
the 1990s by a series of sophisticated family studies that 
approached PD genetics from two angles: the identifica-
tion of families with inherited Mendelian forms of PD 
and case-control familial aggregation studies designed to 
assess the genetic contribution to typical forms of PD.

Mendelian Parkinson’s Disease

Both autosomal dominant and autosomal recessive forms 
of PD have been described (Table 37-1). The significance 
of identifying such families is 2-fold: they provide the 
most convincing evidence for the existence of a disease 
gene and they lend themselves to linkage analysis, which 
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is the most powerful method of gene discovery. The best-
known example of autosomal dominant PD is the Con-
tursi kindred, a well-characterized family with 60 affected 
individuals spanning several consecutive generations (3). 
One glance at this pedigree and there is little doubt that an 
autosomal dominant gene is at play. The Contursi kindred 
took decades to characterize, but the gene responsible for 
disease, �-synuclein (SNCA), took only a few months to 
find. Continued work on additional autosomal dominant 
pedigrees has led to the discovery of genetic linkage to 
UCH-L1, LRRK2, NR4A2, and SNCAIP. Autosomal 
recessive disease is less obvious because it does not show 
a vertical transmission pattern, and each family may have 
only one or few affected individuals. Autosomal reces-
sive juvenile parkinsonism (AR-JP) was best illustrated 
by consanguineous families with multiple occurrences of 
juvenile-onset parkinsonism, in which the affected indi-
viduals are identical by descent and homozygous for an 
ancestral mutation (4). The proof of principle for autoso-
mal recessive genes was the discovery of parkin, followed 
by PINK1 and DJ-1.

Evidence for a Genetic Component in 
Typical Parkinson’s Disease

More than 70% of PD patients report no prior family 
history of PD. It is generally believed that nonfamilial 
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PD is the result of small but cumulative effects of genes 
and environment. However, as was shown recently, with 
the discovery of the LRRK2 G2019S mutation, that even 
sporadic PD could be due to a highly penetrant Mende-
lian mutation.

A twin study conducted in 1999 showed an increased 
monozygotic (MZ) concordance rate for early- but not 
late-onset PD, suggesting that genetic factors play a major 

role in early- but not late-onset disease (5). However 
[18F]-dopa PET studies in twins discordant for PD find 
substantially higher concordance in subclinical disease in 
MZ twins than in dizygotic (DZ) twins even in later-onset 
disease (6). Hence, estimation of disease concordance by 
clinical examination in twins may not be optimal for stud-
ies of complex disease, in which environmental triggers 
may be required to push subclinical disease to symptom 

TABLE 37-1
Parkinson’s Disease Genes and Loci

LOCUS CHROMOSOMAL ENCODED PUTATIVE MODE OF AGE AT PATHOGENIC

(GENE) LOCUS PROTEIN FUNCTION INHERITANCE ONSET MUTATIONS

PARK1, 4q21-23 �-synuclein Unknown; major AD Middle Point mutations,
PARK4     component of LB    whole-gene
(SNCA)       multiplications

PARK2 6q25.2-27 Parkin Ubiquitin E3 ligase AR Juvenile, Point mutations, 
(parkin) in the UPS   early exon deletions

      and
      multiplications

PARK3 2p13 Not identified NA AD Late NA

PARK5 4p14 UCH-L1 Ubiquitin AD Middle Point mutation
(UCH-L1) (ubiquitin hydrolase in   

carboxy- the UPS   
terminal     
hydrolase L1)

PARK6 1p35-36 PINK1 mitochondrial AR Early Point mutations,
(PINK1)   (PTEN-induced kinase   exon deletions, 

kinase 1)    multiplications

PARK7 1p36 DJ-1 Redox sensor; AR Early Point mutation, 
(DJ-1)    protection against   deletion

oxidative stress   

PARK8 12q12 LRRK2 protein kinase AD Early, Point mutations
(LRRK2)   (leucine-rich   middle,

repeat kinase   late
2/Dardarin)

NR4A2 2q22-23 Nurr1  Important in AD Late Point mutation, 
(nuclear-related differentiation/   deletion
receptor 1) maintenance of 

   dopaminergic
   neurons;
   transcription
   activation

PARK10 1p32 Not identified NA Susceptibility Late NA
    locus

PARK11 2q36-37 Not identified NA Susceptibility Late NA
    locus

AD, autosomal dominant; AR, autosomal recessive; NA, not applicable/unknown.
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manifestation; this may not occur until very late in life. 
Thus the lack of evidence from twin studies should not be 
taken as an absence of a genetic component in late-onset 
PD. In fact, all other lines of evidence appear to point to 
a significant genetic contribution.

A study performed in the Icelandic population traced 
the genealogical information on 600,000 people over 
11 centuries and found that individuals who developed 
late-onset PD were significantly more related to each other 
than were subjects in matched groups of controls (7). The
estimated risk ratio was 6.7 for siblings and 3.2 for 
the offspring of patients. Furthermore, 12 case-control 
familial aggregation studies have been conducted in the 
United States and Europe; 11 of 12 showed a significantly 
higher risk for relatives of patients, suggesting a genetic 
component (8–18). The relative risk ranges from 2.3-
fold for an ethnically mixed community in New York 
(12) to 41-fold for an Italian population (15). The varia-
tion among studies may partly reflect genetic differences 
among ethnic groups and/or geographic differences in 
exposure to environmental factors. If a patient has early-
onset PD, the risk to relatives is elevated 8-fold and 3-fold 
if a patient has late-onset PD (16). The increased risk 
to relatives is too high, even for late-onset PD, to be 
attributed solely to nongenetic familial factors, such as 
shared environment. Four complex segregation analyses 
have been performed to test various genetic and envi-
ronmental models in PD (19–22). All have rejected the 
purely environmental model in favor of a genetic model. 
Two studies that examined age at onset found stronger 
evidence for genes that affect age at onset than genes that 
affect disease susceptibility (21, 22).

PARKINSON’S DISEASE GENES

PARK1: �-Synuclein (SNCA)

The first major breakthrough in PD genetics came in 
1996–1997: the mapping and subsequent identification 
of the PD-causing mutation in the Contursi kindred. The 
locus, PARK1, was localized to chromosome 4q21-23 by 
means of a genome scan in late 1996 (23). Shortly after, 
a G209A mutation in the SNCA gene (encoding �-synu-
clein) was shown to be responsible for the PD phenotype 
in the Contursi kindred and 3 other Greek families (24).
The G209A mutation, which results in an Ala to Thr 
substitution at amino acid 53 (A53T), segregated with 
disease in the families and was not detected in unrelated 
control subjects or in patients with sporadic PD. These 
data provided the first evidence that �-synuclein must 
somehow be important in PD pathogenesis. The G209A 
mutation has since been identified in additional Greek 
families (25–29) and a Greek-American pedigree with 
apparent anticipation (30). Because families with the 

A53T mutation are descendants of individuals born in 
Greece or southern Italy, a common founder has been 
suggested (25).

Soon after the discovery of the A53T mutation, a 
G88C transversion (encoding A30P) was identified in a 
52-year-old patient and shown to cosegregate with dis-
ease in a small autosomal dominant German kindred 
with apparently reduced penetrance (31). The mutation 
was not present in several hundred screened controls, so 
it could be concluded that the mutation was likely patho-
genic. Only one other SNCA point mutation (G188A, 
resulting in E46K) has been described that segregates 
with disease and is absent in controls (32). The search 
for SNCA mutations in various PD subtypes (i.e., early- 
and late-onset, familial and sporadic PD) has continued 
since its identification as a PD gene. However, pathogenic 
SNCA mutations are rare, and even studies using large 
cohorts or studies enriched with early-onset autosomal 
dominant families with phenotypes resembling those in 
the Contursi kindred rarely find mutations.

Triplication of the entire SNCA gene can also cause 
PD, as was shown in the Spellman-Muenter Iowa kin-
dred (33). SNCA triplication and duplication mutations 
were subsequently found in families exhibiting autoso-
mal dominant inheritance from diverse origins [Swedish-
American (34), French, Italian, and Japanese (35–37)]. 
The sizes of the duplicated and triplicated regions are 
variable, indicating de novo rearrangements (35, 37). 
The triplication/duplication mutations were originally 
thought to represent a novel locus on the short arm of 
chromosome 4 and thus were assigned PARK4, but they 
turned out to be mutations in the same gene as PARK1.

The clinical picture of SNCA mutation carriers can 
vary but in general, resembles idiopathic PD. The clini-
cal phenotype in the Contursi kindred is consistent with 
idiopathic PD, although tremor is often absent. Most 
affected individuals had an early onset of disease (average 
46 years), good response to levodopa therapy, and a rapid 
and aggressive course. Parkinson’s disease was pathologi-
cally confirmed for several affected family members in 
the Contursi kindred. The Iowa kindred, which has a 
triplication mutation, had early-onset (average 34 years) 
levodopa-responsive disease. In general, the onset age of 
SNCA mutation carriers is relatively early, but tremor is 
often not a predominant characteristic (28). Additional 
clinical features have been described, including myoclo-
nus, progressive cognitive decline, variation in symptom 
onset, severity, and duration, and severity of brainstem 
pathologic features (38). The phenotype of A30P muta-
tion carriers is also similar to that of sporadic idiopathic 
PD (39). Studies with positron emission tomography 
(PET) have shown that nigrostriatal dysfunction in car-
riers of the SNCA A53T (40) and A30P (39) mutation 
is similar to that of idiopathic PD patients. E46K has 
been identified in only one autosomal dominant Spanish 
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family with typical age at onset (range 50 to 65), severe 
parkinsonism, and pathology consistent with Lewy body 
dementia (DLB) (32).

Disease caused by SNCA multiplication can present 
as idiopathic PD, PD with dementia, or DLB (34–37, 41). 
Duplication of SNCA has been reported to cause disease 
in families with autosomal dominant PD, all with clini-
cal phenotypes resembling typical later-onset PD without 
prominent or early cognitive decline or dementia (35–37). 
SNCA triplication has a clinical and pathologic pheno-
type ranging from typical PD to dementia with psychosis 
(34, 41). Thus it is thought that the severity of PD could 
be correlated with SNCA copy number.

The SNCA gene consists of 6 exons spanning about 
112 kb on the long arm of chromosome 4. It encodes 
�-synuclein, a 140–amino acid heat-stable protein (42) 
whose function is largely unknown. �-synuclein is the 
major component of Lewy bodies (LB) and Lewy neu-
rites (LN) (43, 44). The N-terminal region of the protein 
contains a well-conserved imperfect repeat motif through 
which it may bind phospholipid membranes (45). 
�-synuclein is natively unfolded (46) but can polymer-
ize into amyloid fibrils and protofibrils (nonfibrillary 
oligomers). This presynaptic nerve terminal protein was 
originally identified as a precursor for the non-A	-amyloid 
component (NACP) of amyloid plaques characteristic of 
Alzheimer’s disease (AD) (47). NACP was later renamed 
SNCA due to its resemblance to brain synucleins in 
other organisms (48). SNCA point mutations have been 
shown to have altered protein activity, which can lead 
to increased �-synuclein accumulation in vitro (49, 50). 
The fact that triplication and duplication of a normal 
gene can cause disease also suggests that overexpression 
of �-synuclein and abnormal protein accumulation and 
aggregation may be at the root of dopaminergic neuronal 
loss leading to PD.

PARK2: Parkin (parkin)

A gene responsible for AR-JP was localized to chromo-
some 6q25.2-27 (PARK2) in 1997 (51). Homozygous 
deletions in parkin, a novel gene, were identified in a 
Japanese consanguineous family with AR-JP (4). Many 
types of mutations (more than 90) have since been identi-
fied, ranging in size from single-bp substitutions to small 
insertions and deletions and large exonic deletions or 
multiplications (4, 52, 53). A recent study of recessive 
early-onset (at or below 45 years) and sporadic early-
onset (at or below 40 years) PD found parkin mutations
in 21% of sporadic cases and in 53% of recessive cases 
(54), which is in line with other reports.

Since its discovery as a cause of AR-JP, the parkin
gene has been analyzed in patients with typical PD, and 
variants have been found in virtually every disease subtype 
[early- and late-onset, familial and sporadic PD (55–57)]. 

The frequency of mutations decreases with increasing age 
at onset (54, 58). Whether a single heterozygous muta-
tion can cause or increase the risk of typical late-onset 
PD (i.e., fully or partially dominant) remains an issue of 
debate (56, 59–62). The true population-attributable risk 
due to mutation of the parkin gene will remain largely 
unknown until the pathogenicity of heterozygous muta-
tions is resolved.

The parkin gene is one of the largest known human 
genes with 12 exons spanning more than 500 kb (4). 
The gene is contained within FRA6E, one of the most 
common fragile sites in the human genome (63), and 
encodes a 465–amino acid protein. In AR-JP, mutations 
are either homozygous or heterozygous for 2 different 
mutant alleles (compound heterozygous), suggesting that 
loss of Parkin function results in disease. The Parkin 
protein contains several domains, including an N-termi-
nal ubiquitin-like domain followed by a unique Parkin 
domain and a RING motif thought to be important for 
substrate interactions. Transcripts of parkin are expressed 
throughout the human brain, including the substantia 
nigra (4). Parkin functions as an E3-ubiquitin ligase, 
which specifically catalyzes the addition of ubiquitin to 
proteins, targeting them for degradation by the 26S pro-
teasome (64, 65). Thus, parkin-disease may result from 
a defect in the ubiquitin-proteasome protein degradation 
pathway (UPS), in which toxic accumulation of Parkin 
substrates may contribute to dopaminergic cell death. 
Many proteins that interact with and are ubiquitinated 
by Parkin in vitro have been identified (66, 67), and some 
parkin mutations result in a decrease in such ubiquitin 
ligase activity (64, 65, 68). Parkin also appears to play a 
role in oxidative stress and mitochondrial function (see 
Chapter 29).

Patients with parkin-PD are most often levodopa-
responsive; they have an early disease onset and rela-
tively slow disease progression. Additional clinical 
features are often present, including dystonia, hyperre-
flexia, diurnal fluctuations, sleep benefit, and levodopa-
induced dyskinesias (4, 69–71). Brains of AR-JP patients 
show neuronal degeneration in the substantia nigra and 
locus ceruleus and gliosis, but LBs are often absent (72). 
However, patients with compound heterozygous parkin
mutations and LBs or tau pathology have been reported 
(62, 73, 74).

PARK3

PARK3 was mapped to chromosome 2p13 in European 
families with autosomal dominant PD (75). The pheno-
type resembled typical late-onset PD (average 59 years). 
The penetrance was below 40%; therefore PARK3 was
suggested to be a susceptibility locus. Four genome-
wide linkage studies have provided further evidence for 
PARK3: 2 studies showed evidence for association with 
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age at onset (76, 77), 1 showed association with risk (78), 
and 1 showed evidence for association with both risk and 
age at onset (79). The gene has not yet been identified.

PARK4: �-synuclein (SNCA)

A genome-wide screen in a large, well-characterized kin-
dred (Spellman-Muenter Iowa kindred) with early-onset 
levodopa-responsive autosomal dominant parkinsonism 
revealed a common haplotype on chromosome 4p15 
(PARK4), which segregated with PD and postural tremor 
(80–83). Since the locus was near SNCA, the authors 
screened for SNCA point mutations; however, none were 
found and PARK4 was considered a novel PD locus. It 
was later determined that triplication of SNCA (along 
with 16 other flanking putative genes) was in fact the 
cause of disease in this family (33). therefore the PARK4
locus is not different from PARK1 (SNCA).

PARK5: Ubiquitin C-Terminal Hydrolase L1 
(UCH-L1)

The UPS pathway was implicated in PD pathogenesis 
after the identification of parkin. Consequently, UCH-L1
became a candidate gene for PD because of its central 
function in the UPS system. The UCH-L1 gene, on chro-
mosome 4p14 (84), contains 9 exons encoding the ubiq-
uitin carboxy-terminal hydrolase L1 (UCH-L1) protein. 
UCH-L1 is an �1 enzyme that catalyzes the disassembly 
of ubiquitin-protein conjugates (deubiquitylation) formed 
during normal protein metabolism (85) and also possesses 
ubiquityl ligase (�3) activity (86). A defect or alteration 
in UCH-L1 could therefore result in an overall defect 
in the UPS, leading to abnormal clearance of misfolded 
or damaged proteins and protein aggregate formation. 
UCH-L1 is prone to aggregation, particularly when pro-
teasomal activity is reduced, and colocalizes with both 
Parkin and �-synuclein in some protein inclusions (87). 
It has been shown that UCH-L1 undergoes extensive 
oxidative modifications, in support of the theory that 
PD pathogenesis can result from oxidative damage (88). 
The gad (gracile axonal dystrophy) mouse (89), which has 
sensory and motor neuron degeneration and ubiquitin-
positive neuronal inclusions, is a result of UCH-L1 trun-
cation (90). The abundance of UCH-L1 protein in human 
brain (about 2% of all soluble brain protein) (85, 91), 
its presence in LBs along with abnormally aggregated 
�-synuclein protein (92), and its role in the ubiquitin-
dependent proteolytic pathway support its theoretical role 
in the pathogenesis of PD (93). Genetic linkage, however, 
has been equivocal. Sequencing of the coding regions of 
UCH-L1 led to the identification of one mutation (I93M) 
in one family in which 2 mutation carriers had developed 
typical idiopathic PD with a good levodopa response at 
ages 49 and 51 years (93). The I93M mutation affects 

an evolutionarily conserved amino acid and may alter 
structure and function of the catalytic site. Despite the 
biological rationale, the pathogenicity of the UCH-L1
mutation is not proven because only 1 mutation has thus 
far been found in 2 members of a single family; no other 
families or mutations have been described, and in the 
original family the mutation did not segregate well with 
disease.

PARK6: Phosphatase and Tensin-Induced 
Putative Kinase 1 (PINK1)

PARK6 was localized to chromosome 1p35-36 in a large 
consanguineous Sicilian family (the Marsala kindred) 
with early-onset autosomal recessive parkinsonism (94). 
Seventeen additional families were subsequently linked to 
PARK6, including 9 of Dutch, German, British, Italian, 
and Spanish origin (95, 96) and 8 of Japanese, Taiwanese, 
Turkish, Israeli, and Philippine origin (97). Mutations in 
the PINK1 gene were subsequently identified as the cause 
of PARK6-parkinsonism (95). A homozygous G309D 
missense mutation was found in a consanguineous Spanish 
family, and a truncation mutation, W437*, was identified 
in 2 consanguineous Italian families sharing a com-
mon haplotype. Both mutations segregated with disease 
in families and were absent in control subjects. Numerous 
missense, nonsense, insertion, and deletion mutations have 
since been identified (98–103). PINK1 exon copy num-
ber variants are rare compared to parkin and DJ-1 (98,
102). A kindred with autosomal recessive parkinsonism 
has been described, with compound heterozygous DJ-1
and PINK1 mutations likely causing disease (104).

The PINK1 phenotype is consistent with that of other 
autosomal recessive parkinsonisms including parkin and
DJ-1. Typically, patients have an early disease onset and 
good levodopa response; they often have early dyskinesias 
and a slow disease progression. Atypical features are not 
common but have been reported (99, 105). It was origi-
nally suspected that features common to AR-JP, such as 
dystonia at onset and sleep benefit, may not be observed 
in PARK6 families (96, 99, 105); however, subjects with 
these characteristics have since been observed (98, 100). 
Families with proven PINK1 parkinsonism have 2 muta-
tions affecting both chromosomes. However, heterozy-
gous PINK1 mutation carriers have also been identified, 
suggesting that, as with parkin, having a single mutation 
predisposes to typical late-onset PD (102, 106, 107). A 
PET study showed reduced striatal [18F]-dopa uptake in 
homozygotes and a less dramatic decrease in heterozy-
gous carriers compared with controls (108). The preva-
lence of PINK1-linked parkinsonism falls between that 
of parkin and DJ-1 (100–103, 106, 107, 109) and may 
be ethnicity-dependent (98).

PINK1 comprises 8 exons that span about 1.8 kb 
and encode the ubiquitously expressed 581–amino acid 
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protein phosphatase and tensin (PTEN)–induced puta-
tive kinase 1. The protein contains a short N-terminal 
mitochondrial targeting domain, a highly conserved 
kinase domain (similar to serine/threonine kinases), and a 
C-terminal autoregulatory domain (95, 110). Since 
PINK1 is a mitochondrial protein, it may function in part 
to protect cells from mitochondrial dysfunction or oxida-
tive stress. PINK1 may protect neurons from apoptosis 
when exposed to stress, and some missense mutations 
may alter this function (111, 112). PINK1 kinase activity 
has been confirmed in vitro, with previously identified 
mutations having decreased kinase activity and/or altered 
autophosphorylation (110, 113). The identification of 
PINK1 as a PD gene provided new evidence that mito-
chondrial dysfunction, as long suspected, contributes to 
PD pathogenesis.

PARK7: DJ-1

Homozygosity mapping in a consanguineous family with 
early-onset recessive parkinsonism led to the localization 
of PARK7 to chromosome 1p36 (114). Mutations in the 
DJ-1 gene were subsequently identified as the cause of 
PARK7-linked parkinsonism. A family from a genetically 
isolated region of the Netherlands was described with a 
large deletion of the first 5 DJ-1 exons that cosegregated 
with disease (115). In this region of the Netherlands, 
0.9% of the residents were heterozygous carriers of the 
deletion, but the mutant allele was not detected in the 
general population in the surrounding areas, the gen-
eral Dutch population, or patients with late-onset PD. 
Therefore this pathogenic mutation is likely confined to 
this isolated community. A homozygous DJ-1 missense
mutation affecting a highly conserved amino acid (L166P) 
that cosegregated with disease was also identified in an 
Italian family and was absent in healthy controls. L166P 
and the exons 1–5 deletion are the only pathogenic muta-
tions identified in DJ-1, which account for 1% or less of 
early-onset parkinsonism (116–118).

Although the clinical phenotype of DJ-1-linked PD 
is not well characterized due to its rarity, it appears to be 
similar to that of parkin- and PINK1-linked autosomal 
recessive parkinsonism. In the family where the origi-
nal mutation was described, at least 3 of the 4 affected 
individuals had onset at or below 40 years of age; all 
had a good response to levodopa (or dopamine agonists) 
and a slow disease progression without atypical features 
(115). Imaging studies have shown reduced [18F]-dopa 
uptake in homozygous, but not heterozygous DJ-1 muta-
tion carriers (119), consistent with a recessive mode of 
inheritance. Homozygous DJ-1 mutations have recently 
been found to segregate with disease in a family with 
early-onset parkinsonism–dementia–amyotrophic lateral 
sclerosis complex (120), further expanding the scope of 
clinical disease.

DJ-1, which has 8 exons spanning 24 kb, was origi-
nally identified as a ras oncogene (121). It codes for a 
189–amino acid protein that is ubiquitously expressed 
and present in mitochondria in brain tissue (122). DJ-1 
forms high-molecular-weight aggregates with �-synuclein 
(123) and Parkin (124) and is present but not abundant 
in LBs, LNs (125), and tau inclusions (126). DJ-1 has 
multiple functions. It is involved in regulation of RNA-
binding protein complexes (127); protection against 
oxidative stress (128); and redox-dependent molecular 
chaperoning and prevention of heat-induced aggrega-
tion of substrates, including �-synuclein (129, 130). 
DJ-1 interacts with PINK1 in cell culture, and coexpres-
sion of wild-type but not mutant PINK1 can protect cells 
against MPP�-induced oxidative stress (104). The L166P 
mutation renders DJ-1 more susceptible to degradation 
via the UPS (131), resulting in low steady-state levels of 
mutant protein. L166P also disrupts proper folding of 
DJ-1, resulting in loss of catalytic function and subse-
quent degradation by the proteasome (132, 133).

PARK8: Leucine-Rich Repeat Kinase-2 
(LRRK2)

Linkage of a PD locus (PARK8) to chromosome 12q12 
was first demonstrated in a Japanese family (Sagami-
hara kindred) with autosomal dominant parkinsonism 
(134). In 2004, two independent groups studying unre-
lated PARK8-linked families identified 2 highly pen-
etrant missense mutations (R1441C and Y1699C) in a 
gene coding for a protein that was named Dardarin by 
one group and LRRK2 (leucine-rich repeat kinase 2) 
by the other (135, 136). Over 20 missense mutations 
have since been described in LRRK2, several of which 
(I1122V, R1441H, I2012T, I2020T, and G2019S) are 
thought to be pathogenic in that they segregate with PD 
in families and are absent in controls (136–142). Muta-
tions in LRRK2 are autosomal dominant and highly 
penetrant (143).

The most common LRRK2 mutation is G2019S, 
which is encoded by a G6055A transition in exon 41. 
The frequency of G2019S mutation in PD ranges from 
1% to over 30%, depending primarily on the ethnic 
background and family history. Studies performed in 
the United States and Europe have consistently found a 
mutation frequency between 1% and 6.6% in  Caucasian
PD patients (139–142). This mutation is infrequent in 
Asian populations (144, 145). However, in Ashkenazi 
Jews and North African Arabs, the mutation frequency 
of unselected patients is as high as 18% (146) and 30% 
(147), respectively. G2019S mutation frequency is highest 
in autosomal dominant pedigrees, although many patients 
with this mutation have no known family history of PD 
(139,140), and it is equally frequent in early- and late-
onset PD (148, 149). G2019S is absent in patients with 
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other parkinsonisms and neurodegenerative diseases, 
including DLB and AD (150–154).

Early studies estimated G2019S penetrance as 
15% at age 40, 85% by age 70, and nearly 100% by 
age 80 (141, 155, 156). More recent evidence suggests 
that penetrance is not 100% by age 80. G2019S carri-
ers have been identified who have remained unaffected 
to advanced ages (141, 152, 156–159). G2019S-positive 
families from the United States, Europe, North Africa, 
and the Middle East have been shown to share one of 
few ancestral haplotypes (141, 160), one of which dates 
back to 2250 years ago (161).

LRRK2-linked PD often presents as late-onset 
levodopa-responsive disease, indistinguishable from typi-
cal idiopathic PD (149, 162, 163). Clinical features can 
vary between and within families who carry the same 
mutation. G2019S homozygotes are clinically indistin-
guishable from heterozygotes, and no obvious dose effects 
have been found (142, 147, 149, 156). Reduced [18F]-
dopa uptake, indistinguishable from that of idiopathic 
PD, has been noted in carriers of Y1699C, R1441C, 
and G2019S (164, 165). LRRK2 mutation carriers have 
pleomorphic pathology, including classic nigral degen-
eration and the presence of LBs and LNs but also tau-
positive neurofibrillary tangles and ubiquitin-positive 
inclusions (135, 136, 166). Some groups have suggested 
that G2019S carriers have more severe progression and 
more cognitive changes (138, 147).

The LRRK2 gene, spanning 144 kb, contains 51 
exons and encodes a large (2527–amino acid) member of 
the ROCO [Roc-GTPase, COR (C-terminal of Roc)] pro-
tein family (135, 136). LRRK2 is a multidomain protein 
consisting of a leucine-rich repeat, a kinase-like domain, 
a RAS domain, and a WD40 domain. LRRK2 is predomi-
nantly a cytoplasmic protein that can associate with the 
mitochondrial outer membrane and is found throughout 
the brain (135, 167–169). LRRK2 interacts with Parkin 
but not �-synuclein, DJ-1, or Tau. LRRK2 likely functions 
as a protein kinase, but the native biological function is 
unknown and its role in PD pathogenesis remains unclear. 
Mutations in LRRK2 are associated with a dominant effect; 
it is therefore likely that mutations result in a toxic gain 
of function, such as increased or abnormal phosphoryla-
tion. LRRK2 kinase activity has recently been confirmed 
(170), and G2019S, R1441C (170), and I2020T (171) 
mutations have been shown to promote increased kinase 
activity. The G2019S mutation affects a conserved region 
of the activation loop of the kinase domain. Additionally, 
the R1441C, Y1699C, and G2019S mutations have been 
linked to cellular toxicity in vitro (167).

PARK9

A locus on chromosome 1p36, which is responsible 
for Kufor-Rakeb syndrome (172), has been designated 

PARK9; however, there is no evidence that this locus is 
associated with PD.

PARK10

Using a population-based cohort of PD patients and their 
extended families in Iceland (7, 173), PARK10 was identi-
fied as a locus for late-onset PD on chromosome 1p32. 
Other genomewide studies have associated PARK10
with age at disease onset (174) and risk (175). Candidate 
genes in or near the PARK10 interval—including EIF2B3 
(a translation initiation factor) and USP24 (a member 
of the ubiquitin-specific protease family) contributing to 
age at disease onset, HIVEP3 (a transcription regulator 
of viral genes) contributing to risk (176), and ELAVL4
(a neuron-specific RNA-binding protein) contributing 
to age at onset (177)— have been examined as possible 
candidates, but the gene remains unknown.

PARK11

PARK11 was mapped to chromosome 2q36-37 via a 
whole-genome screen in 160 North American sibling pairs 
with PD (178–180). The gene responsible for PARK11
has not been identified.

Nurr1: Nuclear-Related Receptor 1
(NR4A2 or NOT)

Nurr1 is a 598–amino acid protein encoded by 8 exons 
spanning 8.3 kb (181) on chromosome 2q22-23 (182). This 
orphan nuclear receptor, expressed predominantly in the 
substantia nigra and ventral tegmental area of the brain, 
is critical for midbrain dopaminergic cell development 
and survival (183–187). Nurr1 functions as a transcrip-
tion factor and can enhance expression of the dopamine 
transporter in cell lines (188) through transcriptional acti-
vation of tyrosine hydroxylase (189). These data, coupled 
with the dysfunction of dopaminergic neurons in Nurr1-
deficient mice, implicated Nurr1 as a candidate gene for 
neurologic disorders such as schizophrenia and PD.

In 2000, a study of Nurr1 sequence variation in 
schizophrenic, bipolar, and PD patients revealed a 3-bp 
deletion in one childhood-onset schizophrenic patient, a 
missense mutation in another schizophrenic patient, and 
a different missense mutation in a bipolar patient with 
psychotic features (190). Although family studies were 
not carried out, none of the mutations was found in 
healthy controls or other patients, and functional studies 
of the mutations demonstrated significantly reduced tran-
scriptional activity, suggesting that these were pathogenic 
mutations. Mutations were not detected in PD patients, 
but the authors concluded that further studies of Nurr1
in patients with disorders involving the dopamine system 
were warranted.
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Two heterozygous Nurr1 mutations associated with 
familial PD were identified in 2003 (-291Tdel and -245 
t�g, both in exon 1) (191). The mutations cosegregated 
with PD in families, and both were absent in sporadic 
PD patients and controls. Both cases were heterozygous, 
consistent with a dominant mode of inheritance. The 
mutations resulted in decreased mRNA and altered tyro-
sine hydroxylase transcription, and a dominant negative 
effect was suggested. Patients with these mutations had 
a clinical phenotype similar to idiopathic PD (mean age 
at onset 54 years). Neuropathologic data were not avail-
able, and to date no known Nurr1 mutation carriers have 
come to autopsy.

Only 3 other potentially pathogenic Nurr1 mutations 
have been identified: S125C in a sporadic patient (192), 
�253 c�t in a sporadic PD patient from Ghana, and 
�223 c�t in a patient from southern Germany. Although 
Nurr1 is critical for the development and maintenance of 
the dopaminergic system and thus a good candidate PD 
gene, mutations in Nurr1 are clearly rare and account for 
disease in only a few documented patients.

Synphilin-1 (SNCAIP)

Synphilin-1, encoded by SNCAIP (synuclein-�-interacting 
protein) on chromosome 5q23.1-q23.3, was isolated as 
a protein present in human brain that interacts with 
SNCA in neurons (193). A component of LBs (194, 195), 
Synphilin-1 can be degraded by the proteasome (196). 
This protein also interacts with and can be ubiquitinated 
by Parkin (197). Some parkin mutations can alter Parkin-
mediated Synphilin-1 ubiquitination (197, 198). The 
identification of Synphilin-1 as an �-synuclein interacting 
protein prompted the search for Synphilin-1 mutations 
in PD patients (199, 200). One study found a variant 
(R621C) that was present in 2 patients and absent in 
controls. It is unknown if the mutation is pathogenic.

SUSCEPTIBILITY GENES AND MODIFIERS

The current theory is that a large proportion of PD 
results from cumulative and interactive effects of genes 
and environment. In fact, over 70% of PD patients have 
no prior family history and the vast majority of cases are 
not caused by mutation of any of the known PD genes. 
Yet, as outlined above, genetic-epidemiologic studies 
strongly support the existence of a genetic component, 
even in sporadic late-onset disease. In pursuit of suscep-
tibility genes, several hundred genetic association stud-
ies have been performed and published, but none of the 
findings have been consistently replicated. The standards 
for the conduct of association studies have been raised 
dramatically in recent years; therefore we should expect 
future studies to be far more rigorous and robust. In the 

following, we will highlight a few of the more promising 
association findings reported to date.

NACP-Rep1

A mixed dinucleotide repeat polymorphism located in 
the promoter region of SNCA (NACP-Rep1) has been 
associated with susceptibility to common late-onset 
PD. Although the findings are inconsistent across stud-
ies (201–211), a meta-analysis revealed a modest but 
statistically significant effect in populations of Euro-
pean descent (212). This polymorphism (i.e., allele size 
variability within the Rep1 region) has been shown to 
influence expression levels of SNCA in vitro (213, 214). 
Thus, Rep1 may be associated with PD via modulation of 
�-synuclein expression to varying degrees, depending on 
the allele size.

UCH-L1 S18Y

One UCH-L1 polymorphism (S18Y) was reported to be 
associated with PD in a Caucasian population (215). Sub-
sequent replication studies were inconsistent (216–218). 
Two meta-analyses were performed, neither of which sup-
ported an association in Caucasians, but one confirmed 
an association in an Asian population (219, 220).

Nurr1 7048g7049

An insertion polymorphism (7048g7049) in intron 6 of 
Nurr1 was shown to be more prevalent in both familial 
and sporadic PD patients when compared with controls 
(221). Since this polymorphism is located near the exon/
intron 6 junction, it was thought that the homozygote may 
alter Nurr1 splicing, thereby altering part of the ligand 
binding domain in exon 6, but this has not been demon-
strated in vivo or in vitro. One study has replicated the 
association of 7048g7049 with PD and found a borderline 
association with diffuse Lewy body disease (222).

Other Associations

The original reports of association of PD susceptibil-
ity with parkin polymorphisms (55, 223–229), LRRK2
haplotypes (230, 231), and DJ-1 (232) have not been 
confirmed. No association has been found with PINK1
polymorphisms. Numerous functionally relevant can-
didate genes have been studied for possible association 
with PD risk, age at onset, disease outcomes (dementia, 
dyskinesia, severity), and response to treatment. The 
candidate genes were chosen from various pathways 
(oxidative stress response, apoptosis, mitochondria, 
iron metabolism, inflammation, and metabolite detoxi-
fication) and included apolipoprotein E (APOE) (233, 
234), brain-derived neurotrophic factor (BDNF) (235, 
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236), paraoxonase 1 (PON1) (237, 238), N-acetyltrans-
ferase 2 (NAT2) (239, 240), monoamine oxidase A and 
B (MAO-A and MAO-B) (241–243), catechol-O-methyl-
transferase (COMT) (244, 245), mitochondrial complex 
I genes (246, 247), and cytochrome P450 2D6 (CYP2D6)
(248, 249). There have also been reports of association 
of age at onset of PD with APOE (see below), NACP-
Rep1 (204), BDNF (250), ER (estrogen receptor) (251), 
GSTO1 and GSTO2 (glutathione S-transferase omega 
1 and 2, respectively) (252), GSTM1 (glutathione S-
transferase M1) (253), IL-1	 (interleukin 1 beta) (254), 
and IFN (interferon gamma) (254).

Whole-Genome Association Study

A whole-genome association study tested about 200,000 
SNPs, spanning the human genome, for association with 
PD risk. Thirteen SNPs were identified and reported as 
risk factors for PD, including SNPs that tagged PARK10,
PARK11, an X-linked locus involved in signal transduc-
tion, and the SEMA5A gene, which may be involved in 
dopamine-induced apoptosis. Early follow-up replication 
studies were either negative (255–258) or inconclusive 
(259). A large international collaborative study with over 
12,000 subjects clearly demonstrated a lack of associa-
tion with PD and any of the 13 SNPs (260). However, 
the failure of one whole-genome association study does 
not negate the existence of a strong genetic component; 
rather, it emphasizes key areas in study design that are 
crucial for the success of such studies.

GENETIC LINKS WITH OTHER DISORDERS

A pathophysiologic link between PD and dementias, par-
ticularly AD, has long been suspected. In recent years, 
with the discovery of genetic factors in dementias and 
parkinsonism, the exploration of genetic links between 
these related disorders has been of great interest.

SNCA

The SNCA gene, which codes for �-synuclein, was origi-
nally known as NACP (nonamyloid component of amy-
loid plaques). �-synuclein, the most abundant protein in 
LBs found in PD pathogenesis, is also the second most 
abundant protein in senile plaques characteristic of AD. 
While mutations of the SNCA gene have been unequivo-
cally linked to PD, a genetic connection between SNCA
and AD has not been clearly defined.

APOE

APOE, a well characterized gene on chromosome 
19q13.2, is well established as a risk factor for AD. Car-

riers of the �4 allele have significantly earlier onset and 
the highest age-specific risk of developing AD, while �2
carriers have delayed onset and the lowest age- specific 
risk (261–263). Although early studies with PD were 
controversial, more recent studies with substantially 
larger sample sizes have consistently detected a sig-
nificant effect, linking �4 with an earlier onset of PD 
(264–266), and both �4 and �2 have been reported as 
risk factors for development of dementia in PD patients 
(267–269).

Tau

Microtubule-associated protein Tau, encoded by MAPT
on chromosome 17q21, is the main component of neu-
rofibrillary tangles. Pathogenic mutations in MAPT
cause frontotemporal dementia (FTD). Polymorphisms 
in or spanning MAPT were shown to be associated with 
progressive supranuclear palsy (270) and later with PD 
(271). Additionally, a genome screen revealed linkage to 
the FTD region on 17q in multiplex PD families (272). 
Two meta-analyses in 2001 (273) and 2004 (274) have 
confirmed the association of MAPT polymorphisms 
with PD.

Spinocerebellar Ataxias

Spinocerebellar ataxias (SCAs) are a group of neurode-
generative disorders characterized by cerebellar dysfunc-
tion alone or in combination with other abnormalities. 
Triplet repeat expansions in the SCA loci typically result 
in an ataxia phenotype; however, expansions of SCA2
(275–280), SCA3 (281, 282), SCA8 and SCA17 (283),
and SCA6 (284) have been linked to phenotypes includ-
ing parkinsonism and classic levodopa-responsive PD. It 
has been estimated that 2% of Caucasian (277) and up to 
10% of Chinese patients with PD (285) have a pathogenic 
expansion mutation in SCA2.

Glucocerebrosidase

Gaucher disease is an inherited metabolic deficiency due 
to recessive mutations in the glucocerebrosidase (GBA)
gene on chromosome 1q21. One of the rare manifesta-
tions of Gaucher’s is early-onset parkinsonism; SNCA-
reactive LBs have been noted in brain regions associated 
with Gaucher disease; family studies suggest that the 
incidence of parkinsonism is more frequent in obligate 
heterozygotes, and one study reported increased fre-
quency of DNA sequence variations in GBA in brains 
of sporadic PD patients (286). One study showed an 
increased risk of PD among Ashkenazi Jews who were 
carriers of a GBA N370S mutation (287); this remains 
to be replicated.
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MITOCHONDRIA

Deletions in mtDNA are known to accumulate with 
age, specifically in substantia nigra dopaminergic neu-
rons (288). Several groups have identified mutations in 
mtDNA that may cause (289) or modulate risk for PD 
(290, 291); however, to date, mutations/polymorphisms 
in mitochondrial genes are not well established as a 
cause/risk factor for PD. Nevertheless, mitochondrial 
dysfunction appears to be central to PD pathogenesis. 
MPTP, for example, confers toxicity and neuronal death 
through mitochondrial complex I inhibition (292). Loss 
of complex I activity has been shown in the substantia 
nigra of PD patients (293). Mitochondrial dysfunction, 
caused by either environmental or genetic factors, can 
result in excessive production of reactive oxygen spe-
cies, triggering the apoptotic death of dopaminergic cells 
(294). Several of the nuclear-encoded PD genes have 
functional roles that involve mitochondria. PINK1 is 
localized to the mitochondria via a short N-terminal 
mitochondrial targeting domain and may function in 
part to protect cells from mitochondrial dysfunction or 
oxidative stress (95, 110). PINK1 may protect neurons 
from stress-induced apoptosis, and mutations in PINK1
may compromise this protective function (111, 112). 
The LRRK2 protein, although predominantly cytoplas-
mic, interacts with the mitochondrial outer membrane 
(170). DJ-1 overexpression in cell culture has been 
shown to protect cells from oxidative stress, while DJ-1

knockdown mutants are more susceptible to oxidative 
damage (128). DJ-1 functions as a redox-dependent 
molecular chaperone preventing heat-induced aggrega-
tion of substrates, including �-synuclein (129, 130); it 
can protect cells against MPP�-induced oxidative stress 
(104). Although mitochondrial involvement in PD is 
clear, it is yet to be determined whether it is a cause or 
a consequence of disease.

CONCLUSION

The progress made in the study of PD over the past decade 
is unprecedented in human genetics research. In the span 
of 15 years, PD was transformed from what was thought 
to be a purely environmental disorder to one with strong 
genetic influences. The number of publications on genetics 
of PD has multiplied 66-fold in the last decade. Mendelian 
forms of PD have been identified, disease-causing genes 
have been characterized, transgenic animal models have 
been created, and commercial gene tests are now avail-
able. Genetic discoveries have given us the first glimpses 
of disease pathophysiology, with each gene discovered 
contributing another piece to the puzzle. The progress 
so far has been primarily in Mendelian forms of PD. 
The task ahead is to tease out genetic and environmental 
contributions to the multifactorial forms of PD. The key 
is to keep an open mind about the unknown nature of the 
problem at hand. We have been wrong before.
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Levodopa: A Pharmacologic 
Miracle Four Decades Later

he designation of levodopa as a 
miracle drug is no exaggeration. It 
was first used to treat Parkinson’s 
disease (PD) in the early 1960s, and 

by the time it was approved by the U.S. FDA in 1967, it 
was hailed as one of the most important advances in the 
pharmacotherapy of neurologic diseases of the first half 
of the twentieth century. Its development was based on a 
series of major advances in the understanding of the neuro-
chemical mechanisms underlying the disease. Now, almost 
40 years later and despite significant advances in the phar-
macotherapy of PD, levodopa remains the “gold standard” 
of treatment. The gold, however, has been tarnished by a 
variety of intrinsic problems and complications of long-term 
use, such as motor fluctuations (the “on-off” phenomenon)
and dyskinesia, which can be no less disabling than the par-
kinsonian symptoms it suppresses. Moreover, the early and 
unrealistic belief that levodopa could actually cure or at least 
slow the process of neurodegeneration by the simple replace-
ment of a depleted neurotransmitter was quickly undercut 
by the harsh truth of practical experience and scientific dis-
covery. In fact, one of the most active controversies swirling 
around levodopa today centers on whether it might increase 
the pace of neuronal degeneration by promoting oxidative 
neurotoxicity.

In this chapter we review the history of levodopa’s 
development and the major milestones that punctuate 

Tanya Simuni
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its maturation as the mainstay of treatment for PD. We 
also cover the impact of levodopa on the mortality and 
morbidity of PD, the proposed mechanism of levodopa-
induced complications (fluctuations and dyskinesia), and 
the data regarding levodopa toxicity.

HISTORICAL REVIEW

In his classic 1817 monograph An Essay on the Shaking 
Palsy, James Parkinson (1) described a series of 6 patients
afflicted by the highly visible malady that now bears 
his name. The precision of much of the description is 
remarkable considering that Parkinson examined only 
3 of the patients directly, whereas the others were 
observed by him as a vigilant spectator on the streets of 
London. His language has forever captured the cardinal 
manifestations of the disease, although the accuracy of 
some of his observations (i.e., the italicized segments, 
italics added) has been refuted by modern experience: 
“Involuntary tremulous motion, with lessened muscular 
power, in parts not in action and even when supported: 
with the propensity to bend the trunk forward and to 
pass from a walking to a running pace: the senses and the 
intellect being unimpaired.” Parkinson himself did not 
comment on how to treat this new condition. Instead, 
he concluded his essay with an appeal “to those who 
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humanely employ anatomical examination in detecting 
the courses and nature of diseases” to study the brain 
and find the cause. Later in the nineteenth century, 
Jean-Martin Charcot (2) described a “pill rolling” tremor 
and masked face as particular features of PD. As a cor-
rective revision, he commented on the absence of weak-
ness and the occasional impairment of intellect. By the 
beginning of the twentieth century, the clinical picture of 
the disease was well defined but the pathologic substrate 
remained unknown. In 1913, Lewy (3) first described 
the characteristic eosinophilic intracytoplasmic inclusion 
bodies in various regions of the brainstem but mistakenly 
reported that the substantia nigra (SN) was not affected. 
It was only a few years later, in 1919, that Tretiakoff (4) 
discovered that neuronal degeneration of the SN was a 
consistent pathologic signature in the brains of patients 
with clinical parkinsonism.

The anticholinergic belladona was the first pharma-
cologic agent used to treat PD. Ordenstein (5) observed, 
in 1867, that stiffness and tremor improved in addition 
to the drooling that belladonna was intended to treat. 
Antiparkinsonian drug development was slow to evolve, 
but by the early 1950s, synthetic anticholinergic drugs, 
such as benztropine mesylate and trihexyphenidyl, had 
been introduced. Although benefit was modest and 
inconsistent, anticholinergics remained the cornerstone 
of therapy for nearly 100 years. How anticholinergics 
ameliorate symptoms in PD is not clear. It is believed 
that they block muscarinic receptors in the striatum and 
thereby restore balance to the biochemical polarity that 
normally characterizes the relationship between dopa-
mine and acetylcholine (6).

Because limited pharmacologic therapy in the early 
twentieth century was largely ineffective (except in damp-
ening tremor and modestly reducing rigidity), neurosurgi-
cal ablation of a variety of sites in the brain and spinal 
cord became a popular alternative. The clinical finding 
that parkinsonian tremor was abolished by a stroke in 
the contralateral brain—an observation first made by 
James Parkinson in his essay—led to the conclusion that 
well-placed surgical lesions in particular motor centers 
might be useful in suppressing symptoms (7). Early surgi-
cal trials showed that lesions in the cortex or descending 
pyramidal tracts could truly arrest tremor, but often at 
the expense of paralysis. In 1952, Cooper (8) serendipi-
tously discovered that accidental ligation of the ante-
rior choroidal artery abolished parkinsonian tremor and 
rigidity (without causing paralysis) by producing a lesion 
in the globus pallidus. A variety of stereotactic surgical 
approaches were subsequently used to target the glo-
bus pallidus (9) and later the thalamus (10), specifically 
for tremor suppression but at considerable risk to the 
patient of major adverse effects and little chance that 
the underlying progressive disability could be favorably 
modified. The advent and widespread use of levodopa 

rapidly eclipsed the application of surgical treatment in 
the management of PD, until the gradual appearance of 
motor complications associated with long-term levodopa 
therapy brought about the revival of a more sophisticated 
version of targeted lesioning. The evolution of both think-
ing and technology eventually led to electrical stimulation 
of key anatomic sites in the basal ganglia, today’s stan-
dard of care in the surgical management of the symptoms 
of PD in selected patients.

Dopamine and the Rational Treatment 
of Parkinson’s Disease

The development of levodopa as effective pharmacotherapy 
for PD was a logical outcome of advances in understanding 
the pathophysiology of parkinsonism. In the early 1950s, 
Brodie et al. (11) discovered that reserpine depleted sero-
tonin in the brains of rats by altering storage in synaptic 
vesicles, following which Carlsson et al. (12) demonstrated 
that reserpine had the same effect on dopamine. Brodie (11) 
further showed that the motor slowing, or bradykinesia, 
induced by administration of reserpine to rabbits could be 
reversed by administration of levodopa, an inert precursor 
of dopamine. Subsequent investigations by Carlsson et al. 
(13) and by Bertler and Rosengren (14) showed that dopa-
mine was highly concentrated in the caudate and putamen 
of the basal ganglia (the striatum), compared with other 
biogenic amines such as noradrenaline, which accumulated 
in the brainstem. By the end of the 1950s, these findings had 
led to the hypothesis that dopamine deficiency was the bio-
chemical link to the pathophysiology of PD. Hornykiewiecz 
(15), whose seminal work and landmark publication in 
1960 proved the hypothesis correct, subsequently wrote, 
“On the basis of these findings (in animals), it was to my 
mind a very simple and very logical step to go from animal 
to human brain to see whether it was possible to discover 
any abnormalities of dopamine metabolism in certain neu-
rological disorders involving the basal ganglia.” Ehringer 
and Hornykiewicz (16) studied the brains of patients dying 
of PD and consistently demonstrated a 90% reduction in 
the concentration of dopamine in the striatum and sub-
stantia nigra. They also showed that the content of striatal 
homovanillic acid (HVA), a stable by-product of dopamine 
metabolism, directly correlated with the degree of dopa-
mine deficiency and of cell loss in the SN (17). They further 
observed that parkinsonism associated with chronic man-
ganese poisoning was also characterized by degeneration of 
nigral neurons and a decrease in dopamine and HVA in the 
striatum and SN (18). However, authors of a recent review 
(Perl D, Olanow CW. The neuropathology of manganese-
induced parkinsonism. J Neuropath Exp Neurol 2007; 
66:675–682) of the subject of manganism have disputed 
Ehringer and Hornykiewicz’s conclusion in this single case 
of presumed manganese induced parkinsonism, since the 
patient developed symptoms of parkinsonism ten years after 
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exposure to manganese had ceased and had Lewy bodies in 
the SN, thereby strongly suggesting that the patient, despite 
the remote history of exposure to manganese, actually had 
PD as the basis for the neurologic illness and not mangan-
ism. Moreover, it is now generally accepted, as described 
in the recent review, that the pathology of manganism is 
confined to the medial globus pallidus. The SN in mangan-
ism is unaffected.

By the mid-1960s, sophisticated histofluorescence 
techniques had been developed and new knowledge 
quickly accumulated. Anden et al. (19), using this new 
methodology, demonstrated that dopamine was con-
centrated in neurons of the SN pars compacta (pc) and 
that axonal terminals projected cephalad to the stria-
tum. Poirier and Sourkes (20), by showing that a unilat-
eral nigral lesion in the monkey could cause ipsilateral 
depletion of striatal dopamine, mapped the previously 
unknown nigrostriatal pathway and thus explained the 
relationship between neuronal loss in the SNpc and dopa-
mine depletion downstream in the striatum.

These pivotal discoveries provided the foundation 
for the logical and imaginative next step: treatment of 
PD by replacing the depleted neurotransmitter dopamine. 
The simplicity of the concept had to be a siren signal that 
implementation would not be easy.

Levodopa Therapy

One of the early findings of research into the pharmaco-
logic properties of dopamine was that it did not penetrate 
the blood–brain barrier (BBB). Its immediate amino acid 
precursor, dihydroxyphenylalanine (dopa), could, how-
ever, cross the barrier and enter the brain, where it was 
enzymatically converted to dopamine. Proof of access to 
the central nervous system lay in levodopa’s ability to 
reverse the behavioral effects of reserpine in experimental 
animals and elevate brain dopamine levels when admin-
istered systemically. In 1961, two independent research 
groups launched clinical trials of dopa in patients with 
advanced PD. Birkmayer and Hornykiewicz (21) admin-
istered dopa intravenously to parkinsonian patients in 
doses up to 150 mg. They observed “complete aboli-
tion or substantial reduction” of parkinsonian akinesia. 
Barbeau et al. (22) reported similar results following 
oral doses up to 300 mg of dopa daily (22). These early 
therapeutic experiments were soon repeated by many 
other investigators, with conflicting and frequently unim-
pressive results. Birkmayer and Hornykiewicz (23) later 
reported a positive response to dopa in only half of the 
patients and saw no recognizable effect if the patient’s 
previous anticholinergic medication had been withdrawn. 
In 1964, McGeer and Zeldowitz (24) treated 10 patients 
with an oral dose of dopa ranging from 1 to 3 g daily. 
Only 2 of 10 patients improved at the highest dose, and 
the investigators concluded that dopa was not useful. In 

their experiment, dopa was combined with pyridoxine 
because of the erroneous belief that pyridoxine, a cofactor 
for dopa decarboxylase in the dopa-to-dopamine con-
version reaction, would enhance the therapeutic impact. 
The fact that pyridoxine actually diminishes the effect of 
dopa by potentiating peripheral decarboxylation was not 
appreciated until 5 years later, when it was described by 
Duvoisin and coworkers (25).

Challenged by the inconsistent and even disappoint-
ing early experience with dopa therapy, Cotzias achieved 
what others could not by bringing dedication and an 
unswerving vision to the goal of proving that dopa really 
works. After years of deliberative trial and error, he and his 
colleagues reported in 1967 (26) that high doses (4 to 16 g) 
of oral racemic (D, L) dopa brought about “either com-
plete, sustained disappearance or marked amelioration 
of parkinsonism” in 8 of 16 patients. There was a clear 
dose–response relationship, with only the patients on the 
highest dose responding. However, 25% of the patients 
developed granulocytopenia attributable to the drug and 
withdrew from the trial. In the same study the patients 
were exposed to melanocyte-stimulating hormone and 
phenylalanine, a dopa precursor, both of which aggravated 
the parkinsonian symptoms. The authors concluded that 
D, L dopa was effective in certain cases of parkinsonism 
but that the significant risk of granulocytopenia nullified 
its potential as a useful antiparkinsonian drug.

Two years later, Cotzias et al. (27) published the 
results of a study of levodopa (L-dopa) in 28 patients 
with PD, of whom 20 experienced marked and sus-
tained improvement for up to 20 years. The daily dose 
of levodopa ranged from 4.5 to 8 g. None of the patients 
experienced the granulocytopenia observed with the use 
of D, L dopa. Nausea and vomiting—adverse drug effects 
common to other studies of dopa in PD—were overcome 
by the use of low-doses at the initiation of treatment 
followed by slow dose escalation. In the same study, the 
authors observed involuntary choreiform movements in 
14 of 28 patients, ranging from mild to severe and cor-
relating in severity with theduration of disease. Within 
the next few years similar studies using large oral doses 
of levodopa were reported by Yahr et al. (28), McDowell 
et al. (29), Markham (30), Godwin-Austen (31), and 
others, confirming the dramatic findings reported by 
Cotzias. A major breakthrough in the treatment of PD 
was duly recognized—Cotzias received the Lasker award 
in 1970—but just as important was the idea that replace-
ment pharmacotherapy could be successful and might be 
applicable to other neurodegenerative disorders involving 
specific biochemical defects.

The next 5 years were marked by a number of stud-
ies that supported pronounced and sustained response of 
all parkinsonian symptoms to treatment with levodopa. 
Markham (30) demonstrated that the overall response to 
medication achieved at 1 year was sustained at 2 1/2 years. 
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Similar results were published by Yahr (32) and Cotzias 
et al. (33) as well as Godwin-Austen (31). At the same 
time, clinicians observed that despite levodopa’s broad 
efficacy, tremor tended to respond less predictably than 
rigidity or bradykinesia (34).

The complete or near complete reversal of the physi-
cal signs and symptoms of a chronic progressive neu-
rodegenerative disorder had not been previously seen 
or reported. The spectacle of patients being able to get 
out of bed and wheelchair to resume long lost daily and 
athletic activities was truly incredible to professional 
and lay witnesses alike. Furthermore, the evidence that 
levodopa was having a long-term impact on the natural 
history of PD began to accumulate. When progression 
of parkinsonian disability was compared in 182 patients 
receiving levodopa treatment with a cohort of patients 
from the prelevodopa era, Hoehn (35,36) found that 
patients on levodopa remained stable in each Hoehn and 
Yahr stage of the disease 3 to 5 years longer than was the 
case in the prelevodopa era. Also, the number of patients 
classified as disabled or dead at each stage was reduced by 
30% to 50%. Yet there was no detectable difference in the 
severity of the parkinsonian symptoms between treated 
and untreated patients evaluated in the setting of with-
drawal from levodopa, suggesting that the benefit derived 
from using levodopa was purely symptomatic, quickly 
reversible, and not in any way disease-modifying.

Levodopa’s success was shadowed from the begin-
ning by the emergence of a unique set of drug-related 
complications not seen by previous observers of the phe-
nomenology of PD. Cotzias (26) was among the first 
to report that abnormal involuntary movements (called 
dyskinesia) became increasingly common and problem-
atic with chronic use of levodopa. As early as 1968, the 
issue of levodopa-induced dyskinesia was the subject of 
a symposium (37). Later, Godwin-Austen (38), summa-
rizing 4 years of experience using levodopa, noted the 
intractable nature of the involuntary movements in many 
cases and the continued progression of the parkinsonian 
disability in most, despite early improvement in motor 
function in the majority. The high frequency of organic 
mental symptoms, including confusion and visual halluci-
nations, was also disturbing. These and other drug-related 
obstacles to effective treatment have not only frustrated 
treating physicians but also fueled the collective efforts of 
researchers to refine levodopa’s cruder aspects and search 
for viable alternative therapies.

THE BIOCHEMISTRY AND 
METABOLISM OF LEVODOPA

Levodopa’s complicated metabolism (Figure 38-1), 
a short (90 minutes) half-life, a diminishing capacity 
for a dying pool of nigrostriatal neurons to store and 
convert levodopa to dopamine, and other molecular 

and pharmacodynamic reasons are responsible for the 
motor complications of long-term therapy. Levodopa is 
a large neutral amino acid (LNAA), which is absorbed 
in the proximal small intestine via an energy-dependent, 
carrier-mediated mechanism (38). The carrier is shared 
with other LNAAs and has saturation kinetics (39), which 
explains why dietary protein blocks the transport of indi-
vidual oral doses of levodopa to the brain in some but 
not all patients. Cotzias reported this negative interaction 
in the early trials of levodopa in advanced PD. Peripher-
ally, levodopa is rapidly metabolized to dopamine by the 
enzyme aromatic amino acid decarboxylase (AADC) and 
to 3-O methyl dopa by the enzyme catechol-O-methyl 
transferase (COMT). Its elimination half-life is approxi-
mately 90 minutes (40). The small amount of levodopa 
that eventually reaches the brain after a single oral dose—
estimated at 1%—depends on the speed of gastric empty-
ing, presence of competition for transport of the alternative 
amino acids, and, most of all, the degree of peripheral 
metabolism (41, 42). Coadministration of a peripheral 
AADC inhibitor (carbidopa or benserazide) doubles the 
bioavailability of levodopa without changing its elimi-
nation half-life (43) and allows more unchanged BBB-
permissible levodopa to reach the brain (44). Increased 
bioavailability means at least an 80% reduction in the 
amount of levodopa required to achieve the same clinical 
effect as when levodopa is taken without an AADC inhib-
itor, as well as a decrease in peripheral dose-related side 
effects such as nausea, vomiting, and hypotension. After 
crossing the BBB, levodopa is taken up by the surviving 
striatal neurons and converted by intraneuronal AADC to 
dopamine (DA), which is, in turn, released presynaptically 
(45). According to this simplified model of levodopa’s cen-
tral metabolism, the response to a single dose of levodopa 
should decline in proportion to the progressive loss of 
nigral cells and the loss of their capacity to convert exog-
enous levodopa to DA. However, experience has shown 
that some PD patients, after many years of illness and 
near-total depletion of nigral neurons, still respond well to 
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FIGURE 38-1

Levodopa metabolism. COMT � catechol-O-methyl transfer-
ase; MAO � monoamine oxydase; AAAD � aromatic amino 
acid decarboxylase; DOPAC � 3,4-dioxy-phenylacetic acid; 
HVA � homovanillic acid.
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levodopa. There is some evidence to indicate that decarbox-
ylation can occur in nondopaminergic striatal interneurons 
and in glia (46). Under physiologic conditions, dopamine 
is released at the synapse mainly through tonic activity in 
dopamine neurons (47). Released dopamine interacts in a 
complex fashion with dopamine receptors. Types D1 and 
D2 are the best characterized and are mainly represented 
in the motor striatum (48). Nigrostriatal denervation in 
PD is associated with upregulation of postsynaptic D2 
receptors. It has been postulated that the combination of 
receptor upregulation, nonphysiologic pulsatile stimula-
tion of receptors by exogenous DA, and abnormal sig-
nal transduction resulting from altered gene expression is 
responsible for the development of motor complications, 
specifically, “on-off” or wearing-off fluctuations and dys-
kinesia (49, 50). Dopamine is metabolized via the reuptake 
system or by the enzymes monoamine oxidase (MAO-B) 
and COMT (41). Oxidation via MAO-B converts dopa-
mine to the stable, inactive byproduct homovanillic acid 
(HVA) (51). COMT methylates dopamine to produce 
3-methoxytyramine (3-OMD), which is oxidized to 
HVA (44).

COMPLICATIONS OF LEVODOPA THERAPY

The immediate adverse effects of levodopa, particularly 
nausea and vomiting, were shown to be caused by the 
peripheral decarboxylation of levodopa to DA and were 
managed in the majority of cases by combining levodopa 
with carbidopa, a peripheral dopa decarboxylase inhibi-
tor (DDI). In resistant cases, alternative peripheral 
dopamine antagonists (e.g., domperidone), which block 
dopamine receptors in the brainstem vomiting center, 
have been useful. However, the more insidious and ulti-
mately disabling adverse drug effects generally emerge 
later, after several years of chronic use (see Chapters 38 
and 39). Specifically, the evolution of motor fluctuations, 
drug-induced dyskinesia, and psychosis in the setting of 
advanced disease represents the most important chal-
lenge to the physician treating PD in the postlevodopa 
era. Cotzias and coworkers (27) described dyskinesia in 
14 out of 28 patients treated with levodopa for up to 
2 years. Since 1969, multiple volumes have been dedi-
cated to the discussion of etiology and management of 
levodopa-induced complications, largely because the 
great majority of patients with PD must eventually learn 
to cope with the inevitable consequences of using an 
increasingly indispensable drug (52–56). For example, 
over 50% of the 352 patients enrolled in the DATATOP 
study of early PD developed fluctuations or wearing off. 
One-third of the sample reported dyskinesia within 
20.5 (�8.8) months of starting levodopa therapy (54). 
The only study that provided a more optimistic profile of 
drug-induced complications was the CR FIRST clinical 
trial, which randomly compared the effects of initiating 

treatment with standard-formulation carbidopa/levodopa 
versus the controlled-release formulation (57). In that 
study, only 22% of the patients developed fluctuations 
or dyskinesia during a 5-year prospective follow-up. The 
lower incidence of complications in CR FIRST can partly 
be explained by methodologic differences (fluctuations 
were recorded only if more than 20% of the day was 
spent in the “off” state and 10% of the day was spent 
with dyskinesia). Moreover, patients enrolled in CR FIRST, 
compared with other studies, required surprisingly low 
doses of standard and CR carbidopa/levodopa for a sat-
isfactory response(158).

The most recent data on the incidence of dyskinesia 
in levodopa-treated patients with early PD come from the 
ELLDOPA study (Earlier versus Later Levodopa Therapy 
in Parkinson’s Disease) (58). This study was designed to 
address the perennial debate of the impact of early initia-
tion of levodopa therapy on the rate of progression of PD, 
which revolves around the possibility that levodopa might 
accelerate the progression of neurodegeneration because of 
its known ability to enhance oxidant stress in some in vitro 
experimental preparations (see below). In the ELLDOPA 
study, patients with recently diagnosed very early clinical 
parkinsonism and no prior exposure to long-term dopa-
minergic therapy were randomly assigned to four groups: 
placebo or carbidopa/levodopa at the daily levodopa dose 
of 150, 300, or 600 mg. Study duration was 40 weeks, 
followed by a 2-week washout period. The primary out-
come measure was the rate of progression of PD based on 
the total score of the Unified Parkinson’s Disease Rating 
Scale (UPDRS) performed by a blinded rater at the end of 
the washout period. Levodopa therapy reduced the wors-
ening of PD symptoms in a dose–response pattern, with the 
greatest benefit seen in the group treated with the highest 
dose of levodopa, 600 mg daily. However, after less than a 
year’s exposure, 16.5% of subjects treated with the 600-mg 
dose developed dyskinesia, and 30% developed wearing 
off by the end of the 40-week study period. The incidence 
of dyskinesia and wearing off in the groups receiving 
150 and 300 mg was much lower and comparable to that 
in the placebo group.

The ELLDOPA study confirmed the high risk of 
levodopa-induced motor complications even early in the 
course of treatment, which correlated with the higher dose 
exposure. However, the study was not designed or pow-
ered either to quantify the degree of motor complications 
or to investigate the impact of motor complications on the 
patient’s quality of life and the overall efficacy of therapy. 
The more interesting (and unexpected) finding of ELLDOPA 
was the inverse correlation between the dose of levodopa 
used during the study and the UPDRS score after the 2-week 
washout, thereby suggesting a potential neuroprotective 
(rather than adverse) effect of chronic levodopa therapy.

The pathogenesis of levodopa-associated motor 
fluctuations and dyskinesia is not fully understood, although 
two major pathophysiologic mechanisms are thought to 
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be involved (50, 59, 60). First, progressive nigrostriatal 
degeneration reduces the capacity of the brain to store 
dopamine, and dopamine receptors increase in number as a 
result of denervation hypersensitivity. Second, intermittent 
or pulsatile stimulation (versus the more physiologic con-
tinuous stimulation) of dopamine receptors by exogenous 
levodopa appears to alter or heighten receptor sensitivity 
with untoward behavioral consequences, resulting in the 
emergence of motor complications. Third, the pathologic 
loss of dopamine causes significant disruption of intracel-
lular signaling pathways linked to the healthy transcription 
of regulatory genes in the basal ganglia. As a result, altered 
gene expression can induce changes in the homeostatic bio-
chemistry of neurotransmitters and neuropeptides, lead-
ing to unmodulated motor responses to drugs, especially 
levodopa, used to replace depleted dopamine. The precise 
nature of this common complication of chronic levodopa 
therapy is not known, especially because postmortem and 
positron emission tomographic (PET) studies in PD indi-
cate that chronic levodopa therapy causes downregulation 
or a reduction in the number of dopamine receptors, the 
physiologic effect of which should be a lowered behavioral 
sensitivity (56). Experience in patients with PD and ani-
mals with MPTP-induced parkinsonism has shown that 
monotherapy with dopamine agonists in those previously 
untreated with levodopa is much less likely to induce dys-
kinesia, whereas dopamine agonists used to supplement 
levodopa where motor fluctuations are already present can 
easily induce dyskinesia (61, 62).

The duration of PD and the duration and amount 
of levodopa may influence the occurrence and timing 
of motor fluctuations (63). Early in the course of PD, 
patients experience a smooth response to levodopa 
treatment, with dosing only 2 to 3 times a day. Consid-
ering the short half-life of levodopa (90 minutes), this 
long-duration response (LDR) might be explained by 
presynaptic dopamine storage in unaffected axons and 
tonic release of the transmitter (41). As nigral degenera-
tion progresses and nigrostriatal axons die back, storage 
capacity for dopamine becomes increasingly reduced and 
the LDR is transformed into a short-duration response, 
which conforms more or less with the pharmacokinetic 
short half-life of levodopa (64–66). This “storage hypoth-
esis’’ is supported by a reduction in the striatal uptake 
of 18F fluorodopa (an indicator of dopamine storage), 
on PET in fluctuating but not in stable PD patients (67).
However, some patients develop fluctuations and dyski-
nesia soon after starting levodopa, irrespective of severity 
or duration of disease or of the dose of levodopa, as in 
the high-dose subgroup of ELLDOPA. Therefore loss of 
storage capacity may be necessary but is not sufficient 
to explain the complexities of motor fluctuations (56). 
The remarkably wide range of clinical variability 
among people who develop PD is a vivid reminder of 
how incompletely we understand the underlying basis 

for many aspects of PD, especially the complications of 
levodopa therapy.

The evidence demonstrating a postsynaptic phar-
macodynamic mechanism to explain motor fluctuations 
and dyskinesia has also been accumulating. Several stud-
ies have shown that the motor response to intravenous 
apomorphine, a direct dopamine agonist that does not 
depend on presynaptic storage and whose action is identi-
cal to that of dopamine, diminishes in proportion to the 
duration of illness and levodopa therapy (68, 69, 70). 
Similarly, in patients with asymmetric motor symptom-
atology, the duration of response to apomorphine is 
shorter on the more affected side (71). These experiments 
suggest that apomorphine’s loss of efficacy is caused by 
the downregulation of postsynaptic receptors.

A number of studies have shown that chronic infu-
sions of direct dopamine agonists, such as lisuride or 
apomorphine, ameliorate or significantly decrease on-off 
fluctuations and dyskinesias (72, 73). Similar results have 
been obtained with a continuous (nonpulsatile) infu-
sion of levodopa (74, 75). These data suggest that motor 
fluctuations associated with chronic oral levodopa treat-
ment are partly the result of nonphysiologic discontinuous 
delivery, in contrast to the tightly balanced mix of tonic and 
phasic release of dopamine in normal subjects (76).

The hypothesis of the relationship between pulsa-
tile stimulation of postsynaptic dopamine receptors and 
induction of dyskinesia has been tested in two large ran-
domized, double blind (RDB), placebo controlled clinical 
trials of dopamine agonists (DAs) versus levodopa for 
monotherapy of early PD. The primary endpoint of the 
studies was time of onset of motor complications. The 
design of the studies was based on the rationale that, 
compared to levodopa, DAs have a longer half-life and 
do not require presynaptic storage. Thus chronic use 
of DA should be associated with a lower risk of motor 
complications. Indeed, presently there is a solid body 
of clinical trials data with essentially all available DA 
demonstrating that treatment with DA produces fewer 
motor fluctuations and dyskinesia than levodopa (77–79). 
The two pivotal studies were conducted with two most 
commonly used DAs: pramipexole and ropinirole. The 
pramipexole-versus-levodopa study for patients with 
early PD (CALM PD) demonstrated a 24% incidence 
of dyskinesia in the pramipexole-treated group versus 
54% in the levodopa-treated group over 4 years. (81). 
The ropinirole-versus-levodopa study had similar results 
in regard to dyskinesia: 20% in the ropinirole group 
versus 45% in the levodopa group over 5 years (82). 
The design of both studies allowed open-label levodopa 
supplementation in case the efficacy of the initial treat-
ment agent was not sufficient. Patients who received DA 
and levodopa combination therapy still experienced fewer 
motor complications, which could have been a result of a 
lower dose of levodopa used in that subgroup compared 
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to the group treated with levodopa monotherapy. The 
results of these studies could be interpreted as support-
ing the possibility that a longer half-life of dopaminergic 
agents leads to less dyskinesia.

It has been postulated that pulsatile stimulation of 
dopaminergic receptors can elicit long-term potentiation 
of excitotoxic glutamate-mediated responses because of 
disinhibition of the subthalamic nucleus, the major glu-
tamatergic nucleus in the basal ganglia. The role of glu-
tamate in causing motor fluctuations and dyskinesia is 
further supported by the observation that blockers of the 
NMDA (glutamate) receptor can ameliorate levodopa-
induced dyskinesia in PD patients (61). For example, 
amantadine, a putative NMDA receptor blocker (80), 
has been demonstrated to reduce drug-induced dyskinesia 
when used at high dosages (83).

A CONTINUING CONTROVERSY: 
IS LEVODOPA TOXIC?

The Oxidant Stress Hypothesis

Despite its shortcomings, levodopa has stood the test of 
time and remains the most effective drug for treating the 
symptoms of PD. However, the pervasive, often disabling 
motor and mental complications associated with chronic 
levodopa usage have sustained an unresolved debate over 
the possibility that the drug itself is toxic and can accel-
erate neurodegeneration (84,85). It has been postulated 
that levodopa’s toxicity is based on the formation of 
oxygen free radicals and other reactive oxygen species 
(Figure 38-2) (86), which can be destructive to the lipid 
substructure of cell membranes, among other areas, and 
may lead to cell death.

Oxidative reactions are ubiquitous in the human 
body and are an intrinsic part of the oxidative phos-
phorylation chain reactions resulting in the production 
of ATP. Hydrogen peroxide and free radical by-products 
can react with and damage not only cell membranes but 
also DNA and proteins (87). Normally, their production 

is balanced by endogenous antioxidants, which effectively 
quench the toxic potential of these products. The most 
important of these intrinsic antioxidants are vitamins A, 
E, and C and the enzymes superoxide dismutase (SOD), 
catalase, and glutathione peroxidase (88). If the capacity 
of natural antioxidants is exceeded, cell death may result. 
Cells with high metabolic demand, such as the pigmented 
dopaminergic neurons in the SN, are particularly vulner-
able to oxidative stress. Several characteristics peculiar 
to these neurons create a high risk for oxidative damage, 
including the presence of neuromelanin (89), iron (90), 
and MAO, all of which promote autooxidation. MAO 
catalyzes the oxidative deamination of dopamine in the 
SN and forms hydrogen peroxide (H2O2) in the process 
(Figure 38-2A) (91, 92). H2O2 itself is an oxidizing agent, 
but it also can react with ferrous iron (Fe2�), to form the 
highly toxic hydroxyl radical (OH–), a prime mediator 
of oxidative damage (Figure 38-2C). Iron is important 
in catalyzing oxidation reactions because of its ability 
to exist in 2 valence forms; thus it can donate a free 
electron, which promotes the formation of free radicals, 
including OH– (88). H2O2 and oxygen radicals can also 
be generated nonenzymatically by the autooxidation of 
dopamine to form quinones (Q) and semiquinones (SQ) 
(Figure 38-2B) (93).

Neuromelanin, which is generated from dopamine 
autooxidation (93, 94), is associated with the generation 
of oxyradicals and hydrogen peroxide (95). Levodopa 
is a potential source of toxic free radicals as a result 
of its decarboxylation to dopamine and oxidation to 
neuromelanin. Under normal circumstances, the buffer-
ing capacity of the brain’s antioxidants is sufficient to 
detoxify H2O2 and other free radicals. For example, 
glutathione is one of the most powerful naturally occur-
ring antioxidants in the nervous system. Most tissue glu-
tathione exists in the reduced form (GSH). Oxidation 
of glutathione is catalyzed by glutathione peroxidase, 
and this is the pathway by which H2O2 is cleared from 
the brain (Figure 38-2D). The average ratio of reduced 
glutathione to oxidized gluthathione (GSH:GSSG) in 
most normal tissues is more than 50:1. Although GSH 
is a potent antioxidant, GSSG can be potentially toxic. 
Levels of GSH have been shown to be selectively low-
ered in the SN of patients with early PD, compared with 
normal controls and patients with other neurodegenera-
tive disorders (96–98). In addition, it is normal in other 
brain regions in PD. Even clinically normal subjects with 
incidental Lewy bodies in the SN (considered to be a 
marker of preclinical PD) on postmortem examination 
had decreased levels of GSH, similar to those in patients 
with advanced PD (99), but they showed no increase in 
GSSG, as might be predicted from Figure 38-2D if it were 
a mere consequence of increased hydrogen peroxide load. 
The latter observation suggests that GSH depletion is not 
a pure consequence of oxidant stress. Rather, it could be 

(a). DOPAMINE–MAO HVA + H202

Enzymatic oxidation of dopamine

Dopamine autooxidation

(b). DOPAMINE + 02 H202 + 02– + OH– + SQ + Q

(c). H2O2 + Fe2+ OH– + OH� + Fe3+

(d). 2GSH + H2O2 – glutathione peroxidase GSSG + 2H2O

Production of OH free radicals

The removal of hydrogen peroxide by glutathione

FIGURE 38-2

Oxidative stress hypothesis.
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a primary biochemical defect leading to the programmed 
death of dopaminergic neurons. The use of exogenous 
levodopa may add further stress to an already overtaxed 
and inadequate supply of GSH. According to the oxidant 
stress hypothesis (see Chapter 28), this combination of a 
high rate of oxyradical formation (from dopamine) and 
insufficient levels of antioxidation (due to depleted GSH) 
is the metabolic mechanism responsible for accelerated 
cell death in PD.

A number of other possible mechanisms for 
levodopa-induced cell death have been reported and 
discussed; they include mitochondrial respiratory chain 
dysfunction (100, 101), apoptosis (102–107), and exci-
totoxicity (108) (see Chapters 27, 28, and 37).

Is Levodopa Neurotoxic in Vitro?

Levodopa is toxic to dopaminergic neurons in tissue 
culture (109–114). In these experiments, cells were 
exposed to levodopa concentrations ranging from 100 to 
250 µM for 1 to 5 days. Postulated mechanisms by which 
levodopa enhanced cell death in these studies include 
the production of reactive oxygen radicals, which, in 
turn, cause cell death by either apoptosis or necrosis. 
Walkinshaw and Waters (104) showed that levodopa, not 
dopamine, was toxic and that toxicity was inhibited by 
antioxidants. In general, the concentration of levodopa 
used in tissue culture experiments has exceeded, by a large 
margin, the doses of levodopa used by patients with PD 
(5 to 50 µM) (115).

In a study of dopaminergic stimulation in a prepara-
tion of human lymphocytes, Blandini et al. (114) found 
mixed but mostly adverse effects of dopamine on anti-
apoptotic protein, Bcl-2, proapoptotic enzyme caspase-3, 
and antioxidant/antiapoptotic enzyme Cu/Zn superoxide 
dismutase.

Most in vitro experiments demonstrating levodopa 
toxicity have been conducted in neuronal cultures with 
few if any astrocytes—a major deficiency, since astrocytes 
have been shown to prevent autooxidation (116) and 
in vivo may help protect against the potential oxidative 
toxicity of dopamine. H2O2 resulting from the enzymatic 
metabolism of dopamine can be efficiently detoxified by 
abundant supplies of catalase and glutathione peroxidase 
located in glial cells (108). One astrocyte has the capacity 
to protect 20 neurons against the toxicity induced by the 
application of 100 µM of H2O2 (117). Dopaminergic neu-
rons survive longer in glial-conditioned media, and this 
environment also protects them from the toxic effects of 
levodopa concentrations as high as 200 µM (118). Recent 
studies have demonstrated that the toxicity of levodopa 
in vitro is directly proportional to its concentration (119). 
In fact the addition of low concentrations of levodopa 
(50 µM) to cultures of fetal midbrain neurons increased 
survival and promoted neurite extension of dopaminergic 

neurons (120). Exposure of cultures containing mesence-
phalic neurons and glia to levodopa actually increased the 
cell concentration of GSH (119) and enhanced neuronal 
protection.

There is another rationale for a possible neuroprotec-
tive, rather then neurotoxic, effect of levodopa therapy on 
dopaminergic neurons in PD. The hallmark of pathology 
in PD is presence of intracytoplasmic Lewy bodies (LB), 
which form as a result of the misfolding and abnormal 
fibrillization (aggregation) of the protein alpha synuclein. 
Dopamine combines with �-synuclein through oxidation 
to form dopamine-�-syn adducts, which can block the 
development of toxic amyloid fibrillization but instead 
form protofibrils that also can be neurotoxic (121). 
Therefore any intervention designed to protect vulnerable 
dopaminergic neurons and prevent neurodegeneration 
must block the formation of the entire fibrillization pro-
cess. A more recent in vitro experiment documented that 
an intermediate by-product of dopamine oxidation, dopami-
nochrome, inhibits �-synuclein fibrillization by combining 
with the 125 to 129 amino acid residue of the �-synuclein 
molecule (122). Fully oxidized/polymerized dopamine is an 
ineffective inhibitor of �-synuclein fibrillization. The result is 
a conformational change in �-synuclein that leads to the 
formation of nontoxic oligomeric, soluble spheres which 
are unable to mature and are potentially toxic amyloid 
fibrils inside nigral neurons. In contrast to others, these 
investigators were unable to detect dopamine-�-synuclein 
adducts in their experimental model. Furthermore, in one 
transgenic animal model of PD, the �-synuclein A53T 
mutant mouse, insoluble synuclein aggregates were pres-
ent in many parts of the brain but not the SN, where 
dopamine is primarily manufactured (122). Therefore, 
based on data from Norris and Giasson et al. (123), the 
presence of dopamine protects nigrostriatal neurons, 
and it is only when the cascade of factors responsible 
for the neuronal degeneration peculiar to PD begins 
to deplete dopaminergic cells that oxidant stress can 
gain an accelerating foothold to propel the degenera-
tive process.

In summary, high concentrations of levodopa have 
been shown to be cytotoxic to pure dopaminergic neuron 
cultures and human lymphocytes; however, levodopa can 
also protect neurons in culture, especially when mixed 
with astrocytes in tissue cultures that approximate in vivo 
conditions more closely (124).

Is Levodopa Toxic in Normal Animals?

Exposure of normal animals to high concentrations 
of levodopa failed to demonstrate a neurotoxic effect 
(126–129). No reduction in the number of dopaminergic 
cells was observed in the substantia nigra of rats and mice 
fed with high doses of levodopa for 18 months (128). 
Administration of levodopa to normal rats did not increase 
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the levels of striatal oxidized gluthathione (GSSG) despite 
a marked increase in dopamine turnover (130). GSSG, a 
by-product of the clearance of H2O2, could be considered 
a marker of increased oxidative load. The absence of an 
elevation in its concentration argues against the presence 
of levodopa-induced oxidative stress in normal animals. 
Primates given high doses of levodopa for 3 months 
showed no evidence of nigral degeneration or decrease 
in the density of striatal dopamine terminals (131). 
However, intrastriatal administration of high doses of 
levodopa to rats did produce degeneration of presynaptic 
dopaminergic terminals (132). Mytilineou et al, (133) 
explored the role of oxidative stress as an enhancer to 
the putative levodopa toxicity in dopaminergic cell cul-
ture and in neonatal rats: while glutathione inhibition 
enhanced levodopa-induced cell loss in tissue culture, 
there was no evidence of dopaminergic cell loss either 
with levodopa therapy or with glutathione inhibition in 
healthy neonatal rats. High concentrations of levodopa 
are potentially toxic to normal dopaminergic neurons in 
some species and not in others. No study has shown that 
systemic administration of levodopa in human-equivalent 
doses causes degeneration of dopaminergic cells in nor-
mal animals, although Pearce et al. (125) showed that 
dyskinesia can occur in normal monkeys given large doses 
of levodopa, thereby suggesting that exposure to supra-
maximal amounts of levodopa for any length of time 
can overwhelm the normal buffering capacity of striatal 
neurons for rapid reuptake and recycling of dopamine 
released at synaptic terminals. 

Is Levodopa Toxic in Animals with 
a Lesioned Nigrostriatal System?

A number of studies have evaluated the effect of exposure 
to levodopa on the 6-hydroxy dopamine (6-OHDA) ani-
mal model of PD. Blunt et al. (134) lesioned the nigros-
triatal pathway in rats and investigated the effect of 
chronic levodopa exposure on dopaminergic cell survival. 
Animals were assigned to a control group (lesion but 
no levodopa) and a treated group (lesion plus levodopa/
carbidopa feedings for 27 weeks). The experiment demon-
strated that the animals fed with levodopa/carbidopa had 
greater loss of dopaminergic cells on the lesioned side than 
control animals, especially in the ventral segmental area. 
The number of dopaminergic cells on the nonlesioned 
contralateral side was not affected in either group. The 
authors concluded that a damaged dopaminergic system 
is susceptible to further damage from levodopa-induced 
oxidative stress, which translates into an increased risk 
of treatment-related accelerated neurodegeneration.

The study by Murer and colleagues (136) used a 
similar design but expanded it considerably. Animals 
exposed to levodopa or placebo for 26 weeks had either 
a sham or actual unilateral 6-hydroxydopamine lesion 

that caused moderate or severe damage. When the various 
groups were compared, there was no significant differ-
ence in the number of surviving dopaminergic neurons 
between rats treated with levodopa versus rats treated 
with placebo. In contrast, surviving cells in the SN of 
the moderately lesioned rats treated with levodopa had a 
higher concentration of dopaminergic neurons compared 
with placebo-treated animals. The authors concluded that 
chronic levodopa exposure is not toxic to dopaminergic 
neurons of either healthy or 6-OHDA–lesioned rats. On 
the contrary, the authors postulated that levodopa can 
actually promote dopamine function and recovery in the 
rats with moderate degrees of 6-OHDA–induced damage. 
The difference between their results and those obtained 
by Blunt et al. was attributed to the variable degree of the 
6-OHDA–induced lesion, which was more extensive in 
the Blunt study. The number of surviving dopaminergic 
cells before levodopa exposure was the key determinant 
of a neurotrophic levodopa effect. A number of more 
recent studies support that conclusion: Ferrario et al. 
(137) demonstrated no evidence of enhanced striatal cells 
degeneration with exposure to levodopa compared to a 
vehicle in 6-OHDA–lesioned rats. Reveron et al. (138) 
came to the same conclusion in the dopamine-depleted 
mouse model.

Is Levodopa Toxic in Humans?

There are no convincing data from human studies to 
assess a beneficial or detrimental effect of levodopa on 
the rate of PD progression or on nigral cell death in PD. 
The recently completed ELLDOPA study (cited earlier) 
was a pivotal attempt to address the issue of levodopa 
toxicity in PD patients and the impact of the drug on the 
rate of PD progression (58). The primary endpoint of the 
study was the rate of progression of PD over a 9½-month 
(40 weeks) period of exposure to a low (150 mg daily), 
medium (300 mg daily), and high (600 mg) daily dose 
of levodopa versus placebo in patients with early PD. 
The clinical marker of PD progression was the rate of 
change of the total UPDRS score over the duration of the 
study measured after 2 weeks of levodopa washout. Based 
on the short half-life of levodopa and previous clinical 
observations, the assumption was made that 2 weeks off
medication was a sufficiently long time to wash out 
the symptomatic effect of the drug. The study enrolled 
317 patients, and 86% completed the final clinical evalu-
ation. The clinical outcome measures demonstrated that 
levodopa reduced the accumulation of PD disability in a 
dose–response fashion as measured by the UPDRS scale 
over the 40 weeks of observation. The effect was most 
robust in the high-dose levodopa (600 mg) group. After 
2 weeks of washout, the scores in the levodopa-treated 
arms worsened but did not return to pretreatment base-
line values. As discussed before, the high-dose levodopa 
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arm also experienced the highest rate of adverse events, 
specifically motor complications, dyskinesias, and wear-
ing off. The conclusion of the clinical arm of the study 
was that “levodopa either slows the progression of PD 
or has a prolonged effect on the symptoms of PD.” The 
ELLDOPA study did not provide conclusive results on 
the impact of levodopa on the rate of progression of PD, 
since the benefit attributed to the highest-dose subgroup 
could have reflected greater storage capacity of the brain 
in early PD for exogenous levodopa, beyond the ability of 
a 2-week washout to measure. However, neither did the 
study demonstrated any clinical evidence of a detrimental 
effect of levodopa. There are a number of limitations of 
this study that make its interpretation difficult: (a) The 
short duration of the study provides limited insight into 
the long-term effect of the drug on the rate of progres-
sion of PD, and (b) The use of a washout in this study 
may be responsible for an unwarranted conclusion that 
levodopa is protective, since the persistence of a possible 
symptomatic effect of levodopa that exceeded the 2-week 
washout period could account for the improved status of 
the high-dose subgroup as a result of storage. There is no 
good information on how long exogenous levodopa can 
be “stored” in the brain, but it is not unreasonable to con-
sider that it is still robust in patients with newly diagnosed 
PD. The unreliability of drug washouts must be consid-
ered in the design of future studies. The ELLDOPA-2 
study is now planned to address these issues. In the interim, 
clinicians should be reassured that there is still no evidence 
that levodopa is toxic in humans with PD.

The Role of Dopamine Imaging in Evaluating the Impact 
of Levodopa on the Rate of PD Progression. One of the 
major constraints in defining the impact of levodopa 
on the natural history of PD has been lack of a reli-
able biomarker that can provide an accurate quantifiable 
estimate of progression of the disease and on which the 
symptomatic effect of treatment has no impact. Recent 
developments in the technology of in vivo neurotrans-
mitter imaging and the assumption that these imaging 
modalities provide an accurate biomarker of the degree of 
preservation of the dopaminergic system have made imag-
ing an attractive modality. Several ligands that utilize 
single photon emission computed tomography (SPECT)
or positron emission tomography (PET) focused on 
the dopamine system have been developed (139). The 
2 most commonly used ligands in PD measure the integ-
rity of presynaptic dopamine function: 18F fluorodopa 
PET labels dopa decarboxylase and 	-CIT SPECT labels 
the dopamine transporter (140). Both ligands have been 
demonstrated to reliably separate subjects with normal 
dopaminergic function from those with a parkinsonian 
disorder(140). The degree of decline of ligand uptake cor-
relates with the severity of PD symptoms and the degree 
of dopaminergic cell loss as demonstrated in postmortem 

tissue (141, 142). These properties of the ligands make 
them an attractive research tool in measuring the rate of 
progression of PD and studying the impact of pharmaco-
logical agents as disease-modifying interventions.

The ELLDOPA study was one of a series of clinical 
trials performed over the last decade that attempted to 
use dopamine imaging as a surrogate marker to comple-
ment the clinical outcome measures (58). In addition to 
clinical evaluations, a subset of 142 study subjects under-
went 	-CIT SPECT imaging. The scans were performed 
before initiation of treatment and at week 40, before 
levodopa taper. The imaging substudy demonstrated 
that the patients treated with levodopa had a higher per-
cent decrease in 	-CIT uptake than the placebo-treated 
cohort. That analysis was performed after the exclusion 
of 19 subjects (14.5%) with normal 	-CIT uptake. The 
conclusion of the imaging part of the ELLDOPA study 
was that “the neuroimaging data suggest that levodopa 
either accelerates the degree of dopaminergic cell loss 
or that its pharmacological effects modify the dopamine 
transporter.” The major unanswered question is the phar-
macological effect of the treatment agent (levodopa) on 
the level of transporter binding and how it affects the 
results of the scans.

Clinical trials of dopamine agonists versus levodopa 
in early PD also utilized dopamine imaging scans 
(143–145). REAL PET evaluated the impact of ropinirole 
versus levodopa on the results of 18F fluorodopa PET scan 
obtained 4 weeks after the initiation of the treatment and 
again after 24 months of therapy (145). The study dem-
onstrated a 34% relative reduction in the decline of tracer 
uptake in the ropinirole group compared to the levodopa 
group at 24 months. Clinical outcome measures demon-
strated the superiority of levodopa treatment in control-
ling PD symptoms as measured by the motor UPDRS 
scale on medication. The pramipexole versus levodopa 
(CALM PD) study used 	-CIT SPECT obtained at base-
line and again at 24 and 46 months of treatment. At 
24 months, there was no difference in imaging outcome 
between the treatment groups; but at 46 months there 
was a significant one-third reduction in the rate of tracer 
uptake decline in the pramipexole group (143, 144). The 
clinical outcome measure, motor UPDRS score off medi-
cation, did not differ between the treatment-assignment 
groups in the imaging substudy; but, as discussed previ-
ously, levodopa was superior to pramipexole in the whole 
CALM PD cohort. Both studies demonstrated a benefi-
cial effect of dopamine agonists or detrimental effect of 
levodopa therapy on the imaging outcome measures, and 
these effects were consistent across the studies despite the 
use of different imaging ligands and different dopamine 
agonists. However, the interpretation of these studies is 
challenging due to potential direct pharmacological effect 
of the treatment agent on the level of ligand binding, 
which can influence the results of the scans (139, 146).
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There is a concern of potential dopamine transporter 
upregulation by dopamine agonists but not by levodopa 
(146, 147). Levodopa and dopamine agonists can also have 
differential effects on metabolism of 18F fluorodopa (146). 
Last, there is a discrepancy between the clinical outcomes 
that favor the effect of levodopa and the imaging out-
comes that favor the effect of DA on the rate of disease 
progression. Provided that the intervention has a true 
neuroprotective effect, it should be expected to cause both 
outcome measures to point in the same direction.

In conclusion, the use of dopamine imaging as the 
surrogate marker of the rate of PD progression is pres-
ently premature. Additional data are necessary to clarify 
the impact of the treatment agents on the results of the 
imaging studies in the short and long term (139). Such 
studies are under way at present. In the interim, dopamine 
scans will continue to be used as exploratory tools in clini-
cal trials, but the efficacy of the treatment interventions 
will still be based on clinical outcome measures. Imaging 
studies have not helped to clarify the issue of the protec-
tive versus detrimental effect of levodopa on the rate of 
progression of PD.

Another approach to assessment of the potential 
neuroprotective versus neurotoxic effect of long-term 
levodopa therapy is to evaluate the treatment effect on 
normal individuals and conduct large-scale epidemiologi-
cal studies. Individuals treated with chronic levodopa as 
a result of a mistaken diagnosis of PD do not develop 
parkinsonism or changes in striatal metabolism on PET 
scans (148, 149), and nigral degeneration is not present 
at autopsy in these cases (148, 150). However, it can be 
argued that the normal brain is more resistant to oxida-
tive stress than the parkinsonian brain. Autopsy data 
from patients with PD have not demonstrated any dif-
ference in the number of surviving nigral cells between 
levodopa-treated and levodopa-untreated patients (151), 
notwithstanding the difficulty of making quantitative 
comparisons in a SN severely depleted of neurons by 
end-stage PD. Moreover, active axonal outgrowth has 
been demonstrated in a fetal mesencephalic transplant 
performed on a levodopa-treated patient with PD who 
subsequently died of unrelated causes (152). Such active 
fetal tissue proliferation despite continuous levodopa 
treatment argues against drug toxicity in vivo.

Enhanced survival of PD patients in the postlevodopa 
era is used as another argument against levodopa-induced 
neurotoxicity. The landmark study of the natural his-
tory of PD in the prelevodopa era by Hoehn and Yahr 
(in about 1967) (36) reported a mortality rate 2.9 times 
greater than that in the age-matched population. Stud-
ies performed soon after the introduction of levodopa 
revealed a favorable but variable effect on mortality 
rates. Yahr (153) reexamined 597 of the patients who 
were treated with levodopa between 1967 and 1973 and 
showed that the mortality had decreased from 2.9 to 1.46 

times the expected rate. Hoehn (154) reported a similar 
mortality ratio of 1.5 in 182 patients who were followed 
since the advent of levodopa therapy and concluded that 
life expectancy in the treated patients was close to that of 
the general population. Diamond and colleagues (155) 
demonstrated a positive correlation between early initia-
tion of levodopa and reduced mortality. Other studies 
showed less optimistic results, and the mortality ratios 
ranged from 1.85 to 2.5 (156–160). One of the explana-
tions for the discrepancy in mortality ratios between the 
early and later studies is that reduced mortality is a some-
what transitory benefit experienced during the first years 
of levodopa therapy but is partly reversed by the pro-
gressive nature of PD even in the face of optimal and 
sustained levodopa therapy (161). After a mean of 6 years 
of follow-up, Lees and Stern observed that the mortality 
ratio was 1.46 in a cohort of 178 patients treated with 
levodopa between 1969 and 1977, but it increased to 
2.59 after a mean of 12 years of follow-up. Louis and 
colleagues (162) reported that the combination of PD 
and dementia was associated with the highest mortality, 
although the actual cause of death could not be separated 
into motor and mental components.

In conclusion, the question of levodopa’s potential 
neurotoxicity remains unanswered (84, 163). In fact, 
levodopa may even be neuroprotective (85). However, 
since in vitro and in vivo models of human PD are imper-
fect, the practical impact of this debate devolves to a 
critical interpretation of the total body of clinical data.

REFINEMENT OF LEVODOPA THERAPY

Controlled-Release Levodopa/Carbidopa: 
Sinemet CR

The declining capacity of nigrostriatal neurons to store 
and physiologically release dopamine in progressive PD 
leads to a growing dependence on a rapidly metabo-
lized, exogenous source of levodopa for effective motor 
control. This combination of forces may be responsible 
for the emergence of motor fluctuations and dyskinesia, 
whereby rapid cycling of exogenous dopamine at the 
synapse exposes the dopamine receptors to a less physio-
logic and potentially harmful pulsatile stimulation by the 
released neurotransmitter. One of the proposed ways to 
reverse the negative impact of pulsatile activation of the 
dopamine receptor and the associated motor fluctuations 
is to provide a steady levodopa plasma concentration 
and, consequently, a more continuous stimulation of 
these receptors (187). Multiple attempts to develop 
a controlled release (CR) preparation of levodopa/
carbidopa were made during the 1970s, but the clinical 
effects were inconsistent. After numerous clinical trials, 
controlled-release (CR) carbidopa/levodopa (Sinemet) 
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reached optimal development with the CR4 formula-
tion. This was a slowly erodible matrix that released 
its contents in the most favorable temporal relation-
ship with gastric emptying and offered the best kinetic 
advantage over immediate release (IR) Sinemet to off-
set CR’s lower bioavailability (70% of IR) (188). The 
superiority of CR over IR was validated in phase III 
trials, and CR was approved by the FDA for marketing 
in the United States in the summer of 1991. Sinemet CR 
(in the United States) and Madopar HBS (in the United 
Kingdom and Canada), the CR preparations used today, 
produce a constant elevation of plasma levodopa levels 
for 3 to 4 hours longer than the IR preparation. Peak 
plasma levodopa levels are decreased and the half-life is 
prolonged (189). Several open-label and double-blind 
studies of CR have demonstrated a significant reduc-
tion in “off” time, improvement in clinical disability, 
and decreased frequency of dosing when compared with 
IR (190). However, two 5-year, randomized, double-blind 
trials comparing IR and CR in early untreated patients 
(134 in one study and 618 in the other) showed no major 
differences in the development of motor fluctuations or 
in performance on the UPDRS (57,191,192). The only 
statistically significant finding favoring CR (the Koller 
or CR FIRST study) was improvement in performance of 
ADLs and emotional reaction–social isolation scores 
on the Nottingham health profile (NHP), a measure of 
quality of life. CR was well tolerated. In one open-label 
study, 24 patients with advanced PD were converted 
from IR to CR and followed for 6 months (193). There 
was no significant difference in frequency of dosing, 
degree of fluctuations, and dyskinesias between the two 
groups, but a majority of patients preferred CR over IR 
and the NHP scores showed improvement in degree of 
social isolation, emotional reaction, and quality of sleep 
comparable to the favorable effect demonstrated by CR 
FIRST. In patients with early stages of PD and mild dis-
ability, the evidence from the CR FIRST clinical trial does 
not confer enough of an advantage to offset the higher 
expense of CR. Moreover, CR can cause increased and 
at times uncontrollable dyskinesias late in the day, as the 
concentration of levodopa in the blood increases. 

REFINEMENT OF LEVODOPA THERAPY: 
ENZYME INHIBITION

Efforts to improve and refine levodopa’s antiparkinsonian 
potential began in parallel with the earliest clinical trials. 
Enthusiasm for levodopa’s phenomenal clinical success as 
an oral drug for PD was tempered by 2 major pharmaco-
logic shortcomings: First, the short (90 minute) half-life 
caused the short duration response (SDR) to predominate 
over the long duration response (LDR) in many patients. 
Second, the high doses of levodopa that Cotzias found 

necessary for the best suppression of parkinsonian symp-
toms and signs caused intolerable nausea because of the 
stimulating effect of dopamine (decarboxylated peripher-
ally from levodopa) on the vomiting center in the floor of 
the fourth ventricle, which lies outside the BBB. Creative 
chemists at Hoffman–La Roche, the manufacturer of 
levodopa, saw 3 ways to manipulate levodopa’s metabolic 
pathway to achieve clinical advantage: block peripheral 
conversion to dopamine (inhibit dopa decarboxylase) so 
that nausea could be prevented and a smaller amount of 
precursor would be required to enter the brain; prolong 
levodopa’s duration of action by blocking the enzymes 
that degrade it (inhibit MAO and COMT); and retard 
intestinal absorption and thereby sustain bioavailability 
(controlled-release preparation).

Inhibitors of Dopa Decarboxylase

The earliest attempt to combine levodopa with a decar-
boxylase inhibitor (DDI) occurred when Roche spon-
sored Birkmayer’s successful trial of levodopa and the 
DDI benserazide in the 1960s (164, 165). Cotzias et al. 
(27, 166) reported a similar effect with the L-isomer of 
an alternative DDI, alpha-methyldopahydrazine. In 1973, 
Rinne, Sonninen and Siirtola (167) demonstrated that 
levodopa and a DDI in a 4:1 ratio allowed a five-fold dose 
reduction of the dose of levodopa with comparable clini-
cal benefit and significant amelioration of drug-induced 
nausea and vomiting. These unequivocally positive results 
convinced the Federal Drug Administration in the United 
States to approve a combination of levodopa and the DDI 
carbidopa for commercial distribution under the name of 
Sinemet (from the Latin: without nausea). Its counterpart 
in Europe, a combination of levodopa and benserazide, 
was released as Madopar. Optimists predicted that the 
reduced levodopa burden would greatly diminish the 
incidence of motor fluctuations, a central complication 
of long-term levodopa exposure. However, experience 
quickly showed that only the peripheral dopaminergic 
side effects (nausea and vomiting) were impacted. 

Inhibitors of Enzymes that Degrade Dopamine: 
Monoamine Oxidase-B and Catechol-O-Methyl

Transferase

The successful inhibition of MAO-B and COMT by 
safe and effective pharmaceuticals represents another 
advance in the refinement of levodopa as the premier agent 
for treating PD (see Chapters 33, 35). Birkmayer and 
Horniekiewicz (168), in the early 1960s, were the first 
to attempt to enhance levodopa’s duration of action by 
combining it with a nonselective MAO inhibitor. The 
combination therapy potentiated the effect of levodopa 
but caused severe hypertension, tachycardia, and toxic 
delirium. The conclusion that a MAO inhibitor could not 
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be used in conjunction with levodopa did not take into 
account—because it was not known at the time—that the 
adverse drug effects were manifestations of sympathetic 
overactivity caused by the catalytic action of MAO-A 
on norepinephrine (NE) and serotonin (5-HT), and not 
dopamine, which is metabolized by MAO-B. The toxic 
side effects observed by the investigators were precipi-
tated by an increase in the concentration of tyramine 
(producing the “cheese’’ effect) because of the blockade
of tyramine metabolism by MAO-A. Deprenyl, a selec-
tive MAO-B inhibitor, first introduced by Knoll et al. 
(169) as a “psychic energizer,’’ is devoid of tyramine 
side effects in doses used in humans. It was subsequently 
shown to benefit patients with PD when used jointly with 
levodopa by modulating motor fluctuations while at the 
same time allowing for a reduction in the effective dose 
of levodopa (170). However, deprenyl is metabolized to 
methamphetamine and amphetamine, which may cause 
cognitive side effects.

In the presence of a DDI, COMT becomes the 
major enzyme responsible for the peripheral metabo-
lism of levodopa (171). The principal by-product, 
3-O-methyldopa (3-OMD), weakly competes with 
levodopa for uptake into the brain (172) but does not 
compromise its central therapeutic action. COMT inhibi-
tors (COMTIs) can significantly decrease the peripheral 
metabolism of levodopa and boost central bioavailability 
of the drug. The initial attempts to develop COMTIs, in 
the early 1970s, were halted because of the toxic effects 
of the compounds and lack of efficacy (173). In the 1990s, 
2 new COMTIs—tolcapone and entacapone—were 
developed to address the problem of motor fluctuations. 
A number of level I clinical trials (randomized, double-
blind, placebo controlled) showed that COMTIs reduced 
“off” time by an average of 90 to 120 minutes per day 
while permitting a variable reduction in levodopa dosage 
by as much as 25% (174). Tolcapone is a more potent 
inhibitor of COMT, acting peripherally and centrally with 
a longer half-life, whereas entacapone inhibits only 
peripheral COMT and must be given more frequently 
with each dose of carbidopa/levodopa (175, 176). Both 
drugs improve the availability of levodopa as measured 
by the area under the plasma concentration–time curve 
without increasing the maximum concentration (Cmax) 
of plasma levodopa after single dose (177, 178, 186). 
However, with multiple doses, there is gradual escala-
tion of the peak plasma concentration, which translates 
into increased potential to induce peak-dose dyskinesia. 
Indeed, dyskinesia was one of the most prominent adverse 
effects (along with nausea, diarrhea and insomnia) in the 
early trials of tolcapone. Tolcapone was associated with 
an asymptomatic and reversible elevation of hepatocellu-
lar enzymes in a small percentage of users in the trials, but 
the occurrence of 3 deaths from hepatic failure in patients 
using tolcapone forced its removal from the marketplace 

in Canada and Europe and restriction of its use by the 
FDA in the United States (179). Current FDA regulation 
requires biweekly liver function tests for the first year of 
administration, followed by monthly testing.

The virtual demise of tolcapone in the aftermath of 
the hepatic deaths has allowed entacapone to become 
the dominant COMTI worldwide. A recent review of 
8 level I clinical trials of carbidop/levodopa/entacapone 
compared with carbidopa/levodopa/placebo (1560 patients 
followed for 2 to 12 months) (180) concluded that enta-
capone reduced “off” time by 1 to 2 hours per day and 
levodopa dosage by 10% to 15%. Best motor function, 
ADLs, and quality of life were only modestly improved 
if at all.

The possibility that the combination of carbidopa/
levodopa and entacapone might be more effective than 
carbidopa/levodopa alone in nonfluctuating Parkinson’s 
patients has been evaluated in 2 recent studies. Olanow 
et al. (181) conducted a 26-week, multicenter, random-
ized, double-blind, placebo-controlled, parallel trial of 
750 patients (373 entacapone, 377 placebo) with mild 
to moderate (Hoehn and Yahr stage II), typical PD and 
a stable response to carbidopa/levodopa. Changes in the 
UPDRS (Part II-ADL, Part III-motor and total) and a 
quality-of-life (QOL) scale were the primary efficacy mea-
sures. There was no significant difference between the 
groups, although some items on the QOL scale trended 
positively. The results were confounded by a 25% drop-
out rate and an increased carbidopa/levodopa require-
ment in the placebo group.

In the second study of similar design, Brooks et al. 
(182) evaluated 172 fluctuators and 128 nonfluctuators 
over 6 months, with a 2:1 treatment:control ratio. The 
primary efficacy measure was change in part II of the 
UPDRS. As predicted, the fluctuators had significantly 
increased “on” time (average 1.3 hours per day) and 
reduced levodopa dosage. The nonfluctuators showed a 
modest (1-point) but significant improvement in UPDRS 
ADL score.

These 2 studies of nonfluctuating patients treated 
with carbidopa/levodopa and entacapone reached dif-
ferent conclusions, although differences in study design, 
the second study’s small sample size, and the minimal 
absolute improvement in the primary efficacy measure 
could account for the variance. It was inferred from the 
use of entacapone combined with carbidopa/levodopa 
(marketed as Stalevo in the United States and Europe) 
in early, nonfluctuating patients that the combination 
produces more sustained blood levels of levodopa and 
less pulsatile, more physiologic delivery of the drug to the 
brain’s dopamine receptors (135, 183) than carbidopa/
levodopa without entacapone. Hence it was felt that early 
use of the combination might prevent or at least post-
pone the time when motor fluctuations occurred in the 
chronic levodopa users. This hypothesis is supported by 
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evidence in animal models of parkinsonism that early use 
of entacapone with carbidopa/levodopa therapy can pre-
vent motor fluctuations when compared with carbidopa/
levodopa alone (184, 185). An RDB, placebo-controlled 
clinical trial comparing Stalevo with regular Sinemet as 
initial pharmacotherapy is currently under way to test 
the hypothesis in humans.

Dopamine Agonists

Adverse events associated with levodopa’s use as an 
antiparkinsonian drug prompted investigators to search 
for alternative treatment strategies. Dopamine agonists 
(DAs) (see Chapter 34) were appealing because they 
represented a fundamentally different and potentially 
advantageous approach to treatment. First, unlike 
levodopa, DAs act directly on postsynaptic dopamine 
receptors and are not dependent on a supply of presyn-
aptic enzymes to convert levodopa to dopamine (194). 
Second, DAs have a longer half-life than levodopa, 
thereby providing the benefits of sustained instead of 
pulsatile stimulation of postsynaptic dopamine recep-
tors (195). Third, DAs have a greater affinity for the 
D2 subgroup of dopamine receptors, which are not as 
likely to be involved with the generation of dyskine-
sia as the D1 subgroup (196). Fourth, DAs have the 
potential to decrease endogenous dopamine turnover 
through negative feedback to nigral neurons and can 
indirectly reduce the formation of dopamine-generated 
oxygen free radicals, which in turn have the capacity to 
accelerate neuronal cell death (194, 197).

Clinical trials in the early 1970s demonstrated the 
efficacy of the DA bromocriptine in PD, but experience 
quickly and clearly showed that DAs were effective mainly 
as modulators of and not as substitutes for levodopa 
except in the earliest phase of illness, when disability is 
mild (78, 79). The first generation of DAs (bromocrip-
tine, pergolide) were derivatives of ergot alkaloid. In the 
few studies of these agents as monotherapy, a majority 
of patients required the addition of levodopa to the ago-
nist within a year (195, 198). Such a short duration of 
benefit coupled with an average 30% rate of discontinu-
ation of therapy in clinical trials because of immediate 
side effects (nausea, vomiting, hypotension) and lack of 
efficacy halted further studies in patients with newly diag-
nosed PD. Instead, these drugs were reserved as adjunc-
tive therapy in advancing disease (195). Pergolide was 
reevaluated as monotherapy for early PD, and a 3-month 
double-blind, placebo-controlled trial demonstrated its 
efficacy and safety (199).

Pramipexole and ropinirole were developed in the 
early 1990s and approved by the FDA in 1997. Unlike 
the earlier DAs, these agents were evaluated systemati-
cally as monotherapy in early PD (195, 198). Long-term 
experience with ropinirole and pramipexole comes from 

the 2 pivotal RDB placebo-controlled studies discussed 
above: the Requip 056 study (82) and the CALM PD 
study (pramipexole) (81). Both studies were designed to 
compare DA and levodopa with respect to the poten-
tial to delay motor fluctuations and dyskinesia over a 
long-term treatment period: 5 years for ropinirole and 
4 years for pramipexole. The Requip 056 study enrolled 
268 patients with early PD. Patients were randomly 
assigned to receive ropinirole or levodopa, both of 
which were titrated to symptomatic effect. Physicians 
were allowed to supplement study patients with open-
label levodopa in both groups if PD symptoms were 
not adequately controlled by the primary assigned 
drug. The ropinirole study demonstrated that 59.8% 
and 34% of patients, respectively, who completed the 
study remained on ropinirole monotherapy without the 
need for supplemental levodopa at 3 and 5 years of fol-
low-up (82). The primary outcome measure was time to 
onset of drug-induced dyskinesia. There was a signifi-
cant difference in the incidence of dyskinesia in favor of 
ropinirole regardless of levodopa supplementation: 20% 
in the ropinirole group and 45% in the levodopa group. 
Only 5% of study patients treated with ropinirole alone 
reported dyskinesia at the 5-year follow-up, although 
only 34% of the patients who completed the study were 
in this group (82). The efficacy of treatment based on 
the UPDRS motor scores favored levodopa. However, 
the statistically significant difference was small and did 
not translate into a change in activities of daily living 
(ADL) scores. The study had a nearly 50% dropout rate 
in both treatment groups. Withdrawal due to the side 
effects was also comparable in both groups. The study 
concluded that ropinirole monotherapy with as-needed 
levodopa supplementation provides adequate control of 
symptoms in early PD and reduces the risk of develop-
ing dyskinesia.

The role of pramipexole versus levodopa as initial 
treatment for PD was investigated in the CALM-PD 
study (81), which was designed like the ropinirole protocol, 
but the endpoint was incidence of all motor complica-
tions rather than dyskinesia only (81). The study again 
demonstrated the superiority of DA over levodopa in 
the incidence of motor complications: 52% in the prami-
pexole group versus 74% in the levodopa group. The 
incidence of dyskinesia was comparable to that in the 
ropinirole study: 24% in the pramipexole group, indepen-
dent of levodopa supplementation, compared with 54% 
in the levodopa group. Levodopa was also superior to 
DA in the level of efficacy of treatment of PD symptoms 
based on the UPDRS motor score, but the quality-of-life 
scores did not differ between the groups. Pramipexole, 
like ropinirole, was effective as monotherapy early on. 
Approximately 70% of patients remaining in the study 
responded satisfactorily to monotherapy at the 2-year 
follow-up; by 4 years, however, 72% of the patients 
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in pramipexole group required levodopa supplementa-
tion (81). Trials of open-label use of pramipexole report 
similar results, with about 50% of patients maintaining 
monotherapy for up to 36 months (200).

The results of these two studied unequivocally 
support the ability of DAs to delay the onset of motor 
complications for several years. However, there still 
remains a debate on the long-term significance of that 
effect (146). While DAs are associated with a lower 
risk of developing motor complications, they are less 
effective in controlling PD motor disability, associ-
ated with higher incidence of drug-related side effects 
(specifically somnolence, confusion, and leg edema), 
and substantially more expensive and complicated to 
use. Although the apparent advantages of using DAs as 
monotherapy in early PD have not been firmly proven, 
the appeal of postponing the use of levodopa is strong 
among neurologists (201). Even if there is no long-term 
benefit in a degenerative disease like PD, which runs 
a protracted course, the ability of DA monotherapy 
to reduce the risk of early motor fluctuations deserves 
serious consideration in the process of deciding which 
treatment is appropriate for an individual patient. The 
same reasoning applies to the earlier combination of 
levodopa and DA in patients who require increased 
motor benefit. The algorithm for the management of 
Parkinson’s disease presented by Olanow and Watts 
(202) suggests a choice between DAs and levodopa 
as initial monotherapy: DAs in the “younger,” fit 
patients with a milder burden of disease and levodopa 
in older patients with a higher burden of disease, especially 
if cognitive dysfunction is an issue,. There are compel-
ling empirical arguments for initiating the treatment 
of PD with either a DA or with levodopa. The American 
Academy of Neurology’s (AAN) Quality Standards 
Subcommittee and the International Movement Disor-
der Society (MDS) have each published reviews of the 
various pharmacologic therapies for PD to guide the 
treating physician through the proliferating and often 
conflicting literature on the subject. Each used stan-
dard biomedical databases (e.g., MEDLINE, Cochrane 
Library) to select publications that met high inclusion 
standards with emphasis on well-designed randomized 
controlled clinical trials (level I studies). Each also 
reached evidence-based conclusions on efficacy and 
safety. The MDS review (174) addresses each drug or class
of drugs individually and compares efficacies where data 
permit. The AAN review (203) concludes with general 
recommendations for treating PD patients with the entire 
spectrum of drugs. In this report, the Quality Standards 
Subcommittee recommended the following: “For PD 
patients requiring initiation of symptomatic therapy, 
either levodopa or a dopamine agonist can be used. 
Levodopa provides superior motor benefit but is associ-
ated with a higher risk of dyskinesia” (203). Moreover, 

none of the antiparkinson drugs reviewed were shown 
convincingly to have neuroprotective properties.

Continuous Levodopa Administration

The rationale for continuous drug delivery in PD is to sim-
ulate with exogenous levodopa the “normal’’ steady state 
of dopamine release at the striatal synapse. A number of 
such systems providing continuous delivery of levodopa 
to the brain have been evaluated. Patients receiving brief 
continuous enteral or intravenous infusions of levodopa 
have experienced excellent control or a significant reduc-
tion of fluctuations and dyskinesia (204). Shoulson and 
Chase (205) first used a constant intravenous infusion 
of levodopa in 5 patients with wearing off and dem-
onstrated the ability to abolish motor fluctuations once 
a stable plasma levodopa concentration was achieved. 
Subsequently, other authors confirmed that continuous 
intravenous infusion of levodopa could effectively ame-
liorate complex fluctuations (206). However, long-term 
continuous intravenous delivery of the drug is not practi-
cal because of the corrosive effect of chronically infused 
levodopa on veins and soft tissue.

Continuous duodenal or jejunal infusion of levodopa 
has been employed as a way of neutralizing the contri-
bution of erratic gastric emptying and uneven intesti-
nal absorption to the problem of motor fluctuations in 
patients with advanced PD. Several open-label studies 
have demonstrated significant improvement in quality 
of life during “on’’ time (207,208). Kurth et al. (209) 
performed a small double-blind, placebo-controlled 
study of duodenal infusion of levodopa/carbidopa in 
10 patients with advanced PD; 7 of the 10 improved, and 
5 continued using duodenal infusion for 20 months after 
completion of the study. New gel preparation of carbi-
dopa/levodopa for intraduodenal infusion was recently 
developed in Sweden (210–214), and the results of a 
6-week randomized crossover study were reported (214). 
In a cohort of 24 patients with motor fluctuations, day-
time inraduodenal infusion provided a 34% reduction 
of UPDRS motor scores compared to conventional PD 
medications. The infusion resulted in a 20% increase in 
“on” time without a corresponding increase in dyskine-
sia. PD quality-of-life scales also improved in the infusion 
group. At the end of the study, 16 patients elected to 
remain on the infusion. In that short-term study, the gel 
preparation was delivered via nasoduodenal tube. The 
same group reported their experience with long-term 
intraduodenal infusion (210). Between 1991 and 1998, 
a total of 28 patients with advanced PD were treated 
with intraduodenal carbidopa/levodopa infusion (210). 
They required insertion of an intraabdominal pump to 
deliver the drug and infusion was limited to the daytime 
hours due to concern of development of tolerance if it 
were continuous and around the clock. Patients were 
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allowed to supplement the infusion with oral PD medi-
cations. Twenty-two patients remained on the infusion 
therapy long term, although the rate of pump-related 
complications was relatively high: 6 patients had tube 
infection, and gastroscopy-guided catheter adjustment 
was performed 35 times over the duration of follow-up. 
In summary, continuous duodenal drug delivery has been 
revived with advancing technology. However, each of the 
studies cited included small numbers of patients, and all 
authors agreed that the demands of maintaining the duo-
denal delivery system limit its use to a select subgroup of 
highly motivated patients with advanced disease who fail 
other treatment options.

A liquid suspension of carbidopa/levodopa, stabi-
lized with ascorbic acid and taken orally, has been used 
as an alternative to cumbersome intraduodenal infu-
sion. The mixture is stable for up to 72 hours at room 
temperature without specific handling (216). The results 
of this simple technique for facilitating oral–intestinal 
absorption have been modestly positive. In one study 
reported by Pappert et al. (216), some patients overcame 
unpredictable “off’’ symptoms by an earlier boost of the 
peak plasma levodopa level but otherwise realized no 
advantage over standard carbidopa/levodopa tablets. The 
frequency of dosing actually increased.

Parcopa, an orally dissolvable preparation of 
carbidopa/levodopa, was approved in 2005 (215). 
It offers the convenience of avoiding the need to swallow 
a pill, can be taken without water, but has no additional 
benefit over standard carbidopa/levodopa. It can be a use-
ful alternative for postoperative and dysphagic patients 
and a convenient option if carbidopa/levodopa cannot 
be taken with a liquid beverage.

Levodopa methyl ester, a dispersable oral agent now 
in development as a liquid or tablet, contains the same 
active ingredients as standard carbidopa/levodopa but 
is more rapidly absorbed and has a shorter time to peak 
plasma concentration. It has no effect on the duration of 
on time but has the potential for quickly reversing severe 
early morning akinesia. Levodopa methyl ester has the 
same short half-life as standard carbidopa/levodopa and 
therefore is no less likely to be associated with the devel-
opment of motor fluctuations (217). Alternative routes 
of delivery of levodopa methyl ester—including intra-
nasal, subcutaneous, and intravenous—have also been 
investigated (218).

Another way to optimize levodopa therapy is to 
develop a levodopa compound that will circumvent 
the obstacles of gastrointestinal absorption and sys-
temic metabolism encountered by the standard for-
mulation. A number of new compounds are now being 
investigated. One such product, levodopa ethyl ester, 
is a levodopa prodrug, which, as a result of hydroly-
sis by esterases in the GI tract, has a faster onset of 
action and higher maximum concentration compared 

with standard carbidopa/levodopa. It can also be used 
parenterally as rescue therapy for severe “off’’ symp-
toms, especially in postoperative patients unable to 
take anything by mouth (219). An RDB study compar-
ing levodopa ethyl ester and carbidopa/levodopa as a 
remedy for the reduction of morning “off” time and the 
latency between swallowing a pill and its onset of action 
showed no difference between the two drugs (220).

All of these pharmacologic strategies represent incre-
mental progress, but they still fall short of disease modifica-
tion, the holy grail of pharmacotherapy. Research on fetal 
cell transplantation has slowly and deliberately evolved 
for more than 2 decades (221), and early results were 
promising. However, the results of two recent RDB sham-
controlled trials showed no difference between implanted 
patients and controls (222, 223) despite promising results 
of the open-label protocols (224, 225) (see Chapter 44 
for further discussion). Levodopa or dopamine-secreting 
cell lines, encapsulated in slow-release polymer systems 
and implanted subcutaneously or directly into the stria-
tum, are being investigated in animals and pilot human 
trials (226). Another approach is delivery of the growth 
factors to stimulate intrinsic nigrostriatal production of 
dopamine. A pilot open-label protocol with glial-derived 
neurotrophic factor (GDNF) demonstrated substantial 
benefit in 5 patients after 2 years of therapy (227). 
A subsequent double-blind randomized study was termi-
nated prematurely at 6 months due to lack of efficacy and 
safety concerns. Finally, studies of gene therapy aimed at 
encoding enzymes responsible for dopamine biosynthesis, 
employing a variety of vectors, are on the near horizon 
(see Chapter 44). The most recent studies have focused on 
genes that offer neuroprotective or even neurorestorative 
function like production of growth factors (228, 229).

CONCLUSIONS

Forty years of experience have taught us much about the 
strengths, shortcomings, and travails of using levodopa 
to treat PD. As we move further into the new millen-
nium and reflect on the remarkable story of this true 
pharmaceutical miracle, we conclude this chapter with a 
condensed list of lessons learned.

Levodopa remains the most effective drug for treat-
ing the symptoms of PD, notwithstanding the problems 
related to chronic use. Maximal levodopa efficacy is 
achieved by the concomitant use of inhibitors of the 
peripheral catabolic enzymes dopa decarboxylase, mono-
amine oxidase, and COMT.

• There is no evidence that levodopa is toxic to human 
beings, notwithstanding the experimental findings 
supporting toxicity in vitro. To the contrary, it may 
be neuroprotective!
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• Motor complications associated with chronic oral 
levodopa therapy occur in most patients from the 
interaction between progressive nigrostriatal degen-
eration, unique pharmacodynamic properties of 
dopamine receptors, and altered molecular plasticity 
regulated by genes of the basal ganglia.

• The question of whether treatment with levodopa 
should be initiated early or later in the course of 
illness remains unanswered. The pendulum swings 
back and forth. That debate may continue into the 
twenty-second century.

• The fashion of treating “young’’ parkinsonians with 
dopamine agonists as a levodopa-sparing strategy 
has a sound theoretical and empirical basis. It is not 
yet clear that this strategy makes a difference over 
the long course of PD.

• Combination pharmacotherapy is a major advance 
in the management of PD. The evolution of this 

practice is the result of major achievements in drug 
development and the emergence of the randomized 
clinical trial as the most rigorous measure of drug 
efficacy.

• The Achilles’ heel of levodopa therapy is the drug’s 
short half-life and erratic intestinal absorption, both 
of which produce a nonphysiologic pulsatile deliv-
ery of levodopa to the brain. A simple and effective 
system of continuous parenteral delivery has been 
pursued but not realized. A cure for PD is nowhere 
on the horizon but is still the ultimate dream of all 
researchers, no matter how they focus their investi-
gative attention. Development of a completely new 
generation of antiparkinson drugs based on discov-
eries of mutated genes and their by-products may 
offer the best hope of major breakthroughs that will 
bring the dream closer to reality. Then and only then 
will levodopa be truly obsolete.
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Amantadine and 
Anticholinergics

efore the discovery of levodopa for 
the treatment of Parkinson’s disease 
(PD) the treatment of choice was 
trihexyphenidyl (Artane) or other 

anticholinergic medications. At about the same time that 
trials of levodopa demonstrated its efficacy, the finding 
that amantadine was beneficial in PD was published (1). 
Both groups of drugs continue to play important roles in 
the treatment of PD today. 

AMANTADINE 

The serendipitous discovery that amantadine (Symmetrel) 
had antiparkinsonian effects in improving rest tremor, 
rigidity, and akinesia was made by Schwab and colleagues 
(1) in 1968, when a PD patient took this drug as prophy-
laxis against influenza A. She improved during the 6 weeks 
that she took amantadine and deteriorated when it was 
discontinued. Since that time there have been numerous 
reports of amantadine’s beneficial effects as monotherapy 
in early, untreated PD (1–6) and in stable, treated PD 
(4, 7) as well as in adjunctive treatment with levodopa for 
patients with more advanced, fluctuating disease (8–11). 
Although its mechanism of action of amantadine is not 
completely clear, its clinical role is established. 

Charles H. Adler 

Pharmacology

Amantadine hydrochloride, 1-adamantanamine, is a 
tricyclic amine that is minimally metabolized and is 
excreted in the urine (dosing should be reduced in patients 
with decreased creatinine clearance) (12, 13). It is well 
absorbed when given orally. Maximum blood levels are 
reached between 1 and 4 hours; the half-life is approxi-
mately 15 hours in healthy patients, but it increases with 
age (14.7 hours in the young, 28.9 hours in the elderly) 
(12, 13). Amantadine sulfate can be administered orally 
or intravenously with equivalent motor effects in PD at a 
dose of 200 mg/d (14). The maximum concentration and 
area under the curve are greater when the drug is given 
intravenously; however, clinical efficacy of the orally 
administered formulation is equivalent (14). Amantadine 
sulfate is not available in the United States. However, in 
countries where it is available, it can be useful for patients 
who are unable to take medications orally. 

The mechanism of action of amantadine in PD is not 
clear. Much evidence suggests that it’s effect is mediated 
through the dopamine system: (a) It causes stereotypy 
and amphetamine-like turning behavior in rats (15); (b) it 
stimulates locomotor activity (16, 17) and reverses cata-
lepsy (15) in catecholamine-depleted animals, suggesting 
a direct dopamine agonist effect; (c) its behavioral effect 
is not influenced by pretreatment with the presynaptic 
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dopamine-depleting agents reserpine and tetrabenzine, 
both of which disrupt catecholamine storage vesicles, 
suggesting that amantadine may promote the release of 
extravesicular intraneuronal dopamine (Farnebo et al. 
1971) (18); finally, (d) several studies have suggested 
that amantadine is a weak inhibitor of dopamine uptake 
(18, 19). In synthesizing the data regarding amantadine’s 
effect on dopaminergic systems, it appears that its ability 
to release dopamine from extravesicular stores may be 
the most crucial effect, then its dopamine receptor ago-
nist activity, and the least likely effect is the inhibition 
of dopamine reuptake (15). There is some evidence to 
suggest a possible anticholinergic effect (20). 

The excitatory neurotransmitter glutamate may play 
a role in PD, and inhibition of the N-methyl-D-aspartate 
(NMDA) receptor subtype of glutamate receptors may be 
beneficial in treating PD patients (see Chapter 37). Aman-
tadine has been shown to have NMDA antagonist activ-
ity, which may also provide some of its antiparkinsonian 
effect. NMDA antagonists block overactivity of the sub-
thalamic nucleus, enhance striatal dopamine release and 
turnover, and protect nigral neurons from death in certain 
animal models (21). Further support for the benefits of 
an NMDA receptor antagonist in PD is found in the 
work of Klockgether and Turski (22) and Greenamyre 
and coworkers (23)In monoamine-depleted rats, NMDA 
antagonists potentiate the effects of levodopa even when 
levodopa is given in subtherapeutic doses (22, 23). Green-
amyre and colleagues also demonstrated potentiation of 
levodopa’s effect in parkinsonian monkeys while compar-
ing remacemide hydrochloride (a glutamate antagonist) 
to placebo (23). There was no effect of NMDA receptor 
antagonist monotherapy in either the rat or the monkey 
models (21, 22). Engber and coworkers (24) have shown 
that NMDA receptor antagonists can reverse levodopa-
induced motor fluctuations in a rat model, and Papa 
and Chase (25) have shown that levodopa-induced dys-
kinesias improve with glutamate antagonist treatment in 
MPTP-induced parkinsonian monkeys. 

A placebo-controlled trial of dextromethorphan 
in 6 advanced PD patients showed reduced levodopa-
induced dyskinesias without any change in levodopa’s 
motor effects (26). However, dextromethorphan is not 
completely selective for the NMDA receptor (26). Results 
from placebo-controlled treatment trials suggest that the 
more specific NMDA receptor antagonist remacemide 
is beneficial when it is added to levodopa in PD (27). 
Whether amantadine’s mechanism of action relates to 
the activity of NMDA receptor antagonists is not clearly 
established.

Clinical Use in Early Parkinson’s Disease 

The clinical benefit of amantadine in PD was first estab-
lished by Schwab and associates in 1969 (1). In an open-

label study of 163 PD patients, 66% had improvement in 
bradykinesia and rigidity on 200 mg/d, with some tremor 
benefit as well (1). Although there was a decline in benefit 
after 4 to 8 weeks of treatment, patients continued to be 
improved when compared with baseline at 8 months. 
However, when amantadine was discontinued, patients 
who had lost the benefit over time had rebound worsen-
ing of symptoms (1). The investigators reviewed their 
2-year experience with amantadine in 351 patients on 
200 mg/d for 60 days (Schwab, Poskanzer et al. 1972). 
Maximum benefit occurred between 2 to 3 weeks, with 
64% improving at 60 days. No correlation between the 
severity of PD and the effectiveness of amantadine was 
found and patients on no medication or on levodopa 
could also benefit (Schwab, Poskanzer et al. 1972). 

Placebo-controlled trials have documented benefit 
with amantadine. Barbeau and colleagues (Barbeau, Mars 
et al. 1971) compared amantadine 100 mg bid with pla-
cebo in a crossover design and found significant improve-
ment with amantadine in the 54 patients studied. When 
compared with a previous study of levodopa, only 44% 
had “moderate or better improvement” with amantadine, 
compared with 88% of those having received levodopa 
(Barbeau, Mars et al. 1971). Dallos and coworkers (Dal-
los, Heathfield et al. 1970) studied 62 patients, already 
on anticholinergic therapy, with a diagnosis of either PD 
or postencephalitic/arteriosclerotic parkinsonism. Some 
patients had prior thalamotomies. There was improve-
ment in akinesia more than in rigidity and no change in 
tremor on amantadine. The maximum benefit occurred 
between 2 and 3 weeks, with some lessening of benefit at 
4 weeks (Dallos  et al. 1970). Butzer and associates (3) 
found that 20 of 26 PD patients preferred amantadine 
over placebo in a crossover study. 

Zeldowicz and Huberman (6) found that 19 of 
77 patients on amantadine alone improved for a mean 
duration of 21 months, and 46 patients had significant 
improvement with combined use of amantadine and 
levodopa as opposed to monotherapy with either drug 
(6). In a placebo-controlled crossover study, Savery (7) 
found that in 42 patients (Hoehn and Yahr stages II to 
IV) taking levodopa, 95% had improvement on 100 to 
200 mg/d of amantadine. Comparing amantadine with 
the anticholinergic benzhexol, Parkes and associates (28) 
found that each drug produced a 15% reduction in dis-
ability as monotherapy and a 40% reduction when the 
drugs were combined. Koller (29) found that amantadine 
reduced tremor by 23%, compared with trihexyphenidyl’s 
59% benefit and levodopa’s 55% benefit. 

In contrast with its symptomatic effects, another 
potential reason to treat early PD patients with aman-
tadine is the possibility that it may be ‘‘neuroprotec-
tive.’’ Uitti and coworkers (30) reviewed the charts of 
all patients diagnosed with parkinsonism in their clinic 
from 1968 to 1990. A total of 836 parkinsonism cases 
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were reviewed, 92% of which had PD. Amantadine treat-
ment (for a minimum of 2 months) was found to be an 
independent predictor of improved survival. Of the 836 
parkinsonism patients, 250 had been on amantadine 100 
mg bid, and mean duration of treatment was 37 months 
(median 24 months). The mechanism by which this effect 
occurred is not clear, although the authors speculate that 
it is the NMDA antagonist activity of amantadine that 
may be critical (30). No controlled study of amantadine 
as a ‘‘neuroprotective’’ agent has been undertaken. 

Crosby et al.(31, 32) performed a systematic review 
of amantadine as monotherapy in PD, concluding that 
there is not enough evidence to establish monotherapy 
with amantadine as safe or effective for treating PD. Fur-
ther studies are needed. 

Clinical Use in Advanced Parkinson’s Disease 

In addition to its role in early PD amantadine is useful 
in the treatment of advanced PD. Amantadine was first 
reported to benefit PD patients with postprandial motor 
fluctuations by DeDevitis and colleagues (9). They studied 
19 patients, 16 of whom benefited from the addition of 
amantadine. In an open-label study of 20 patients with 
motor fluctuations (19, predictable wearing off; 1, unpre-
dictable on-off), Shannon and coworkers (11) added 
amantadine 100 mg once or twice daily to levodopa 
taken with bromocriptine or pergolide. Eleven (55%) of 
the patients had subjective improvement in the severity 
of motor fluctuations at 2 months and a 30% improve-
ment in their disability scores. Those who responded were 
initially more disabled and had more severe fluctuations 
than those who did not respond. The patient with unpre-
dictable on-off fluctuations did not respond. The mean 
duration of improvement was 5.7 months (11). 

Adler and coworkers (8) reported that amantadine’s 
benefit—for predictable wearing off as well as a reduc-
tion in dyskinesias and dystonia—in 4 patients with 
advanced PD could last up to 2 years. They also found 
that a patient who had failed amantadine early in the 
course of the disease had benefit later in the disease (8). 
A study of MPTP-induced parkinsonism in monkeys dem-
onstrated that levodopa-induced dyskinesias improved 
when treated with an NMDA antagonist (25). 

Metman and associates (26) studied amantadine 
in 18 patients with advanced PD using a placebo-
controlled crossover design. Treatment was for 3 weeks 
and 14 patients completed the study. Amantadine reduced 
dyskinesia severity by 60% compared with placebo, with 
no change in parkinsonian motor scores. The degree of 
dyskinesia reduction directly correlated with plasma 
amantadine concentration. The reduction in motor 
fluctuations and improvement in scores on activities of 
daily living (ADL) were significant. The average dose of 
amantadine was 350 mg/d (higher than normally used in 

clinic practice). Following the controlled trial, patients 
were placed on open-label amantadine, and most had 
sustained benefit for 12 months (26). Thus a potential 
advantage of adding amantadine to levodopa for dyski-
nesias is that there is no reduction in the motor effects 
of levodopa, a problem that often occurs using other 
dyskinesia-reducing strategies (26). In another short, ran-
domized, double-blind, placebo-controlled, 3 week study 
of 18 PD cases (33) amantadine (200 mg/d) reduced the 
duration of levodopa-induced dyskinesias compared with 
placebo (33). 

In a 12-month study of 40 patients randomized to 
receive amantadine chloridrate 300 mg/d or placebo, 
amantadine resulted in a 45% reduction in the total 
dyskinesia score (34). There were also reductions in the 
Unified Parkinson’s Disease Rating Scale (UPDRS) dys-
kinesia rating scale and significant improvement based 
on the investigator global impression scale. However, the 
benefit lasted only 3 to 8 months in the 20 patients taking 
amantadine. When amantadine was stopped, there was 
a mild rebound worsening of dyskinesias.

A systematic review of the use of amantadine as add-
on therapy to levodopa in PD concluded that there is not 
enough evidence  that amantadine is safe or effective for 
treating advanced PD or levodopa-induced dyskinesias 
in advanced PD (31, 32).

Side Effects 

GI discomfort, nausea, sleep disturbance, and ner-
vousness are frequent acute side effects of amantadine 
(3, 6, 7, 15, 35). Chronic treatment with amantadine 
may result in livedo reticularis of the legs, characterized 
by reddish-purple skin discoloration, especially when the 
legs are dependent (6, 7, 15). Shealy and colleagues (36) 
first reported this in 10 of 18 women treated with 100 to 
200 mg/d. Ankle edema was also found, both with and 
without livedo reticularis (36). In most cases symptoms 
resolve within 2 to 4 weeks of discontinuing the drug. 
The livedo reticularis is generally not associated with 
serious consequences. However, Shulman and colleagues 
reported a patient with amantadine-induced neuropathy 
associated with severe livedo reticularis (37). 

In advanced PD, especially in patients with cognitive 
dysfunction or those already taking other antiparkinso-
nian drugs, hallucinations may be a significant problem 
with the addition of amantadine (15). 

Neuroleptic malignant syndrome has been reported 
after withdrawal of amantadine in PD (38). Patients devel-
oped confusion, autonomic dysfunction, hyperthermia, 
leukocytosis, and elevation of creatinine kinase. Factor 
et al. (39) reported the development of acute delirium in 
3 patients on long-term (4 to 18 years) amantadine who 
discontinued the drug. All 3 patients developed confusion, 
agitation, disorientation, and paranoia, and all required 
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reinstitution of therapy with amantadine for resolution 
(39). All had advanced PD with dementia and a history of 
hallucinations; however, none had neuroleptic malignant 
syndrome. 

Amantadine is contraindicated in patients with 
glaucoma, hepatic or renal disease, prostatic hypertro-
phy, and women who are pregnant or lactating (35). 
Because the drug is excreted unmetabolized in the urine, 
dosage must be reduced in patients with reduced creati-
nine clearance (12, 13). 

Summary

Despite our incomplete knowledge of its mechanism of 
action in PD, amantadine may be an effective treatment 
for early and advanced patients. Monotherapy in early 
patients and adjunctive therapy to levodopa in patients 
with motor fluctuations or dyskinesias should be consid-
ered. Contrary to what has often been stated, amantadine 
may have prolonged benefit in both early and advanced 
disease (40). Dosing should start at 100 mg/d and can be 
increased to 100 mg tid, with most patients improving 
on 100 mg bid. Nausea, vomiting, livedo reticularis, and 
hallucinations may occur.

ANTICHOLINERGICS

Anticholinergic agents are compounds originally derived 
from plants of the Solanaceae family. The effects of bel-
ladona alkaloids were noted in the nineteenth century 
by Charcot, and their effects on PD were described by 
Ordenstein (41, 42). In the mid- to late 1920s, studies of 
cholinergic and anticholinergic agents in postencephalitic 
parkinsonism (43, 44), followed by Milhorat’s studies in 
PD (45), supported the role of the cholinergic system in 
parkinsonism (46). 

Pharmacology

Anticholinergic agents can be divided into those occurring 
in nature and those that are synthetically derived. Before 
the pharmacology of PD was understood, all naturally 
occurring ‘‘medications’’ were tested in patients with 
parkinsonism, but only those containing the belladonna 
alkaloids were effective. Feldberg (46 – 48) is credited 
with first postulating that atropine and scopolamine, both 
naturally occurring belladonna alkaloids, had their effect 
by central atropine-acetylcholine antagonism. Before the 
1950s, atropine and scopolamine (the natural belladonna 
alkaloids) were primarily used in PD. In the 1950s, syn-
thetic anticholinergic agents were introduced, including 
benztropine (Cogentin), trihexyphenidyl (Artane), procy-
clidine (Kemadrin), biperiden (Akineton), and ethopro-
pazine (Parsidol) (46). 

Anticholinergic drugs act by blocking acetylcholine 
receptors. There are 2 types of acetylcholine receptors, the 
muscarinic and the nicotinic. Distribution is quite differ-
ent with the muscarinic receptors, which are located in 
the central nervous system (CNS), smooth muscle, cardiac 
muscle, and parasympathetically innervated glands, such 
as the salivary glands. Nicotinic receptors are located 
on striated muscle and in the autonomic ganglia. The 
beneficial effect of agents in PD is mediated by CNS mus-
carinic receptor blockade (41, 42). 

The clinical effectiveness of anticholinergic agents 
has been correlated with multiple different in vitro 
effects, which include (a) antagonism of the central toxic 
effects in mice of the cholinomimetic agent oxotremo-
rine (46, 49), (b) antagonism of drug-induced circling 
movements (50), and (c) antagonism of physostigmine’s 
tremorigenic effect (51). 

However, as often happens, patient trials appear 
to have preceded much of the traditional animal experi-
mentation. In 1959, Nashold published a series of 11 
PD patients demonstrating that direct infusion of ace-
tylcholine into the globus pallidus caused an increase in 
contralateral tremor, while infusion of an anticholiner-
gic agent, oxypheninium bromide, reduced contralateral 
tremor and rigidity (52). This led to Barbeau’s hypothesis 
that PD was secondary to a deficit in dopamine, leading 
to a relative overactivity of cholinergic function in the 
CNS (53). 

Ensuing  studies in monkeys demonstrated that car-
bachol (a muscarinic cholinergic agonist) injected into the 
caudate nucleus induced contralateral rest tremor, which 
was inhibited by anticholinergic agents (54, 55). Further 
human studies demonstrated that the centrally active 
cholinergic agent physostigmine exacerbated PD signs, 
although centrally active anticholinergic agents (scopol-
amine or benztropine) reversed this effect (46, 47). Central 
and not peripheral anticholinergic action was crucial to the 
antiparkinsonian effect (47). The effects of the cholinergic 
agents affected only preexisting symptoms; thus a cholin-
ergic mechanism was not likely the underlying etiology of 
PD (46, 47). 

The only pharmacokinetic data available for an anti-
cholinergic agent is for trihexyphenidyl. Its half-life is 1.7 
hours in patients with dystonia (56). Studies of levodopa 
absorption in the presence or absence of chronic treat-
ment with the anticholinergic orphenadrine revealed no 
significant difference for maximal levodopa concentra-
tion, time to maximal concentration, or area under the 
curve in 6 patients. One patient had an increase in plasma 
concentration of levodopa and 2 had a decrease (57). 

Clinical Use 

The scientific literature regarding the use of anticholin-
ergics in PD is limited. Techniques used to study tremor 
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and other symptoms, the type of anticholinergic used, 
daily dose, duration of treatment, and variable patient 
population all make the earlier studies difficult to inter-
pret. Doshay and Constable (58) found that 77% of 117 
patients with various forms of parkinsonism who were 
treated with open-label trihexyphenidyl had improve-
ment, with rigidity being more responsive than tremor, 
with little effect on akinesia. Doshay and coworkers 
(59) reported the results for benztropine (Cogentin) in 
20 patients with Parkinsonism (6 idiopathic, 8 arterio-
sclerotic, 6 postencephalitic). They found some benefit 
alone or with trihexyphenidyl, but no quantification is 
provided (59). The five-year summary of treatment in 
302 patients found that 52% had improvement mostly 
in tremor and rigidity (60). 

In 1965, Strang (61) reported the effects of open-
label benztropine in 94 patients with parkinsonism (11 
postencephalitic and 24 arteriosclerotic). Sixty patients 
were on benztropine alone, although 34 were on other 
medications including other anticholinergics. Less than 
50% of those treated had benefit for tremor, rigidity, 
akinesia, or gait. Maximum benefit required dosing 3 to 
4 times a day and a total dose of 3 to 6 mg/d (61). 

Tourtellotte and colleagues (62) reported a double-
blind, placebo-controlled crossover study of benztropine 
in 29 PD patients. All were on levodopa, and global assess-
ments by the patient and physician showed improvement 
on benztropine. Rigidity, finger-tapping speed, and ADL 
scores improved 10% (62). Another double-blind study, 
procyclidine versus levodopa in 46 parkinsonian patients, 
revealed that levodopa was much more effective than pro-
cyclidine for rigidity and other clinical measures (63). 

Koller (30) found, in 9 untreated PD patients, that 
trihexyphenidyl reduced tremor amplitude 59% compared 
with 23% for amantadine and 55% for levodopa. Five 
patients preferred trihexyphenidyl, although 4 preferred 
levodopa. Some studies of tremor using quantitative mea-
sures found benefit with anticholinergics (64), although 
other studies have not supported this effect (65). 

Comparing benzhexol with amantadine, Parkes 
and coworkers (66) reported that each drug produced a 
15% reduction in disability as monotherapy, with a 40% 
reduction when the drugs were combined. This combina-
tion had an equivalent effect when compared with giving 
levodopa, which caused a 36% reduction in disability 
scores (66). The anticholinergic procyclidine can be useful 
in PD patients with foot dystonia (67). 

Individual Agents 

Trihexyphenidyl (Artane) Trihexyphenidyl is a synthetic 
piperidine anticholinergic with efficacy in PD (68). Because 
of potential side effects, all anticholinergics should be 
started at a low dose and gradually titrated (69). The 

starting dose for trihexyphenidyl is 0.5 to 1 mg/d, and 
the dose should be increased no faster than every 7 to 14 
days. Dose increases of 1 mg/d are reasonable and a dose 
of 2 mg 3 to 4 times per day is the usual goal. 

Procyclidine (Kemadrin) Procyclidine is another piperi-
dine agent that has similar efficacy to trihexyphenidyl. 
Some find fewer side effects with this agent. The dose is 
begun at 2.5 mg/d and increased gradually to a maximum 
of approximately 30 mg/d. 

Benztropine (Cogentin) Benztropine is a synthetic agent 
that has both the benzhydryl group found in diphenhydr-
amine and the tropine group found in atropine (59). It 
is more potent than trihexyphenidyl and less sedating 
than diphenhydramine. This drug is effective in PD and 
requires dosing 2 to 3 times per day (61). The dose is 
begun at 0.5 mg/d and can be raised to 4 to 8 mg/d. 

Antihistamines This class of drugs has anticholin-
ergic activity and they are mildly effective in PD (41). 
Diphenhydramine (Benadryl) and orphenadrine (Disipal, 
Norflex) have been most commonly used. However, both 
are sedating and are best used to help induce sleep. The 
starting dose is 25 mg/d; it can be titrated to 150 to 200 
mg/d in divided doses. No data regarding the nonsedat-
ing antihistamines, such as astemizole (Hismanil) and 
loratadine (Claritin), exist for the treatment of PD. 

Phenothiazines Phenothiazines primarily act as dopa-
mine receptor antagonists with some anticholinergic 
activity. Thus most drugs in this family result in worsen-
ing of motor symptoms. The only agent in this class that is 
effective in PD is ethopropazine hydrochloride (Parsidol, 
Parsitan) (41). This drug is no longer available. 

Side Effects 

The use of anticholinergics in the treatment of PD is often 
difficult because of the multitude of side effects. In young 
patients this is less of an issue than in the elderly. Drug 
dose must be titrated very slowly and patients must be 
informed of the many side effects. 

Anticholinergic agents block muscarinic acetylcho-
line receptors throughout the body. At low doses, block-
ade of these receptors in the salivary glands results in 
dry mouth, often the first side effect described (59, 61). 
Parenthetically, low dose anticholinergics can be helpful 
in treating the profound sialorrhea experienced by some 
patients. As the dose is increased, muscarinic receptor 
blockade in the smooth muscle of the GI tract results in 
constipation, which can progress to intestinal pseudo-
obstruction and bowel dilation requiring aggressive inter-
vention (47, 59, 61). Effects on the bladder can result in 
urinary retention, especially in male patients. Nausea, 
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drowsiness, abdominal cramps, and mild tachycardia can 
occur (47). Dry skin and impaired sweating may lead 
to heat stroke. Anticholinergics are contraindicated in 
patients with closed-angle glaucoma (69). Some of these 
peripheral anticholinergic side effects may be counter-
acted by a low dose (30 to 60 mg/d) of pyridostigmine 
(Mestinon), an acetylcholinesterase inhibitor used in 
patients with myasthenia gravis. 

The central side effects of the anticholinergic agents 
can be quite problematic. These drugs can cause confu-
sion and memory loss (70, 71) and, in the more advanced 
and demented patients, hallucinations and disorientation 
(72). In a study of 27 hospitalized parkinsonian patients 
with dementia 6 of 13 (46%) not receiving an anticho-
linergic suffered confusional states, whereas 13 of 14 
(93%) on an anticholinergic had confusional states (73). 
Neuropsychological testing revealed that trihexyphenidyl 
2 mg tid given as monotherapy (6 patients) or added to 
levodopa (2 patients) or amantadine (4 patients) did not 
affect digit span; however, recall and learning tasks were 
worse after trihexyphenidyl (70, 71). Ataxia and dizziness 
may occur (59, 61). These agents can also cause orobuc-
cal dyskinesias in PD patients (74). 

Side effects can only be treated by lowering or 
discontinuing the drug. Withdrawal of anticholiner-
gics should never occur quickly, given the potential for 
rebound worsening of symptoms (75, 76) As with other 
drugs, side effects with one anticholinergic do not predict 
side effects with all others (76). 

SUMMARY 

Anticholinergics may be useful as monotherapy in early, 
untreated PD and as adjunctive therapy to patients on 
levodopa. Although unclear from the data published, 
anticholinergics appear to benefit rigidity and tremor the 
most. PD patients with dystonia may respond to anti-
cholinergics. Peripheral side effects include dry mouth, 
blurred vision, and constipation, whereas central side 
effects include dizziness, confusion, memory loss, hal-
lucinations, and dyskinesia. All anticholinergic agents 
should be started at a low dose and gradually titrated, 
with elderly and more debilitated patients tolerating much 
lower doses than younger patients. The use of these drugs 
in patients above age 65 requires vigilance and caution. 
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Monoamine Oxidase 
Inhibitors

mines are weakly basic organic 
compounds that contain a nitrogen 
group (1, 2). They are described 
as primary, secondary, or tertiary 

depending on whether 1, 2, or 3 carbon atoms are 
attached to the nitrogen atom (1). Primary amines are 
also called “monoamines’’ and include the catecholamines 
dopamine, norepinephrine, and 5-hydroxytryptamine 
(Figure 40-1). These chemicals play an integral role in 
neurotransmission. Many neuropsychiatric pharmaceuti-
cal agents act by inhibiting or promoting their formation, 
release, metabolism, or reuptake (3, 4).

Monoamine oxidases (MAOs) are intracellular 
enzymes that play a role in the catabolism of neuroactive 
amines (3). They are located in the outer mitochondrial 
membrane. MAOs catalyze the oxidative deamination of 
monoamines (5, 6) via a reaction between dioxygen and 
R-CH2-NH2 to form R-CHO, NH3, and H2O2 (7). Mono-
amine oxidase inhibitors (MAOIs) inhibit the action of 
MAOs. Because of the ubiquitous nature of the enzyme, 
considerable inhibition must occur before any changes in 
monoamine concentrations are observed.

In the late 1800s, Schmiedeberg and colleagues (8) 
discovered that almost all monoamines containing the 
atomic grouping -CH2-NH2 are metabolized to ammonia 
(NH3). The first MAO identified was tyramine oxidase 
in 1928 (9). Zeller later proposed the term monoamine
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oxidase for the group of enzymes whose main function is 
the oxidative deamination of monoamines (10–12).

In the 1950s and 1960s, several drugs used to treat 
tuberculosis were noted to be mood elevators (13–15). 
Some patients experienced euphoria and were seen to 
“dance in the hall’’ during treatment (16). One antituber-
culosis medication, isonicotinic acid hydrazide, or ipro-
niazid, was found to be a potent MAO inhibitor (17). 
Kline and coworkers (18) conducted an open-label trial 
of iproniazid in depressed, institutionalized patients and 
found that approximately 70% experienced significant 
improvement in mood. Iproniazid was later introduced 
as the first antidepressant medication (19).

The mood-elevating properties of iproniazid sug-
gested that MAOIs could function as “psychic energizers.’’ 
Knoll and Ecseri, seeking a compound with amphetamine-
like stimulating effects and potent MAO inhibition, syn-
thesized phenylisopropyl-N-methylpropinylamine, or 
E-250 (20, 21). E-250 was found to be a strong, irrevers-
ible inhibitor of MAO that metabolized benzylamine (21) 
and phenylethylamine (22). It also inhibited the metabo-
lism of tyramine (22). The compound was separated into 
2 isomers, and the L-form was named ‘deprenyl’ and 
later selegiline.

In 1968, Johnston synthesized 2, 3- dichlorophenoxy-
propyl-N-methylpropinylamine, or clorgyline, and 
found it to be similar in structure to deprenyl (23). 

40
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He designated the form of MAO with greater affinity for 
clorgyline MAO A, and the type with lower affinity for 
clorgyline and greater affinity for deprenyl MAO B.

MONOAMINE OXIDASE: BIOCHEMISTRY 
AND MECHANISM OF ACTION

MAOs are a family of flavin-containing enzymes that 
catalyze the oxidative deamination of norepinepherine, 
epinephrine, dopamine, serotonin, and a variety of other 
monoamines to their corresponding aldehydes (24, 25) by 
the following reaction (26):

R-CH2-NH2 � O2 � H2O R-CHO � NH3 � H2O2

The amine is oxidized to an iminium ion, and the 
flavin (FAD) is reduced (27). The iminium ion is then 

hydrolyzed to an aldehyde (26), and the reduced flavin 
is reoxidized with molecular oxygen (26).

MAO A and B show 71% sequence homology. The 
flavin sites on both forms of MAO are identical (28), thereby 
accounting for overlapping substrate specificities and inhibi-
tor sensitivities (29). Although often described as selective, 
most MAO inhibitors are truly selective only at low con-
centrations (30).

MAO A primarily catabolizes serotonin and octo-
pamine, whereas MAO B metabolizes benzylamine, 
phenylethylamine, milacemide, and N-methylhistamine. 
MAO B also deaminates long-chain diamines and ter-
tiary cyclic amines such as 1-methyl-4-phenyl-1, 2, 3, 6-
tetrahydropyridine (MPTP) (31). Both enzymes catabolize 
dopamine, epinephrine, norepinephrine, tyramine, trypt-
amine, 3-methoxytryamine, and kynuramine (common
substrates) (31).

FIGURE 40-1

Biosynthesis of catecholamines. The rate-limiting step is the conversion of tyrosine to DOPA. [From Greenspan FS, Sterewler 
FJ (eds). Basic and Clinical Endocrinology, 5th ed. Stamford, CT: Appleton & Lange, 1996, with permission.]
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MONOAMINE OXIDASE: ANATOMY 
AND LOCALIZATION

MAO A and B are intracellular enzymes in the central 
nervous system (CNS) and peripheral tissues (32). Most 
MAO is tightly bound to the outer mitochondrial mem-
brane (33, 34), although a small portion can be found 
in the microsomal fraction of the cell. MAO can exist 
as part of a membrane unit containing A and B forms 
embedded in a phospholipid structure. MAO A activity 
is thought to be phospholipid-dependent, whereas MAO 
B activity is not (35).

MAO is present in most peripheral organs, blood 
vessel walls, and ventricular surfaces but absent in red 
blood cells and blood plasma (36–39). MAO A con-
stitutes a large portion of the enzyme in the pancreas, 
intestine, and spleen and is the sole form in the human 
placenta (40–42). In contrast, MAO B predominates in 
skin and skeletal muscle and is the sole form in platelets. 
The human liver contains both forms (43). The human 
brain contains predominantly MAO B (about 70% to 
80%) (44–47), whereas the rodent brain contains pre-
dominantly MAO A (48).

In the brain, MAO A is primarily located in cat-
echolamine cells and is usually situated intraneuronally 
in synaptosomes (49). MAO A–containing neurons 
include those in the locus ceruleus, nucleus subce-
ruleus, periventricular regions of the hypothalamus, 
and dopaminergic neurons in the striatum (50, 51). 
Using specific antibodies to determine the immunocy-
tochemical localization of MAO A, Westlund found 
that the MAO A content of primate substantia nigra 
is low relative to the number of cells that are tyrosine 
hydroxylase–positive (51).

MAO B is the predominant extraneuronal form of 
the enzyme (51). It is located in CNS astrocytes and in 
serotonergic neurons, including the raphe dorsalis in the 
midbrain. More than 80% of deamination in the frontal 
cortex is due to glial MAO B (52). Both protoplasmic and 
fibrillary astroctyes in the brain contain MAO B, whereas 
oligodendrocytes do not contain the enzyme. MAO B is 
also found in brain regions lacking a blood-brain barrier. 
It is found on either side of the midline in the medulla 
and pons, which includes cells in the raphe pallidus, raphe 
obscurus, raphe magnus, raphe pontis (53), and nucleus 
centralis superior.

Both MAO A and B activity is present in adrener-
gic nerve terminals in the hypothalamus, in the cortical 
projections from the posterior hypothalamus to the hip-
pocampus, and paraventricular and supraoptic nuclei of 
the hypothalamus, medulla, and spinal cord (54).

In both rat and human brain (55), dopamine can 
be metabolized by either MAO A or MAO B. Yang and 
Neff (56) demonstrated that dopamine is metabolized by 

both in vitro, while Green and coworkers (57) observed 
similar findings in rat brain. Glial cells in the human 
substantia nigra contain both forms of the enzyme (58) 
and may be responsible for MAO activity in this area. 
Using dopamine as a substrate, the highest MAO activity 
is in the nucleus accumbens (59).

The half-life for turnover of MAO B in experimental 
animals is approximately 6 to 30 days. The half-life of 
MAO B in pig brain is approximately 6.5 days (60). Using 
11Cl-deprenyl positron emission tomography (PET), 
Arnett and associates (60) determined the half-life for 
turnover of MAO B in baboons to be 30 days.

MONOAMINE OXIDASE INHIBITORS: 
REVERSIBLE AND IRREVERSIBLE

MAO inhibitors may be reversible or irreversible. Revers-
ible inhibitors are competitive, mixed (noncompetitive), 
or uncompetitive (61). MAO B inhibitors are not sterically 
hindered from binding to MAO A and are therefore less 
selective than MAO A inhibitors (62, 63).

Selective MAO A inhibitors are formed by the 
substitution of the �-hydrogen by a methyl group on a 
monoamine (53, 54). Harmaline, mexiletine, procaine, 
debrisoquine, (�)�-methyltryptamine, and pirlindole are 
examples of reversible MAO A inhibitors (65). Other 
reversible MAO A inhibitors include amiflamine (66) and 
tolaxtone (67), which inhibit MAO A in vitro and in vivo. 
Many substances with other biological functions also act 
as reversible MAO A inhibitors, including amphetamine 
(1-methyl-2-phenylethylamine) (48), tetracaine, procain-
amide, propranolol, many formanilides (48), proflavine 
(68), salsolinol (69), and some xanthones (70). Moclobe-
mide is also a reversible MAO A inhibitor (71). CGP 11305 
(72) behaves as a short-acting MAO A inhibitor in vitro; 
befloxatone is a newer, reversible MAO A inhibitor (73). 
Potent irreversible MAO A inhibitors include clorgyline, 
cyclopropylamines, and the hydrazines (23).

There are far fewer MAO B inhibitors than MAO 
A inhibitors. Some examples of reversible MAO B inhibi-
tors are benzyl alcohol, benzyl cyanide, and cyanophenol 
in vitro. The tricyclic antidepressants amitriptyline and 
imipramine (74) are MAO B inhibitors at lower concen-
trations than are needed for MAO A inhibition (75–77). 
MD 240928 and caroxazome are also reversible MAO 
B inhibitors (78). Lazabemide (Ro 19-6327) is a selec-
tive, rapidly reversible MAO B inhibitor (79). Irreversible 
MAO B inhibitors include the acetylenic compounds sele-
giline (deprenyl) and pargyline, the cyclopropylamines, 
and the hydrazines, which include phenylhydrazine 
and benzylhydrazine. Rasagiline [R(�)-N-propargyl-1-
aminoindane] is a newer, selective irreversible MAO B 
inhibitor (80).
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MONOAMINE OXIDASE INHIBITORS: 
HYPERTENSIVE CRISIS

Patients treated with early, nonselective MAO inhibitors 
including iproniazid, phenelzine, and tranylcypromine 
occasionally experienced dangerous hypertensive episodes 
when they ate foods rich in tyramine, such as aged cheese, 
yeast, chicken liver, snails, pickled herring, red wines, and 
broad beans or other indirectly acting amines (81). This 
phenomenon is known as “the cheese effect.” Tyramine 
is a sympathomimetic amine that is normally metabolized 
by MAO A in the intestine; when absorbed, however, 
it results in the release of intraneuronal norepinephrine, 
leading to hypertensive crisis. Levodopa can also cause a 
hypertensive crisis when MAO A is inhibited. Therefore 
patients receiving nonspecific MAO or MAO A inhibitor 
medications must restrict tyramine in the diet and cannot 
take levodopa.

Selegiline, a relatively specific MAO B inhibitor, is 
free from the cheese effect when used in oral doses up to 
10 mg/d. Knoll and colleagues (82) selected the levoro-
tatory isomer of E-250 for further development because 
it inhibited the release of biogenic amines and acted in 
vivo and in vitro as a potent tyramine antagonist. It was 
later discovered that the cheese effect was generally not 
induced by this isomer even when administered with 
large amounts of tyramine. Elsworth and coworkers (83) 
found that individuals taking oral selegiline at a dose of 
10 mg/d could tolerate 150 to 200 mg of tyramine with-
out cardiovascular effects. However, there is increased 
sensitivity to tyramine with oral selegiline at a dose of 
30 mg/d (58), and transient increases in blood pressure 
have been reported with oral selegiline at a dose of 20 
mg/d. Thus, oral selegiline 10 mg/d or less does not neces-
sitate a tyramine-restricted diet and can be given safely 
with levodopa. Significant MAO A inhibition may occur 
with oral selegiline doses of 20 mg/d or more and should 
ordinarily be avoided.

MONOAMINE OXIDASE INHIBITORS: 
PRECLINICAL NEUROPROTECTIVE EFFECTS

MAO-B inhibitors exhibit neuroprotective effects in 
a variety of cell culture and animal models (84–100). 
These effects are dependent on their pargylamine moiety 
and independent of MAO inhibition. For selegiline, its 
metabolite desmethylselegiline is primarily responsible 
for neuroprotective properties.

Both selegiline and rasagiline protect cell lines against 
apoptosis (programmed cell death) (87, 94, 95, 101–103)
and both protect dopaminergic neurons from the toxic 
effects of salsolinol (89, 96, 104, 105). The selegiline 
metabolite L-metamphetamine inhibits the antiapoptotic 
effects of both selegiline and rasagiline, while aminoindan, 

the primary metabolite of rasagiline, does not interfere 
with this effect (103).

Selegiline and rasagiline prevent apoptosis by 
upregulating antiapoptotic proteins Bcl-2 (B-cell CLL/ 
lymphoma 2) and Bcl-XL, which stabilize the mitochon-
drial permeability transition pore complex (MPTp) (105, 
106), thereby preventing mitochondrial release of cyto-
chrome c and the consequent activation of the apoptotic 
pathway (107, 108). Closing the MPTp decreases signaling 
for proapoptotic caspases, including caspase-3, the pri-
mary effector caspase in the nervous system. In addition, 
selegiline and rasagiline downregulate the proapoptotic 
proteins Bad and Bax, which promote MPTp opening and 
collapse of the mitochondrial membrane potential (105).

Rasagiline activates protein kinase C (PKC) � and
�. This inhibits formation of Fas, the cleaved activated 
form of caspase-3, and the cleavage of poly (ADP-ribose) 
polymerase-1 (PARP-1), a caspase substrate. In addition, 
rasagiline and its derivatives convert amyloid precur-
sor protein (APP) into the nonamyloidogenic soluble 
APP�, which also has neuroprotective and neurotrophic 
properties. This conversion is mediated by PKC and 
mitogen-activated protein kinase (MAPK)–dependent 
�-secretase activation (86). Selegiline and rasagiline 
both inhibit nuclear translocation of glyceraldehyde-
3-phosphate dehydrogenase (88, 96).

Antioxidant enzymes and trophic factors increased 
by MAOIs include copper/zinc superoxide dismutase 
(SOD1), manganese superoxide (SOD2), and catalase 
(scavenger proteins); nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), ciliary neurotrophic 
factor (CNTF), glial-derived neurotrophic factor (GDNF), 
and basic fibroblast growth factor (FGF2) (neurotrophic 
factors) (109–111). Selegiline upregulates the antioxidant 
glutathione (92) and may itself act as a hydroxyl radical 
scavenger (112) at doses too low to inhibit MAO B.

Selegiline has demonstrated neuroprotective ben-
efit in rat models of permanent middle cerebral artery 
occlusion (113), retinal ganglion cells in optic nerve crush 
injury (114), rescue of axotomized motoneurons (115) 
and of dorsal root ganglia sensory neurons following 
sciatic nerve transection (116). It also protects against the 
loss of anterior horn cells following intrathecal injection 
of cerebrospinal fluid from human patients with amyo-
trophic lateral sclerosis.

In vitro, rasagiline has demonstrated neuroprotec-
tion in multiple models, including increased survival 
of dopaminergic neurons under serum-free conditions 
(84), reduced glutamate toxicity in hippocampal neurons 
(117), and protection against cell death induced by oxy-
gen and glucose deprivation in rat pheochromocytoma 
PC-12 cells (118). Rasagiline pretreatment is neuropro-
tective in primate 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydro-
pyridine (MPTP) (99) and rodent 6-hydroxydopamine 
(6-OHDA) models of PD (100). In postnatal 
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anoxia-lesioned rats, rasagiline reduced deficits in mem-
ory and learning tasks (119) and in focal ischemic rat 
models, rasagiline reduced infarct volume by up to half 
compared with untreated controls (120). In a model 
of closed head injury in mice, both rasagiline and its 
S-enantiomer reduced cerebral edema and improved the 
recovery of motor function and spatial memory (121).

Thus, MAOIs provide neuroprotection by multiple 
mechanisms, including upregulation of antiapoptotic pro-
teins, downregulation of proapoptotic proteins, increas-
ing the quantity of antioxidant enzymes, and stabilizing 
the mitochondrial membrane. Neuroprotective benefits 
are mediated by the propargyl moiety and are not the 
result of MAO inhibition.

SELEGILINE

Pharmacokinetics

Selegiline is a relatively selective irreversible MAO B inhib-
itor. It is considered a “suicide inhibitor” because it forms 
a covalent bond with MAO, and loss of MAO inhibition 
is dependent on generation of new enzyme. Selegiline is 
lipophilic and readily absorbed from the gastrointestinal 
tract. The absolute bioavailability of selegiline is roughly 
10% (122); 94% is bound to plasma proteins, with strong 
binding to macroglobulins (123, 124). Maximal concen-
trations are achieved approximately one-half to 2 hours 
after oral administration (125). Studies of platelets in 
PD patients have shown that within 2 to 4 hours after a 
single 5-mg dose of selegiline, MAO B activity is inhib-
ited by 86%; within 24 hours of a 10-mg dose, MAO 

B activity is inhibited by almost 98% (126). Selegiline 
readily crosses the blood-brain barrier and accumulates 
in brain regions rich in MAO B, including the striatum, 
thalamus, cortex, and brainstem (127). Brain MAO B 
must be inhibited by at least 85% to increase aminergic 
transmission (57, 128).

Selegiline has a tissue (liver or brain) half-life 
of 2 to 10 days (129, 130). It is metabolized in the 
liver by the microsomal cytochrome P-450 system to 
(�)- desmethylselegiline (DES) and to l-methamphetamine 
(l-MA) Figure 40-2 (131); the latter compound is fur-
ther metabolized to amphetamine and p-hydroxylated 
metabolites (58). The metabolism of selegiline is depicted 
in Figure 40-2. These metabolites are conjugated with 
glucuronic acid to form inactive metabolites (58). 
Selegiline may also be metabolized outside the liver. 
Three metabolites have been identified in serum and 
urine: l-(�)-methamphetamine, l-(�)-amphetamine, and 
(�)-desmethylselegiline (DES) (132). Desmethylselegiline 
has activity as an irreversible MAO B inhibitor, but it is 
much less potent than selegiline (58, 133, 134).

Mechanisms of Action

Selegiline may provide symptomatic antiparkinsonian 
benefit through a number of mechanisms. Chronic 
administration increases striatal dopamine concentration 
in rats (135, 136). This is thought to be due to MAO B 
inhibition in striatal glia, as MAO B is essentially absent 
from nigrostriatal nerve terminals (137). Selegiline may 
also act by inhibiting dopamine reuptake (134) and by 
blocking presynaptic dopamine receptors (138). In rats, 
intraperitoneal selegiline increases 2-phenylethylamine 

FIGURE 40-2

Metabolism of selegiline.
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concentration (139), which may increase dopamine 
release. Metabolites of selegiline, including amphetamine, 
may also promote dopamine release, although the con-
centrations of these metabolites are probably too small 
to provide significant clinical benefit.

Side Effects

Selegiline is usually well tolerated. The most frequent side 
effect is an increase in dyskinesia when it is added to a 
levodopa regimen in patients who have already developed 
dyskinesia. Additional side effects include nausea, diz-
ziness, dry mouth, sleep disturbances, confusion, anxi-
ety, hallucinations, and orthostatic hypotension. When 
selegiline is combined with levodopa therapy, orthostatic 
hypotension may be marked and unassociated with com-
pensatory tachycardia. This is reversible within days after 
stopping selegiline. Related to this is supine hypertension. 
Dopaminergic adverse reactions can typically be managed 
by lowering the levodopa dose (140). Gastric ulcer activa-
tion and urinary disturbances (141) have been reported 
(142, 143), and some patients may develop elevated liver 
function tests (102, 144). Psychiatric abnormalities with 
selegiline use, which include hypomania and paranoia, 
are rare (145–147).

Drug Interactions

Selegiline can interact with other drugs, resulting in a 
variety of complications. The constellation of stupor, 
muscular rigidity, severe agitation, and elevated tem-
perature has been reported in some patients receiving 
the combination of selegiline and meperidine (148). This 
is typical of the interaction of meperidine and MAOIs. 
Selegiline is contraindicated for use with meperidine, and 
this contraindication is usually extended to other opioids. 
The combined use of selegiline and other MAO inhibitors 
may result in hypotension; their concomitant use is not 
recommended (149).

The combined use of selective serotonin reup-
take inhibitor (SSRI) antidepressants and selegiline 
can cause the “serotonin syndrome,’’ which results in 
some combination of mental status changes, myoclonus, 
diaphoresis, hyperreflexia, tremor, diarrhea, shivering, 
incoordination, and fever (150). The syndrome may, on 
rare occasions, progress to seizures, coma, or death (151). 
Treatment of the serotonin syndrome consists of discon-
tinuation of the offending agent and supportive mea-
sures. The pathophysiology of the serotonin syndrome 
may be related to enhanced stimulation of 5-HT recep-
tors in the brainstem and spinal cord (152).

Serotonin syndrome due to the combination of sele-
giline and an SSRI is rare. Two chart reviews of patients 
taking the combination of an SSRI and selegiline failed to 
detect side effects that had not already been reported with 

each respective medication (152, 153). The Parkinson 
Study Group found that of 4568 PD patients treated with 
an antidepressant and selegiline, only 0.24% reported 
symptoms thought to be consistent with the serotonin 
syndrome (154). There were no fatalities. In routine clini-
cal practice, oral selegiline at recommended dosages and 
SSRIs are commonly used together, but clinical monitor-
ing appears warranted.

Clinical Trials of Selegiline

Early Parkinson’s Disease. Selegiline monotherapy 
provides modest symptomatic benefit in early PD. In 
the DATATOP study, 800 patients were randomized to 
receive selegiline 10 mg/d or placebo. Total and motor 
scores on the Unified Parkinson’s Disease Rating Scale 
(UPDRS) improved significantly at 1 and 3 months. 
Total UPDRS scores improved 2.07 � 6.36 at 1 month 
in selegiline-treated patients compared with 0.11 �
5.98 in placebo-treated patients (P � .001) and 1.56 �
7.04 in selegiline-treated patients at 3 months; a worsen-
ing of 1.34 � 6.70 was seen in placebo-treated patients 
(P � .001) (155). In a study of 157 patients, Palhagen 
and associates (156) noted significant improvement in 
total and motor UPDRS scores at 6 weeks and 3 months 
following the introduction of selegiline. At 3 months, 
total UPDRS scores improved 1.1 � 4.3 in the selegiline 
group compared with a worsening of 0.4 � 4.0 in the 
placebo group (P � .05). Although they studied only 
93 patients, the French Selegiline Multicenter Trial also 
identified significant improvements in total and motor 
UPDRS scores at 1 and 3 months (157).

Several smaller studies were unable to identify 
early symptomatic effects, probably due to power limi-
tations (157). In 54 patients, Tetrud and Langston found 
no symptomatic benefit at 1 month (158); and in a Finn-
ish study of 52 patients, symptomatic benefit was not 
found at 3 weeks or 2 months (159). Thus, selegiline 
monotherapy in early PD provides minor symptomatic 
effects that are evident in larger studies by 4 to 6 weeks 
of therapy.

Withdrawal of selegiline results in a loss of symp-
tomatic benefit that depends on the generation of new 
MAO B and may take several months. The half-life for 
human MAO B synthesis in the brain has been estimated 
to be as long as 40 days (156). In the DATATOP study, 
there was no significant loss of symptomatic benefit 
1 month following selegiline withdrawal. However, at 
2 months, total UPDRS scores had worsened 2.34 �
4.95 points in selegiline-treated patients compared with 
0.48 � 5.72 in placebo-treated patients (P � .001) (155). 
Several smaller studies were unable to detect this effect. 
Tetrud and Langston did not find significant clinical 
changes during a 1-month washout in 54 patients (158), 
and Palhagen and colleagues (156) found no evidence 
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of clinical deterioration during a 2-month washout in 
157 patients.

Selegiline delays the need for additional symptom-
atic therapy in early PD. In the DATATOP study, sele-
giline significantly delayed the need for levodopa. The 
probability of reaching end point (need for levodopa) 
was significantly reduced in patients assigned to selegiline 
(hazard ratio, 0.50; 95% confidence interval, 0.41–0.62; 
P � .001). Subjects assigned to selegiline reached end-
point at a projected median of 719 days, compared with 
454 days for subjects assigned to placebo, representing a 
difference of 9 months (156). Tetrud and Langston (158) 
found that patients taking selegiline required levodopa 
at a mean of 548.9 days, compared with 312.1 days 
for placebo-treated patients (P � .002). Palhagen and 
coworkers (156) noted that the median time for levodopa 
was 12.7 months in their selegiline group, compared with 
8.6 months in the placebo group (P � .028). Myllyla and 
colleagues (159) found a mean of 545 � 90 days in their 
selegiline group, compared with 372 � 28 days in the 
placebo group (P � .03), a difference of almost 6 months. 
Selegiline monotherapy delays the need for additional 
symptomatic therapy by 6 to 9 months.

The mechanism by which selegiline delays the need 
for symptomatic therapy is not clearly defined. It is possible 
that the delay is entirely due to selegiline’s symptomatic 
effect. However, it is not known whether this small symp-
tomatic effect is sufficient to account for all of the delay 
in need for levodopa. The delay is potentially consistent 
with a neuroprotective effect, but this remains unproven. 
It is not possible to differentiate symptomatic and possible 
neuroprotective effects of selegiline in these studies.

During selegiline monotherapy, a slowing of progres-
sion of measures of parkinsonian disability is observed. 
Tetrud and Langston (158) identified a 50% decrease in 
the rate of progression in UPDRS motor scores in their 
selegiline group compared with placebo (P � .002). In 
the DATATOP trial, there was a significantly slower rate 
of decline in UPDRS scores in patients taking selegiline 
compared to those taking placebo through 6 months of 
follow-up (155). Palhagen and coworkers (156) reported 
a progression in total UPDRS score of 7.5 � 8.4 points 
from baseline to start of washout (median time � 12.7
months) in the selegiline group compared with 10.6 �
9.6 points (median time � 8.6 months) in the placebo 
group (P � .042). Myllyla and associates (159) also 
noted significantly less progression of disability in par-
kinsonian symptoms measured by the Columbia Univer-
sity Rating Scale in their selegiline group up to 1 year. 
The mechanism(s) underlying these observations are 
not clearly defined. A decline in the rate of progression 
of disability measured from an untreated baseline to a 
point during treatment may be due, wholly or in part, 
to symptomatic effects regardless of whether significant 
symptomatic benefit was observed.

Olanow and coworkers (160) reported significantly 
less progression in UPDRS scores from an untreated base-
line to an untreated endpoint following medication wash-
out. Patients were randomized to selegiline or placebo 
and to symptomatic treatment with bromocriptine or 
levodopa. Endpoint evaluation at 14 months was com-
pleted after a 2-month washout of selegiline and a 1-week 
washout of bromocriptine and levodopa. The change in 
total UPDRS scores from baseline to final visit was 0.4 �
1.3 in the selegiline group compared with 5.8 � 1.4 in the 
placebo group (P � .001). Palhagen and colleagues (156) 
assessed progression of UPDRS scores from an untreated 
baseline to an untreated endpoint following an 8-week 
washout of selegiline. Total UPDRS scores worsened sig-
nificantly less in the selegiline group (11.3 � 9.1) than 
in the placebo group (14.2 � 10.9), when the length of 
time to reach the endpoint of need for levodopa was 
used as the covariate (P � 0.033). These observations 
are potentially consistent with a neuroprotective effect 
from selegiline, but it cannot be determined whether the 
washouts were of sufficient duration to allow resolution 
of all symptomatic effects.

Once patients require levodopa therapy, selegiline 
allows symptomatic control with lower levodopa doses. 
Myllyla and coworkers (159) randomized 27 newly diag-
nosed PD patients to selegiline 10 mg/d or placebo until 
initiation of levodopa, and then followed them for at least 
2 years. Required doses of levodopa were significantly 
lower in the selegiline group than in the placebo group 
(P � .001). In selegiline-treated patients, the levodopa 
dose increased from 272 � 75 to 358 � 117 mg/d over 
24 months, whereas in the placebo group the dose of 
levodopa almost doubled, from 293 � 117 d to 543 
� 150 mg/d. Selegiline-treated patients also required 
significantly fewer levodopa doses per day (3.5 vs. 4.5, 
P � .01). DATATOP subjects who reached endpoint and 
required levodopa were invited to join an open-label 
extension in which they received selegiline 10 mg/d and 
levodopa as needed and were followed for an additional 
18 months. Patients who had originally been assigned to 
selegiline took levodopa for a significantly shorter time 
(P � .0001) and received significantly lower total cumu-
lative levodopa doses (P � .02). However, the total daily 
levodopa dose at final evaluation was similar between 
groups. These observations are consistent with the fact 
that selegiline delays the need for levodopa; moreover, 
with selegiline, patients on levodopa can be controlled 
with lower levodopa doses (155). In the DATATOP 
extension, levodopa dose requirements were equal once 
patients in both groups were taking selegiline (161). This 
suggests that the differences observed are likely to be due 
to symptomatic rather than neuroprotective effects.

Evaluation of other clinical endpoints in DATATOP 
extensions supports the idea that the effects of selegiline 
were symptomatic (162). Motor complications, including 
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fluctuations, dyskinesia, and freezing, occurred at the 
same time and in the same proportion of patients origi-
nally treated with selegiline as those originally treated 
with selegiline placebo.

An independent second randomization was per-
formed on 368 of the original DATATOP subjects on 
selegiline who had required levodopa (163). Half were 
assigned to continue selegiline 10 mg/d and the other half 
received placebo. Subjects were followed for an addi-
tional 2 years. The primary outcome measure was the 
occurrence of motor fluctuations; secondary outcome 
measures included time until motor fluctuations, freez-
ing of gait, confusion, and dementia. Overall, there was 
no difference in the primary outcome measure between 
the 2 groups. Wearing off occurred in 52% of those on 
placebo compared with 41% on deprenyl, but this was 
not significant. However dyskinesias developed in 34% of 
those randomized to selegiline compared with 19% on pla-
cebo (P � .006). In contrast, freezing of gait was reported 
in 29% of the placebo group vs. 16% of selegiline-treated
subjects (P � .0003). At an average follow-up of 2 years, 
there was significantly less decline in the total UPDRS 
(P � .0002), motor (P � .0006) and activities of daily 
living (ADL) (P � .0045) subscales in the selegiline group. 
Overall, these results may reflect a symptomatic effect, 
as selegiline-treated subjects experienced better UPDRS 
scores and less freezing but more dyskinesia.

Advanced Parkinson’s Disease. Selegiline affords mild to 
moderate symptomatic benefit as an adjunct to levodopa 
in advanced patients, and was approved by the U.S. Food 
and Drug Administration for this indication. In an early 
open-label trial, Rinne and associates (164) found that 
the addition of selegiline 10 mg/d in advanced patients 
on stable dosages of levodopa significantly improved 
tremor, rigidity, and bradykinesia. In double-blind con-
trolled studies, Sivertsen and colleagues (165) noted 
significant improvement in tremor (P � .02), and Hei-
nonen and coworkers noted significant improvement in 
tremor (P � .010), rigidity (P � .027), and hypokinesia 
(P � .004) (166).

In patients with motor fluctuations, selegiline 
prolongs the short-duration levodopa response and 
reduces “off’’ time. In an open-label trial, Rinne and 
colleagues (164) found that 68% of patients showed sig-
nificant improvement, with less frequent and less severe 
motor fluctuations. In double-blind crossover trials, 
Heinonen and coworkers (166) and Lees and associ-
ates (167) reported significantly less end-of-dose akinesia 
in patients taking selegiline. In a larger double-blind, 
placebo-controlled, parallel-group trial of 96 fluctuating 
PD patients, Golbe and coworkers (168) observed better 
mean hourly symptom control in 58% of patients ran-
domized to selegiline compared with 26.1% of patients 
randomized to placebo (P � .01). Improvement was also 

noted in dressing, dysarthria, hypomimia, sialorrhea, and 
tremor (P � .05).

When used as an adjunct to levodopa, selegiline 
allows a reduction in daily levodopa dose of 10% to 
25% (165–167). For example, Golbe and associates (168) 
found that mean daily levodopa dosages were decreased 
by 17% in the selegiline group compared with 7% in the 
placebo group.

Selegiline may worsen dyskinesia when initially 
added to levodopa, thereby necessitating levodopa 
dose reductions. Once the levodopa dosage is reduced, 
dyskinesia is usually no worse than at baseline. Golbe 
and colleagues (168) found that approximately 60% of 
patients taking selegiline and 30% of those taking pla-
cebo reported a worsening of dyskinesia 2 or 3 days after 
starting treatment. In most cases symptoms resolved after 
several days when the levodopa dosage was reduced.

Selegiline is useful as an adjunct to levodopa in 
patients with advanced disease to improve symptoms and 
reduce “off” time. If dyskinesia emerges or worsens, the 
levodopa dosage should be reduced.

Selegiline and Mortality

The Parkinson’s Disease Research Group of the United 
Kingdom (169) reported a 60% increase in mortality 
rate in PD patients who were randomized to levodopa 
and selegiline vs. levodopa alone. A total of 624 patients 
were randomized to one of 3 groups: levodopa, levodopa 
plus selegiline, or bromocriptine. After a mean duration 
of 5.6 years, 44 (17.7%) deaths were observed in the 
levodopa group, compared with 76 (28%) deaths in 
the group receiving levodopa plus selegiline (P � .05). 
The mortality rate in the bromocriptine group was not 
provided. The increase in mortality became apparent 
after 2.5 to 3.5 years of treatment.

Questions have been raised regarding methodologic 
issues in this study and the validity of its conclusions. 
Multiple interim analyses were performed without appar-
ent statistical adjustment in regard to mortality (170). In 
addition, the on-treatment analysis did not confirm the 
findings of the intention-to-treat analysis. Further, both 
treatment arms (levodopa and levodopa plus selegiline) 
experienced surprisingly high mortality rates. Mortal-
ity rates of 50.7 and 32.1/1000 were observed in the 
levodopa/selegiline and levodopa groups, respectively, 
while a meta-analysis of 5 long-term trials yielded mor-
tality rates of 12.5 and 16.7/1000 (169).

Other long-term trials have not identified an 
increase in mortality with selegiline. In the DATATOP 
trial and a subsequent open-label extension, the overall 
death rate was 17.1% (137 of 800), or 2.1% per year, 
through a mean of 8.2 years of observation (171). Mor-
tality rate was unaffected by any of the treatments. In 
another study, 3 (6%) deaths occurred in the selegiline 
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group through a mean follow-up of 4.5 years, with no 
significant difference in mortality rate between groups, 
and no trend toward increased mortality with selegi-
line use (160). In a 13-year follow-up of the DATATOP 
cohort, cumulative exposure to selegiline was not asso-
ciated with increased mortality (172). In a multivariate 
analysis, increased mortality was associated with: (a) 
disease severity; (b) rate of decline; and (c) poor levodopa 
response independent of disease severity or levodopa 
dosage. The findings were unchanged when the analysis 
was restricted to those with a likely diagnosis of PD at 
6 years’ follow-up (172).

Thus, although the U.K. study raised concern, the 
weight of evidence suggests that mortality is not increased 
and the drug can be considered safe.

Selegiline Use by Alternate Routes

Transdermal Selegiline. Selegiline delivery via other 
routes of administration has also been evaluated. The sele-
giline transdermal system provides relatively stable selegi-
line blood concentrations through the day and minimizes 
the formation of metabolites. Oral selegiline undergoes 
extensive first-pass metabolism and has an elimination 
half-life of about 2 hours. The transdermal system avoids 
the first-pass effect, thereby increasing bioavailability and 
decreasing metabolite production. Higher concentrations 
of selegiline in blood and brain may be achieved before 
MAO A in the gut is inhibited to the degree that a risk 
of hypertensive crisis is created. Higher concentrations 
of selegiline in brain might provide greater symptomatic 
benefit by completely inhibiting brain MAO B and pos-
sibly some MAO A. Inhibition of MAO A within the 
substantia nigra might increase intraneuronal dopamine 
pools and facilitate dopamine release.

Rohatagi and colleagues (80) administered selegi-
line transdermal system (STS) to 6 healthy male volun-
teers using 1 to 4 patches (delivering 1.83 mg/cm2) daily 
for 5 days and observed higher blood concentrations of 
selegiline compared with oral tablets. Selegiline delivery 
increased proportionally from 7.7 � 0.9 mg using one 
STS/d to 29.2 � 5.2 mg following 4 STS/d. AUC increased 
linearly with dose.

Hauser and associates (173) evaluated the tolerabil-
ity and safety of transdermal selegiline monotherapy in 
mild to moderate PD. Patients who were well controlled 
on levodopa underwent baseline evaluation following a 
2-week levodopa washout. One selegiline transdermal 
system (delivering 8.5 mg/24 hours) was then applied each 
day for 8 weeks. The most common adverse events were 
dizziness (28%), headache (16%), and pruritus (16%). 
For patients completing 8 weeks on study medication, 
UPDRS total and motor scores improved significantly 
(–2.53 � 4.37, P � .05; �1.80 � 3.32, P � .05).

To our knowledge, transdermal selegiline is no lon-
ger being developed for an indication of PD.

Zydis Selegiline. Zydis selegiline is a freeze-dried tablet 
that dissolves rapidly when placed on the tongue. Proper-
ties of the Zydis formulation have been described in detail 
by Seager (174). In healthy volunteers, almost one-third 
of a Zydis seligiline 10-mg dose was absorbed pregastri-
cally within 1 minute, with most absorption occurring in 
the buccal mucosa (175). The mean area under the curve 
(AUC) for plasma selegiline concentrations was nearly 
5 times higher with Zydis selegiline 10 mg compared with 
oral selegiline, while plasma concentrations of selegiline 
metabolites were significantly lower (�90%) (175).

Clarke and associates reported 3 studies of Zydis 
seligiline (176) in which 197 stable PD patients on oral 
selegiline 10 mg/d, given as an adjunct to levodopa or 
dopamine agonist therapy, were randomized to 1 of 
3 treatment arms: Zydis selegiline 1.25 mg/d, Zydis sele-
giline 10 mg/d, or oral selegiline 10 mg/d. Therapeutic 
equivalence, defined a priori as total UPDRS score � 5,
revealed both Zydis selegiline dosages to be comparable to 
oral selegiline 10 mg/d. The mean adjusted total UPDRS 
scores in those who switched from oral selegiline 10 mg/d 
to Zydis selegiline 1.25 mg/d was slightly improved at 
12 weeks (–2.50; P � .01) (176). In the second study, a 
single-dose, randomized, 2-way crossover study, 148 PD 
patients received either Zydis selegiline 5 mg or matching 
placebo. Patients were stratified according to swallowing 
and salivation problems. Overall, 61% of subjects pre-
ferred Zydis selegiline 5 mg to oral selegiline. There was 
no difference between those with or without swallowing 
problems (176).

The third study (176) examined the tyramine pres-
sor effect in 24 healthy volunteers, comparing Zydis 
selegiline 1.25 mg/d to oral selegiline 10 mg/d for 14 to 
16 days. The pressor effect after 400 mg tyramine was 
unchanged from before to after 14 days of Zydis selegi-
line 1.25 mg. However, after 14 days of oral selegiline 
10 mg/d, the threshold for pressor effect was reduced to 
200 mg tyramine (176).

In a 3-month randomized placebo-controlled study, 
Zydis selegiline was reported to reduce “off” time in PD 
patients with motor fluctuations (177); 140 PD patients 
with at least 3 hours of daily “off” time were randomized 
to Zydis selegiline or placebo in a 2:1 ratio. Initially, sub-
jects received Zydis selegiline 1.25 mg/d; at week 6, the 
dosage was increased to 2.5 mg/d. Overall, the drug was 
well tolerated. More than 90% of each group completed 
the trial, and drug-related events were noted by 32% 
of the Zydis selegiline–treated subjects compared with 
21% of the placebo-treated subjects. The most frequent 
adverse events in the Zydis selegiline group were dizzi-
ness, dyskinesias, hallucinations, headache, and dyspep-
sia. “Off” time was significantly reduced at both weeks 
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4 to 6 and weeks 10 to 12 compared with placebo. For 
weeks 4 to 6 (Zydis selegiline 1.25 mg/d), “off” time 
was reduced 1.4 hours compared with 0.5 hours for pla-
cebo (P � .003) and for weeks 10 to 12 (Zydis selegiline 
2.5 mg/d), “off” time was reduced by 2.2 hours compared 
with 0.6 hours for placebo (P � .001). Dyskinesia-free 
“on” time was significantly increased at week 6 (Zydis 
selegiline 1.25 mg/d, 1.6 hours, vs. 0.5 hours for pla-
cebo; P � .019); week 12 (Zydis selegiline 2.5 mg/d, 1.8 
hours, vs. 0.4 hours for placebo; P � .006). Increase in 
daily “on” time with dyskinesias was similar in the Zydis 
and placebo groups at both week 6 (0.1 hour for Zydis 
selegiline 1.25 mg/d and 0.3 hour for placebo) and week 
12 (0.4 hour for Zydis selegiline 2.5 mg/d and 0.3 hour 
for placebo) (177).

Zydis selegiline is now approved by the US FDA 
as an adjunct to levodopa in patients with wearing off 
fluctuations.

RASAGILINE

Pharmacokinetics

Rasagiline [R(�)-N-propargyl-1-aminoindan] is a selec-
tive irreversible MAO B inhibitor (178). Inhibition of 
platelet MAO-B is dose-dependent. One hour after rasa-
giline administration, platelet MAO-B inhibition is 35% 
with 1 mg and 99% with 10 mg. With repeated doses, 
rasagiline 2 mg/d inhibited over 99% of platelet MAO 
B by day 6. In a single-dose study, rasagiline 1 or 2 mg 
caused 50% to 70% inhibition of brain MAO-B, and 5 
and 10 mg inhibited up to 99% (178).

The AUC and Cmax of rasagiline increase linearly 
with the dose. The t1/2 of rasagiline is approximately 
3.5 hours, and the t1/2 for 1(R )-aminoindan, its active 
metabolite, is approximately 11 hours. Because rasagiline 
is an irreversible MAO-B inhibitor, the serum (pharma-
cokinetic) half-life does not correlate with the functional 
(pharmacodynamic) half-life.

Side Effects

The safety and tolerability of rasagiline were established 
in phase I and phase II trials (179). In healthy male vol-
unteers 18 to 40 years of age, doses up to 20 mg/d were 
well tolerated (179). Adverse effects were mild, consisting 
of dry mouth, headache, nausea, thirst, and abdominal 
discomfort. Rasagiline did not significantly affect vital 
signs, physical exam, lab values, or electrocardiographic 
(ECG) recordings.

In a phase III 26-week study of rasagiline as mono-
therapy in early disease (TEMPO: Rasagiline Mesylate 
[TVP-1012] in Early Monotherapy for Parkinson’s Dis-
ease Outpatients), (180), adverse events (AEs) were no 

more common with rasagiline than with placebo. The 2 
most common AEs were (a) infection, which occurred in 
15.4% of the combined rasagiline groups (14.9% with 
1 mg/d and 15.9% with 2 mg/d) compared with 15.9% 
in the placebo group, and (b) headache, which occurred 
in 13.2% of the combined rasagiline groups (14.2% 
with 1 mg/d and 12.1% with 2 mg/d) compared with 
10.1% in the placebo group. Other AEs occurring with 
a frequency of greater than 5% were accidental injury, 
dizziness, asthenia, nausea, arthralgia, back pain, and 
pain. A total of 20 serious AEs were reported in this 
study (180), with 4 in the placebo group, 6 in the group 
receiving rasagiline 1mg/d, and 10 in the group taking 
rasagiline 2 mg/d. Three newly diagnosed cancers were 
detected only in the rasagiline 2 mg/d group (one each 
of malignant melanoma, prostate cancer, and squamous 
cell carcinoma of the skin). The delayed-start TEMPO 
study (181) followed subjects for a total of 12 months. In 
the first 6 months, subjects were randomized to receive 
rasagiline 1 mg/d, rasagiline 2 mg/d, or placebo (180). 
For the next 6 months, subjects were maintained on their 
initial treatment assignment of either rasagiline 1 mg/d or 
2 mg/d, and those who had been on placebo were treated 
with rasagiline 2 mg/d (181). Infection (10.8%), head-
ache (5.4%), unintentional injury (4.9%), and dizziness 
(4.6%) were the most common AEs reported among all 
subjects in the second 6 months of the study (no signifi-
cant difference between groups). Five newly diagnosed 
neoplasms (squamous cell carcinoma n � 2, basal cell car-
cinoma n � 1, melanoma n � 1, colon cancer n � 1) and 
17 hospitalizations for various reasons (vascular disease 
n � 6, gastrointestinal symptoms n � 4, unintentional 
injuries n � 3, syncope n � 1, bronchitis n � 1, cellulitis 
n � 1, vaginal prolapse n � 1) were reported as seri-
ous AEs in the second 6 months of this study, when all 
subjects were receiving rasagiline (181). Combining data 
over the 12 months, a total of 8 new malignancies were 
diagnosed, including 3 squamous cell carcinomas (skin), 
2 cases of melanoma, and 1 basal cell carcinoma. Whether 
this exceeds the normal background rate is not clear; 
recent information suggests that PD patients experience 
more skin cancers than the general population (182). In 
a phase III study of rasagiline as an adjunct to levodopa 
in patients with fluctuations (PRESTO: A Randomized 
Placebo-Controlled Trial of Rasagiline in Levodopa-
Treated Patients With Parkinson Disease and Motor 
Fluctuations) 183), AEs were reported in 87%, 91%, 
and 95% of participants receiving placebo, rasagiline 
0.5 mg/d, and rasagiline 1 mg/d, respectively. Rasagiline 
0.5 mg/d was more often associated with an adverse event 
of balance difficulty compared with placebo (5.5% vs. 
0.6%, P � .03), and rasagiline 1 mg/d was more fre-
quently associated with weight loss (9.4% vs. 2.5%, P �
.02), vomiting (6.7% vs. 1.3%, P � .03), and anorexia 
(5.4% vs 0.6%, P � .04) (183). There were no dietary 
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restrictions in the phase III studies and no episodes of 
hypertensive crisis occurred.

Clinical Trials of Rasagiline

Early PD. The TEMPO (Rasagiline Mesylate [TVP-
1012] in Early Monotherapy for Parkinson’s Disease Out-
patients) study evaluated rasagiline in early PD. A total of 
404 subjects were randomized to receive rasagiline 1 mg/d, 
rasagiline 2 mg/d, or placebo. The primary outcome was 
the change in total UPDRS scores between baseline and 
week 26. At 26 weeks, rasagiline provided significantly 
greater improvement than placebo; change in total 
UPDRS scores were –4.20 units for rasagiline 1 mg/d vs. 
placebo, and –3.56 units for rasagiline 2 mg/d vs. placebo 
(P � .001 for each comparison) (180). Significant differ-
ences in secondary endpoints, including UPDRS motor 
and ADL subscales and the Parkinson’s disease quality of 
life scale (PDQUALIF), were observed favoring rasagiline 
compared with placebo. The secondary endpoint of need 
for levodopa, however, was not different among the groups 
(16.7% for placebo, 11.2% for rasagiline 1 mg, and 16.7% 
for rasagiline 2 mg). Nearly one-half (49%) of placebo-
treated patients and two-thirds (66% for rasagiline 1 mg/d, 
67% for rasagiline 2 mg/d) of subjects who received rasagi-
line were responders, defined as less than 3 units worsening 
in total UPDRS scores from baseline to week 26 (P � .01 
for each active treatment group compared with placebo). 
Rasagiline was well tolerated, and 112 of 138 (81.1%) 
placebo-treated subjects , 111 of 134 (82.8%) subjects 
treated with rasagiline 1 mg, and 105 of 132 (79.5%) 
subjects treated with rasagiline 2 mg completed 26 weeks 
without needing additional medical therapy.

In the second 6 months of the TEMPO study (181), 
all subjects who completed the double-blind placebo-
controlled phase (180) were placed on rasagiline. PD 
patients on either 1 or 2 mg/d of rasagiline from the 
start remained on that dosage for the full 12 months, 
while those who were initially on placebo for the first 6 
months were then started on rasagiline 2 mg/d (delayed 
start) (181). A total of 380 subjects entered the active 
treatment phase, with 371 comprising the intention-to-
treat cohort. The primary outcome measure was change 
in total UPDRS from baseline to 12 months. Subjects 
who received rasagiline 2 mg/d for one year had 2.29 
units less worsening (increase) in total UPDRS score 
compared with those receiving placebo for 6 months 
followed by rasagiline for 6 months (P � .01). Subjects 
treated with rasagiline 1 mg/d for 1 year also experienced 
less worsening of total UPDRS scores than subjects who 
were treated with placebo for 6 months followed by 
rasagiline 2 mg/d for 6 months (1.82 units lower total 
UPDRS in the 1 mg/d group; P � .05). Nearly 70% 
(259 subjects) completed 12 months without the need 
for additional therapy.

Responders in this study were defined as subjects 
whose total UPDRS score worsened by less than 4 units 
over 12 months. Patients who received rasagiline 2 mg/d 
for 1 year were more likely (P � .04) to be responders 
than those who had a delayed start (placebo followed by 
rasagiline 2 mg/d), but there was no difference between 
the delayed-treatment group and those who received rasa-
giline 1 mg/d for 1 year (181).

Moderate to Advanced PD. Rasagiline was evaluated 
in moderate to advanced PD patients with motor fluc-
tuations on levodopa in the PRESTO (A Randomized 
Placebo-Controlled Trial of Rasagiline in Levodopa-
Treated Patients With Parkinson Disease and Motor 
Fluctuations) study (183). PD patients (n � 472) with a 
minimum 2.5 hours daily “off” time were randomized 
to rasagiline 0.5 mg/d, 1 mg/d, or placebo. The primary 
outcome measure was change in “off” time from base-
line to 26 weeks as measured by patients’ home diaries. 
Mean adjusted “off” time decreased by 1.85 hours with 
rasagiline 1 mg/d, 1.41 hours with rasagiline 0.5 mg/d, 
and 0.91 hours with placebo. There was approximately 
1 hour less “off” time with rasagiline 1 mg/d, and one-
half hour less “off” time with rasagiline 0.5 mg/d com-
pared with placebo (P � .001, and P � .02, respectively). 
There was a small but significant increase in “on” time 
with troublesome dyskinesia in the rasagiline 1-mg group. 
The secondary endpoints of clinical global impression, 
UPDRS ADL “off”, and motor UPDRS “on” were all 
significantly improved with both dosages of rasagiline 
(183). The 1-mg/d dosage was also associated with sig-
nificant improvement on the Schwab and England (184) 
scale during “off” time (183).

The LARGO (Lasting effect in Adjunct therapy with 
Rasagiline Given Once daily) study evaluated 687 advanced 
PD patients in an 18-week double-blind, parallel-group
trial (185). Patients were randomized to the addition of 
rasagiline 1 mg daily, entacapone 200 mg taken with 
each levodopa dose, or placebo. The primary outcome 
of change in “off” hours from baseline was significantly 
reduced in both the rasagiline (–1.18 hours; P � .0001) 
and entacapone (–1.2 hours; P � .0001) groups compared 
with placebo (–0.4 hours). Secondary outcomes of clini-
cal global impression, UPDRS ADL scores in the “off” 
state, and UPDRS motor scores in the “on” state, were 
all improved in both active treatment groups compared 
with placebo (185). UPDRS dyskinesia scores were not 
worse with either rasagiline or entacapone. Three explor-
atory UPDRS subscores—postural instability–gait disor-
der (PIGD), freezing, and motor score in the practically 
defined “off state”—were each improved with rasagiline 
but not with entacapone (185). In addition, there was 
a small but significant reduction in daily levodopa dose 
with rasagiline (–24 mg) (P � .0003 vs. placebo) and enta-
capone (–19 mg) (P � .0024 vs. placebo) compared with a 
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slight increase in daily levodopa requirement with placebo 
(�5 mg) (185). The benefits of rasagiline were indepen-
dent of age and concomitant dopamine agonist treatment. 
Post hoc analysis revealed no increase in dopaminergic 
adverse effects in those above age 70 years. Rasagiline 
was well tolerated, and there were fewer early study ter-
minations and fewer study withdrawals related to adverse 
effects compared to entacapone or placebo, although this 
was not significant (185).

An auxiliary study of LARGO evaluated freezing of 
gait in 454 advanced PD patients who had been randomized 
to rasagiline (1 mg/d; n � 150), entacapone (200 mg with 
each dose of levodopa; n � 150), or placebo (n � 154) (186). 
Compared with baseline, evaluation at 10 weeks demon-
strated a mean improvement in FOG-Q (Freezing of Gait 
Questionnaire) in the rasagiline group of 1.2 points, com-
pared with a 0.5-point worsening in the placebo group 
(P � .045). Subjects on entacapone had mean improvement 
of 1.1 points (P � .066 compared with placebo).

Rasagiline is now approved by the US FDA as mono-
therapy in early disease and as an adjunct to levodopa 
in patients with wearing off fluctuations. Although there 
were no dietary restrictions in the pivotal trials, it is cur-
rently recommended that patients receiving rasagiline 
avoid foods and beverages high in tyramine, pending 
results of additional tyramine studies.

OTHER MAO INHIBITORS

Lazabemide

Lazabemide (Ro 19-6327) is a selective, rapidly reversible 
MAO B inhibitor chemically unrelated to selegiline (187). 
It has a high degree of MAO B selectivity and is not 
metabolized to amphetamine or its derivatives. Even at 
high doses, lazabemide is devoid of any tyramine poten-
tiation (“cheese effect’’) (188). Lazabemide does not cause 
dopamine release (189) or induce ipsilateral turning in 
6-hydroxydopamine–lesioned rats (190).

In a 6-week double-blind trial, 201 early untreated 
PD patients were randomized to receive lazabemide 100 to 
400 mg/d or placebo. Lazabemide treatment was associ-
ated with significant improvement in the ADL component 
of the UPDRS, but other scores were unchanged (187). 
A higher incidence of insomnia, decreased hematocrit, 
and elevated serum alanine aminotransferase levels were 
associated with lazabemide at the dose of 400 mg/d.

In another double-blind, placebo-controlled trial, 321 
otherwise untreated patients were randomized to receive 
lazabemide 25 to 200 mg/d or placebo and were followed 
for up to 1 year (191). The primary endpoint was the time 
to reach functional disability severe enough to warrant 
levodopa therapy. The risk of reaching endpoint was reduced 
by 51% for patients receiving lazabemide compared with 
placebo (P � .008). No symptomatic effects were noted.

The Parkinson Study Group (192) conducted a tol-
erability study of lazabemide in 137 patients who expe-
rienced a stable response to levodopa. Subjects were 
randomized to receive lazabemide 100 to 400 mg/d or 
placebo for 8 weeks. Lazabemide was as well tolerated as 
placebo, but there was an increased frequency of dopa-
minergic side effects, including dyskinesia, nausea, and 
dystonia in lazabemide-treated groups.

To our knowledge, lazabemide is no longer being 
developed.

CONCLUSION

Monoamine oxidase plays an integral role in the metab-
olism of intracerebral dopamine, and inhibitors of the 
enzyme provide benefit in PD. Oral selegiline monother-
apy provides modest symptomatic benefit in early PD 
and delays the need for dopamine replacement therapy 
by several months. Once levodopa is required, selegiline 
allows symptomatic control with lower levodopa doses. 
In advanced disease, selegiline provides mild to mod-
erate symptomatic benefit as an adjunct to levodopa. 
Off time is reduced and symptom control is improved. If 
dopaminergic side effects emerge with the introduction 
of selegiline, the levodopa dose should be reduced. Zydis 
selegiline, an orally absorbed medication, is approved 
as an adjunct to levodopa in patients with wearing off 
fluctuations.

Rasagiline is more potent than oral selegiline and 
also appears to provide greater symptomatic benefit. It is 
approved as monotherapy in early PD and as an adjunct 
to levodopa in patients with wearing off fluctuations. The 
“delayed-start” TEMPO study suggests that the earlier 
introduction of rasagiline provides greater benefit than 
delayed introduction, and there is interest in whether 
this might reflect a neuroprotective or disease-modifying 
effect. Further studies are currently under way to confirm 
this result.
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Dopamine Agonists

lthough levodopa affords consider-
able improvement in motor func-
tion in Parkinson’s disease (PD), it 
does not prevent progression of the 

disease, and its long-term use is associated with undesir-
able motor complications and mental symptomatology 
(1, 2). The debate concerning levodopa neurotoxicity has 
resulted in a variety of therapeutic strategies conceived to 
prevent, delay, or diminish these complications by post-
poning or reducing the use of levodopa (3–7).

A number of drugs belonging to different classes 
and operating by distinct mechanisms have been shown 
to help patients with PD. Dopamine receptor agonists as 
well as MAO-B inhibitors and amantadine are effective as 
monotherapy in early disease or as adjunct to levodopa 
in later stages. The many therapeutic choices must be 
tailored to clinical decisions, considering the preferences 
and lifestyles of individual patients as well as the nature 
and severity of their disease symptoms, concurrent mor-
bidity, and concomitant medication.

Dopamine and dopaminergic drugs interact with 
one or more of the 5 known subtypes of receptors: D1, 
D2, D3, D4, D5. These are grouped in 2 families on 
the basis of their homology and coupling with stimu-
latory G proteins (D1, D5)—that is, the D1 family, or 
with inhibitory G proteins (D2, D3, and D4 receptors), 
belonging to the D2 family (8–10).

Puiu F. Nisipeanu
Amos D. Korczyn

The antiparkinsonian efficacy of levodopa, the 
metabolic precursor of dopamine, is predominantly due 
to stimulation of the D2 family of receptors, mainly D2. 
D2 postsynaptic receptors and presynaptic autorecep-
tors (see Chapter 23) have almost contrasting functions, 
and it is the activation of postsynaptic receptors that is 
thought to be essential to the effects of dopamine on 
motor behavior. The stimulation of D1 receptors, mainly 
expressed in the dorsal striatum, nucleus accumbens, and 
cortex with almost the same order of dopamine affinity 
as D2 receptors is considered necessary to achieve maxi-
mal dopaminergic effect. The affinity of dopaminergic 
drugs toward the D2 receptors is much greater than that 
toward the D1 receptors. The affinities of the most com-
monly used dopaminergic agents were recently studied 
(11–13) by using a multivariate analysis of their binding 
profile to human monoaminergic receptors (11–13). The 
investigators found a conspicuous heterogeneity in bind-
ing profiles, which may offer a partial explanation for 
differences in clinical activity in PD. However, although 
these studies give a clear picture of the agonists in the 
experimental system, it must be recognized that in vivo 
they interact with the endogenous dopamine. This could 
result not only in potentiation but, theoretically, also in 
competition, thus reducing the endogenous activity of 
dopamine. Moreover, since dopaminergic drugs have 
properties beyond motor modulation—which might be 
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important to other characteristics of PD, such as affect, 
motivation, cognition, or pain—this heterogeneity could 
be of value.

One result of these studies was the separation of 
dopaminergic drugs into two major groups. The first 
group, which included ropinirole, pramipexole, and piri-
bedil, displayed low affinities for D5 and D1 compared to 
D2 receptors and negligible affinity for nondopaminergic 
receptors. Within this group, ropinirole and pramipexole 
showed marked similarity. The second group included 
bromocriptine, pergolide, cabergoline, and lisuride—all 
ergot derivatives—as well as apomorphine. Its members 
manifested higher affinities for most sites. Some intra-
group differences were noted. Bromocriptine had high 
affinity at �-1 adrenergic receptors (AR), while lisuride 
had affinity at 5-HT2a/2c and 	1/	2 ARs. Cabergoline 
and pergolide expressed similar receptor binding pro-
files. Newman-Tancredi and colleagues (12, 13) showed 
that pramipexole, ropinirole, cabergoline, and per-
golide were as efficacious as dopamine itself at D2 sites. 
Apomorphine was highly efficacious, while bromocrip-
tine, lisuride, and piribedil showed intermediate efficacy. 
At D3 receptors, all displayed agonist activity, apomor-
phine and cabergoline being most efficacious. At D4 
receptors, ropinirole showed relatively high efficacy, 
while pramipexole, cabergoline, lisuride, pergolide, and 
apomorphine had intermediate efficacy. Bromocriptine 
did not interact with D4 receptors at all. However, the 
clinical relevance of interaction with different subtypes 
of the D2 family is still unclear.

Cabergoline, bromocriptine, lisuride, and apomor-
phine shared antagonistic properties at �2 ARs, which 
may be beneficial for PD treatment.

Newman-Tancredi and coworkers (12, 13) also 
evaluated the efficacy of the ergot derivatives bromocrip-
tine, pergolide, lisuride, and cabergoline as well as apo-
morphine and piribedil at human recombinant serotonin 
receptors 5-HT 1a, 5-HT 1b, 5-HT1d, 5-HT2a, 5-HT2b, 
and 5-HT2c. Notably only pergolide and cabergoline dis-
played high potency at 5-HT2b receptors, which may be 
of relevance in regulating heart valve fibrosis. This is con-
sistent with recent studies (14). Thus, dopamine agonists 
display different patterns of interaction with monoamine 
receptors, and a better understanding of these patterns 
may be helpful in defining their therapeutic potential and 
adverse effects profile.

Numerous dopaminergic agents have been investi-
gated in the treatment of patients with PD. Their devel-
opment followed a typical sequence: (1) capability to 
elicit dopaminomimetic effects on the neuroendocrine 
system; (2) ability to bind to different dopamine recep-
tors in vitro; (3) demonstration of dopamine-like action 
in animals and to reverse parkinsonism in experimental 
models; and finally (4) human studies in PD. This search 
for dopamine agonists occurred partly in order to avoid 

the adverse effects of long-term levodopa therapy, espe-
cially motor fluctuations and dyskinesias.

Dopamine agonists possess pharmacokinetic and 
pharmacodynamic properties that in theory are advanta-
geous over levodopa (15–18). They act directly on dopa-
mine receptors and bypass the need for conversion and 
storage in the degenerating nigrostriatal neurons. They do 
not depend (as levodopa does) on amino acid transporters 
for absorption across the gastrointestinal tract and later 
the blood-brain barrier and consequently may be taken 
with meals. Their metabolism in the liver is much more 
limited than that of levodopa; thus the hepatic first-pass 
effect is reduced. Most of them have longer half-lives than 
levodopa; they therefore provide more continuous dopa-
minergic stimulation, which may reduce the incidence 
of dyskinesias (20). Most exhibit low-protein binding, 
thus limiting the possibility of pharmacokinetic interac-
tions with other drugs, and none adversely interfere with 
levodopa pharmacokinetics. Unfortunately, however, in 
addition to having lower potency, dopamine agonists are 
less well tolerated than levodopa, with a higher occurrence 
of side effects—including marked peripheral effects, such 
as nausea and orthostatic hypotension—which contribute 
to the higher rate of dropouts from dopamine agonist 
treatment. These effects also occur with levodopa, but 
since this drug is now always used with peripheral dopa 
decarboxylase inhibitors (and frequently with catechol-
O-methyl transferase inhibitors), the amount of dopamine 
in the periphery is so small that these effects rarely occur.

Treatment with dopamine agonists must be initi-
ated at low dosage and the titration period may extend 
for months, so as to improve tolerance to the peripheral 
side effects. Consequently the clinical benefit is delayed. 
Finally, the price of dopamine agonists is higher than 
that of levodopa preparations (in the United Kingdom, 
dopamine agonists cost about three times as much as 
levodopa), the evidence of its advantages must be com-
pelling to consider it as the preferred option for initial 
treatment (21).

The most forceful argument for initial treatment 
with dopamine agonists is the reduction or delay of motor 
complications. The occurrence of motor complications is 
believed to be due to the combination of striatal denerva-
tion and intermittent stimulation of these dopamine recep-
tors. Levodopa has a short half-life (60 to 90 minutes). 
It must be administered repeatedly, particularly to those 
patients who have lost the capacity to compensate for 
dopamine depletion from nigral neurons and synaptic ter-
minals. Consequently dopamine receptors will be exposed 
to large oscillations in dopamine concentration. This pul-
satile stimulation is theorized to contribute to an altered 
neuronal discharge pattern conducive to motor compli-
cations (22–24). The prevalence of motor complications 
is higher among patients who started levodopa shortly 
after symptom onset and among younger patients (perhaps 
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because they use higher doses) (25). Because of their lon-
ger half-life, dopamine agonists cause more continuous 
occupancy and stimulation of dopamine receptors, thus in 
theory preventing or reducing these complications.

The appearance of motor complications dramati-
cally increases the costs of care; therefore the higher initial 
cost of dopamine agonists therapy may thus be justified 
(26). The impact of dyskinesias on quality of life and 
related costs was recently evaluated in a prospective study 
in France, Germany, and the United Kingdom. Pechevis 
and colleagues (27) confirmed that dyskinesias adversely 
affect quality of life. Dyskinesias were also associated with 
significant health-related costs. It must be noted that the 
assessment of motor complications in clinical trials in 
early PD was not standardized, which makes the interpre-
tation of results problematic. For example, the proportion 
of patients with dyskinesias at 5-year follow-up ranged 
from 5% to 41% in different studies (28). Van Gerpen 
and coworkers (29), in a retrospective study, showed that 
about 30% of levodopa-treated patients develop dyski-
nesias by 5 years and about 60% by 10 years of treat-
ment. However, at 10 years, only 12% of patients had 
uncontrollable dyskinesias. This may weaken the case of 
dyskinesias as a major concern. In addition, dykinesias 
seen in early disease may not be clinically significant.

NEUROPROTECTION

A second rationale for the use of dopamine agonists as 
monotherapy is their supposed neuroprotective property. 
Over the years the concept that dopamine agonists may 
provide neuroprotection has repeatedly been proposed 
(30, 31). Neuroprotective compounds are claimed to slow 
neuronal degeneration and to rescue or protect vulnerable 
neurons, in this case the dopaminergic neurons of the 
nigrostriatal system. The Ad Hoc Committee to Identify 
Neuroprotective Agents in Parkinson’s disease (CINAPS) 
retained the definition proposed by Shoulson (32) to 
“favorably influence the disease progress or underlying 
pathogenesis to produce enduring benefits for patients.” 
CINAPS has specified criteria for choosing a putative 
neuroprotective agent: scientific rationale, evidence of 
penetration of the blood-brain barrier, adequate safety 
information, efficacy in animal models and/or prelimi-
nary efficacy data in patients (33).

The use of levodopa is associated, in experimental 
models, with the generation of metabolites able to induce 
oxidative stress in neurons (Chapter 30). Conversely, 
newer dopamine agonists exert an antioxidative effect, 
presumably protecting nigral cells exposed to oxidative 
injury (28). Both ergot derivatives and the nonergot 
dopaminergic drugs pramipexole and ropinirole have 
some protective effects in various experimental models 
of nigrostriatal degeneration.

A major issue is how to define and measure neuro-
protection. In principle, neuroprotective agents could slow 
the degeneration of nigral dopaminergic neurons or slow 
other processes, such as cortical Lewy body deposition. 
Nigral degeneration is reflected by more rapid clinical 
deterioration. This cannot easily be measured directly 
because of the symptomatic effects of dopamine agonists. 
In the DATATOP study (34), to investigate potential neu-
roprotection, selegiline or placebo was administered for 
an extended period until the patient required levodopa. 
Although the results showed a significant delay in the 
selegiline group in reaching this endpoint, there were no 
definite conclusions because of its symptomatic effects. 
This complicates the analysis of a possible protective effect 
of any drug with symptomatic antiparkinsonian effect.

One consistent observation is that treatment with 
dopamine agonists delays the onset of motor complica-
tions, particularly dyskinesias (freezing, however, may 
become more common in patients treated de novo with 
dopamine agonists than in those given levodopa), when 
given to de novo cases (5). Whether this is considered 
neuroprotection is a matter of definition. A more direct 
demonstration is through imaging, using either positron 
emission tomography (PET) or single photon emission 
computed tomography (SPECT), both of which have 
hinted at a slower loss of dopaminergic terminals with the 
use of either ropinirole or pramipexole (35, 36). The trial 
conducted by the Parkinson Study Group included PD 
patients who were treated with pramipexole or levodopa 
and underwent radioimaging scans (	-CIT SPECT) (36). 
Whone and colleagues (35) reported the results obtained 
by using F-dopa PET in 162 patients with early PD treated 
with ropinirole or levodopa. In both studies, patients on 
agonists had “better” imaging results seemed to fare bet-
ter than those on levodopa (pramipexole at 46 months 
scans and ropinirole at 24 months), with a one-third 
reduction in the rates of radiotracer imaging decline. 
However, in both trials levodopa-treated patients had 
better symptomatic control of motor manifestations. This 
discordance, together with the data provided by the ELL-
DOPA trial (3), which also showed inconsistency between 
clinical benefits of levodopa and reduced rate of decline 
assessed by 	-CIT SPECT at baseline and at 40 weeks 
makes interpretation uncertain (37).

CINAPS assessment considered only ropinirole and 
pramipexole among dopamine agonists as suitable candi-
dates for phase II and III neuroprotection trials, while apo-
morphine, bromocriptine, and pergolide were excluded.

ADVERSE EFFECTS OF DOPAMINE AGONISTS

Because dopamine agonists differ from each other in 
structure, monoaminergic receptors affinity, potency, and 
other pharmacologic properties, it is reasonable to assume 
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that they might have distinctive adverse-effect profiles. 
Nevertheless ergot and nonergot dopamine agonists share 
a variety of peripheral and central adverse effects.

The most common “peripheral” adverse effects are 
nausea, vomiting, and orthostatic hypotension, each having 
a mixed peripheral and central component. These effects 
are dose- and time-dependent, being highly prevalent dur-
ing initiation of treatment and tending to diminish or dis-
appear over weeks as peripheral tolerance develops.

The mechanism underlying the development of tol-
erance to these side effects is unknown. Interestingly, a 
similar effect occurs with cholinesterase inhibitors, where 
the initial exposure frequently produces nausea and 
vomiting, which subside with repeated administration. 
Nicotine may also have an analogous effect, since smok-
ing commonly causes nausea with the first cigarettes. 
These adverse effects can be alleviated by domperidone, 
a peripheral D2 receptor antagonist, which does not cross 
the blood-brain barrier.

Nausea and vomiting result from direct dopami-
nergic stimulation of chemoreceptors located in the 
area postrema, which is outside the blood-brain barrier. 
Orthostatic hypotension, first reported by Calne and 
colleagues (38), probably occurs through inhibition of 
the sympathetic nervous system, with consequent venous 
and arterial dilation and hypotension (39). Orthostatic 
hypotension is also a feature of autonomic dysfunction, 
which is frequent in PD but can be asymptomatic. Kujawa 
and colleagues (40) showed that at the start of dopa-
minergic agonist treatment, 34% of patients developed 
orthostatic hypotension, while only 3% complained of 
light-headedness. This may suggest that many patients 
do not report subjective symptoms yet may be prone to 
instability and falls.

Somnolence is a common complaint during treat-
ment with levodopa and dopamine agonists. Reports of 
sudden-onset of sleep in patients being treated with prami-
pexole or ropinirole triggered an intense debate (Chapter 
62). Frucht and associates (41) described 8 patients who 
fell asleep while driving. The sleep attacks were sudden, 
unexpected, and irresistible; they abated after discon-
tinuation of the dopamine agonists. A review by Hom-
man and collaborators recorded 124 patients reported 
until May 2001 (42). However, the definition of sleep 
attacks varied greatly. By defining sleep attacks as over-
whelming sleepiness that occurs too suddenly to allow 
for protective measures, 96 sleep attacks were recorded 
(5 definite, 8 probable, 83 possible). Most patients were 
taking pramipexole and ropinirole, while others received 
levodopa monotherapy, bromocriptine, piribedil, lisuride, 
cabergoline, or apomorphine. Some patients reported 
a more protracted onset, with tiredness and waves of 
sleepiness. Razmy and colleagues (43), using polysomno-
graphic techniques, studied 80 dopamine agonist–treated 
patients. They found that subjective statements scored by 

the Epworth Sleepiness Scale did not relate to impaired 
sleepiness or wakefulness. Fifteeen patients (18.8%) had 
pathologic daytime sleep latency. The main risk factor 
was the total dose of agonist (pramipexole, ropinirole, 
or bromocriptine).

Sleep attacks were reported with all dopamine ago-
nists in a survey of 2952 patients by Paus and cowork-
ers (44). A comparable survey of 929 patients revealed 
that 22% of respondents reported events of uncontrol-
lable somnolence, which were significantly more likely 
to occur in those treated with pramipexole, ropinirole, 
or pergolide (45). Another study assessed sleep quality, 
daytime somnolence, and sleep attacks in PD patients 
and age-matched controls. Ferreira and colleagues (46) 
found that PD patients report more abnormal daytime 
somnolence and poorer sleep quality, but the propor-
tion of those reporting sleep attacks was almost the same 
(27% PD patients, 32% controls). However the episodes 
of sleep attacks were significantly more frequent in PD 
patients, and they were reported to occur more frequently 
in conditions demanding sustained attention. As almost 
all patients received levodopa, bromocriptine, or ropini-
role, this study did not confirm the association of sleep 
attacks with a particular drug or class of drugs. Gjerstad 
and colleagues (47) examined the incidence of excessive 
daytime sleepiness in a community-based cohort of 232 
PD patients. They concluded that although dopamine 
agonists play a part in inducing hypersomnolence, its 
development is multifactorial and mainly related to age 
and disease duration.

Central dopaminergic adverse effects are domi-
nated by psychiatric symptomatology, with a spectrum 
similar to that of levodopa. The psychiatric manifesta-
tions include mood disturbances (depression, irritabil-
ity, euphoria, and hypomania), vivid dreams, nightmares, 
sleep difficulties, inappropriate sexual behavior, hallu-
cinations (visual, rarely auditory or tactile), delusions, 
agitation, confusional states, and paranoid psychosis 
(Chapter 48). In an extensive review, Factor (48) divided 
drug-induced psychoses into those occurring on a back-
ground of clear sensorium and those associated with con-
fusion and impaired consciousness, fulfilling the criteria 
for delirium. The frequency of hallucinations and other 
psychotic symptomatology differed in various studies, 
probably reflecting the stage of the disease, comorbidity, 
or comedication. Additionally, the potential of dopamine 
agonists to induce mental adverse effects in patients with 
a psychiatric history or cognitive impairment or in elderly 
patients (who are usually excluded from therapeutic tri-
als) remains to be assessed.

Hallucinations are commonly assumed to be drug-
related. Fenelon and colleagues (49) reviewed the evidence 
in favor of this assumption. However, hallucinations were 
known to occur in PD patients before the levodopa era 
and were sometimes associated with anticholinergic 
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drugs. Thus, hallucinations may constitute a part of 
the disease in certain situations, while dopamine plays 
a facilitating role (50). The early appearance of visual 
hallucinations in a parkinsonian patient—especially in 
association with fluctuations in mental status, cognitive 
dysfunction, milder parkinsonian symptoms, and absence 
of tremor—suggests alternative diagnoses. Goetz and col-
leagues (51) compared patients who developed hallucina-
tions early after dopaminergic therapy was started with 
patients in whom hallucinations started beyond 1 year of 
treatment. They found that none of the early hallucinators—
i.e., within 3 months of initiation of treatment—had PD 
only; most suffered from cognitive changes due to the 
cortical Lewy body disease or Alzheimer’s disease with 
extrapyramidal features.

The implication of antiparkinsonian medication in 
the development of hallucinations was recently reassessed 
by Merims and colleagues (52). Their study compared 
antiparkinsonian therapy in 422 patients with and with-
out hallucinations. The mean levodopa dose and addi-
tional medications did not differ, suggesting that other 
factors are more important in producing hallucinations 
than dopaminergic drugs.

Several points are clear:

1. In all drug studies where dopamine agonists were 
compared to levodopa, the frequency of hallucina-
tions was higher in the dopamine agonists arm.

2. While initially it was believed that antiparkinsonian 
drugs caused hallucinations by interacting with 
serotonergic receptors, agents lacking 5-HT activ-
ity, such as ropinirole or pramipexole, seem to be 
associated with hallucinations to the same extent as 
are the older, nonselective dopamine agonists.

3. The relationship of the drugs to hallucinations is 
complex (53). The hallucinations are not dose-
dependent, and there is a marked difference between 
them and, for instance, dyskinesias, since the latter 
will immediately disappear once the dopaminergic 
drugs are stopped or reduced in amount while the 
hallucinations will continue.

4. Dopamine agonists were only rarely linked to hal-
lucinations when used in non-PD patients, which 
suggests that PD pathology plays an important role 
in the induction of hallucinations.

A new spectrum of dopaminergic adverse effects, 
initially named hedonistic homeostatic dysregulation and 
later dopamine dysregulation syndrome and recently con-
sidered with compulsive or impulse control disorders, was 
reported by Giovannoni and associates in 2000 (Chapter 
19) (54). The core symptomatology was misuse of medi-
cation in patients with early-onset PD who took increas-
ing amounts of levodopa and also apomorphine. Patients 
developed disabling dyskinesias, followed by hypomanic 

behavior and eventually manic psychosis. Other features 
seen in some patients were stereotyped motor behavior—
punding—described by Evans and colleagues (55) as 
comprising intense fascination with a repetitive activ-
ity, hypersexuality, pathologic gambling and shopping, 
and eating disorders. Evans and Lees (56) suggested that 
the incidence of this syndrome is probably higher than 
reported, probably about 6% to 8%.

The most common reports concerned pathologic 
gambling, an uncontrollable impulse to gamble occur-
ring after the onset of dopaminergic therapy. Dodd and 
coworkers (57) described 11 patients, 10 of them males, 
who developed pathologic gambling after a dopamine 
agonist was added to levodopa. About 20 patients had 
previously been reported and a survey of the FDA Adverse 
Event Reporting System database (AERS) added scores 
of patients (58). Bromocriptine, pergolide, cabergoline, 
ropinirole, and pramipexole have all been reported to be 
associated with pathologic gambling, but pramipexole 
was most often incriminated (73%). Voon and colleagues 
(59, 60) in prospective studies found that dopamine ago-
nists induced pathologic gambling in 7.2%, pathologic 
hypersexuality in 2.4%, and compulsive shopping in 
0.7% of treated PD patients. The association of impulse 
control disorders with dopaminergic therapy was con-
firmed recently by Pontone and coworkers (61). The 
propensity of pramipexole to lead to pathologic gam-
bling was tentatively linked to excessive stimulation of 
limbic D3 receptors. Evans and colleagues (62) published 
PET data suggesting that the dopamine dysregulation 
syndrome is connected to increased dopaminergic activa-
tion of the ventral striatum.

Depression

Depression in PD is not uncommon (63, 64). A possible 
antidepressant influence of dopamine agonists has been 
suggested but not confirmed when agonists were used in 
depressed non-PD patients. The nonergot agonists have 
marked agonist activity at D3 receptors and may exert a 
beneficial antidepressant effect. Pramipexole was evalu-
ated in depressed non-PD patients (65) and compared 
with sertraline in a randomized, parallel-group trial in 
PD patients with major depression (66). Both drugs ame-
liorated depression. The use of nonergot dopaminergic 
agonists could therefore be considered, particularly in 
depressed PD patients.

Fibrosis

Ergot derivatives have been associated with pleuropul-
monary, pericardial, and retroperitoneal fibrosis (67, 68). 
Because bromocriptine was the first oral dopamine agonist 
and for years the most widely used, most reports related 
to this drug. The introduction of other agonists in different 
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countries led to reports of adverse reactions associated 
with pergolide and cabergoline. The frequency of reports 
for a specific agonist is probably linked to the number of 
prescriptions dispensed. With the extension of indications 
for dopamine agonists, some reports have reflected the 
occurrence of pleuropulmonary disease as well in patients 
treated for restless legs syndrome (69). Pleuropulmonary 
fibrosis is still the most prevalent reported type. Rinne 
(67) reported it in 2% to 4% of patients at 5 years of 
treatment with bromocriptine. Clinically, patients had 
pleural inflammation with or without fever, cough, pleu-
ritic pain, friction rubs, dyspnea, and pleural effusions. 
As in other types of fibrosis, the onset may be insidious 
and the symptomatology may appear many years later. 
Inflammatory markers—erythrocyte sedimentation rate 
(ESR) and C-reactive protein—are elevated, and some 
experts recommended their use in monitoring patients 
undergoing long-term therapy with ergot derivatives. 
Constrictive pericarditis and pericardial effusion were 
also associated with bromocriptine, pergolide and cab-
ergoline (70–72).

Retroperitoneal fibrosis seems to be as frequent as 
pericarditis, but its diagnosis is more elusive (73). The 
pathologic process can entrap and obstruct retroperi-
toneal structures, notably the ureters, and induce renal 
failure. Clinical features may be nonspecific—poorly 
described back pain, low-grade fever, fatigue, anorexia, 
weight loss—and extensive investigations including 
surgical intervention may be required to establish the 
diagnosis. The prognosis of fibrotic reactions is usually 
favorable after elimination of the offending drug, but the 
improvement may be slow and surgery may be needed if 
the ureters are involved.

Peripheral edema, which is common in PD, has 
been observed more frequently in dopamine agonist–
treated groups than in parallel placebo-treated groups or 
levodopa-treated patients. The mechanism is not known, 
and non-ergot agonists are also linked to edema. Unlike 
other peripheral effects of dopamine agonists, tolerance 
to edema does not develop. Edema usually resolves with 
discontinuation of the agonist but otherwise is unrespon-
sive to diuretics. It appears mostly during the first months 
of treatment (74).

Other uncommon but potentially serious adverse 
effects related to ergot’s vasoconstrictive properties are 
Raynaud’s phenomenon, erythromelalgia, and possibly 
exacerbation of angina pectoris.

BROMOCRIPTINE

Bromocriptine (2-bromo-�–ergocryptine) was, in 1978, 
the first dopamine agonist licensed in the United States 
for the treatment of PD, following the pioneering work 
of Calne and coworkers (75). Bromocriptine was tried 

initially in patients with levodopa-induced motor com-
plications; and its role in early PD as monotherapy or in 
combination with levodopa was explored later (76). This 
strategy has been employed in the therapeutic trials of 
successive dopamine agonists.

Bromocriptine has a marked preference for D2 
receptors, has modest affinity and inactive properties 
at D4 receptors, and is antagonistic at D1 receptors. 
Bromocriptine has a high affinity for 5-HT1a, 5-HT1b, 
5-HT2a, and 5-HT2b receptors and displays antagonist 
activity at �2 adrenergic receptors. Bromocriptine has a 
bioavailability of only 6%, being extensively metabolized 
in the liver. Its distribution half-life is 6 hours and its elimi-
nation half-life is 50 hours. However, after oral administra-
tion of single doses ranging from 12.5 to 100 mg, motor 
improvement was observed within 30 to 90 minutes and 
continued up to 4 hours.

Bromocriptine in Early Parkinson’s Disease

Some of the early trials were conducted in the era before 
more rigorous methodologic rules for clinical trials were 
commonplace. Teychenne and colleagues (77) suggested 
that starting with a low dose and slow uptitration would 
increase bromocriptine tolerability. The addition of dom-
peridone, a peripheral blocker of dopamine receptors, 
prevented many unpleasant adverse effects and permitted 
the use of higher doses of bromocriptine—results that 
also apply to newer dopamine agonists (78). Lees and 
Stern (79) demonstrated that levodopa is more effec-
tive than bromocriptine and also raised the possibility 
that the dopamine agonist may induce less dyskinesias 
and wearing off. Both of these observations were later 
confirmed with all other dopamine agonists. Ramaker 
and van Hilten (80) reviewed randomized trials (includ-
ing published and unpublished data) that evaluated the 
efficacy of bromocriptine in delaying the onset of motor 
complications compared to levodopa. Due to heterogene-
ity of trials, a meta-analysis was not feasible; however, it 
was concluded that bromocriptine may be beneficial in 
delaying motor complications and dyskinesias. Neverthe-
less, the proportion of withdrawals due to perceived lack 
of efficacy or to side effects was significantly higher in 
the bromocriptine group. Two long-term studies by Lees 
and colleagues (81) and by Hely and colleagues (82) and 
a study of Montastruc and associates (83) examined 
the possible influence of initial bromocriptine treatment 
on disease progression, disability, and mortality. Hely 
and colleagues compared bromocriptine with levodopa 
monotherapy, where patients were followed for up to 
18 years in an open manner (84). The rate of progression 
and mortality were similar, but dyskinesias and dystonia 
occurred later in the bromocriptine group. Survivors 
were plagued by non–levodopa responsive features such 
as cognitive decline, falls, and urinary incontinence. 
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Montastruc and colleagues (83) did not find a favor-
able effect of early use of bromocriptine in comparison 
with levodopa regarding long-term mortality. It thus 
seems that initial therapy with bromocriptine does not 
confer any long-term benefit except to delay of motor 
complications.

The efficacy of early combination of bromocrip-
tine with levodopa to produce substantially fewer motor 
fluctuations and dyskinesias after a 5-year follow-up was 
reported in an open-label trial (85). A Cochrane review 
found no evidence in favor of this early combination in 
preventing or delaying the occurrence of motor compli-
cations (86).

Bromocriptine in Advanced Parkinson’s Disease

Numerous open and double-blind placebo-controlled tri-
als confirmed the early results of bromocriptine’s use in 
PD. It was suggested that bromocriptine improved “off” 
features—reducing frequency, severity, and duration—
and diminished dyskinesias subsequent to reduction of 
levodopa dosage. However, there were major method-
ological flaws in these early studies that precluded a firm 
conclusion about bromocriptine efficacy.

The advent of new dopaminergic agonists led to tri-
als comparing them with bromocriptine in well-designed 
randomized studies. Bromocriptine was compared to 
ropinirole in 3 trials in PD patients with motor complica-
tions. Brunt and colleagues (87)—in a 6-month, random-
ized, double-blind, parallel group design—investigated 
ropinirole versus bromocriptine. The outcomes were 
Unified Parkinson Disease Rating Scale (UPDRS) motor 
score, reduction of levodopa dose, differences in “on/off,” 
and Clinical Global Impression score. Both agonists 
improved the UPDRS motor score and the time spent 
“on,” and both allowed levodopa dosage reductions. The 
safety data were not different and the withdrawal percent-
age was equal (19%). Im and coworkers (88) conducted a 
16-week trial in 76 patients randomized to ropinirole or 
bromocriptine with an 8-week titration phase. The pri-
mary endpoint was the number of responders defined as 
patients who achieved at least a 20% levodopa reduction. 
Significantly more ropinirole patients achieved this reduc-
tion (54% versus 28%). Murayama and colleagues (89) 
randomized patients to ropinirole or bromocriptine in 
another 8-week trial. Drug efficacy assessed by improve-
ment in Hoehn-Yahr scale was similar in both groups. 
Thus it seems that ropinirole does not offer significant 
advantages over bromocriptine.

Guttman and colleagues (90) and Mizuno and asso-
ciates (91) conducted a 3-arm randomized, parallel-group,
36-week trial comparing bromocriptine to pramipexole 
and to placebo. The study was not powered to detect dif-
ferences between agonists but rather improvement with 
either drug versus placebo.

Bromocriptine has been compared to cabergoline in 
5 randomized, double-blind, parallel-group trials involv-
ing 1071 (92) patients. It should be noted that only one 
medium-term trial was published; the data from the other 
trials and supplementary data for all trials was provided 
to the reviewers by the drug manufacturer. Inzelberg and 
colleagues (93) reported the findings of a randomized, 
double-blind, parallel-group study of patients with motor 
complications. Both agonists achieved similar improve-
ment on motor items and on the Schwab and England 
scale. Only the reduction in “off” time was statistically in 
favor of cabergoline. However, the other studies did not 
confirm this finding (92). Levodopa dose was reduced in 
all studies in a similar proportion. Adverse events differed 
only by more confusion with cabergoline. Considering the 
shorter duration of the other trials, the relatively mod-
erate mean doses of both agonists, and methodologic 
problems, the lack of difference in both benefit and side 
effects must be taken with caution.

The newer dopamine agonist trials using bromocrip-
tine as a comparator support the evidence suggesting that 
bromocriptine is an effective symptomatic adjuvant to 
levodopa in the treatment of advanced PD.

Two randomized clinical studies compared the effi-
cacy of bromocriptine or lisuride to that of selegiline. 
The UK-PDRG (77 compared levodopa, levodopa plus 
selegiline and bromocriptine. After 9 years’ follow-up. 
there was no difference in Webster scores as compared to 
the baseline between the last two groups. Caraceni and 
Mussico (94) randomized de novo patients to levodopa, 
bromocriptine, lisuride, or selegiline in an open long-term 
study (median follow-up 34 months). The main outcome 
was the occurrence of motor fluctuations and dyskine-
sias. There were no significant differences between the 
dopamine agonists and selegiline. However more patients 
assigned to selegiline needed levodopa supplementation 
earlier (after a median of 15 months vs. 30 months with 
dopamine agonists), and more withdrew due to lack of 
efficacy.

Based on these studies, it may be suggested that 
initial treatment with selegiline does not prevent motor 
complications. It is unclear whether rasagiline will be 
more beneficial in this respect.

There are no studies comparing MAO-B inhibitors 
to dopamine agonists in advanced PD.

Two randomized open studies compared bromocrip-
tine or pergolide to tolcapone (95, 96). The first (95) 
trial was short-term (8 weeks) and entered levodopa-
treated patients with wearing off. As expected, tol-
capone allowed a significant reduction in levodopa 
dose, but this was not seen with bromocriptine. Other 
measures, such as the time “off,” were similar in 
the two arms. Koller and coworkers (96) reported a 
12-week open–label, blinded-rater trial of PD patients 
with motor fluctuations who were treated with pergolide 
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or tolcapone. The primary outcome was a change in the 
proportion of “off” time, as assessed by home diaries. 
No differences were found in any measures except for a 
greater improvement reported by the tolcapone group in 
quality of life evaluated by PDQ-39. More nausea, consti-
pation and orthostatic complaints were found in the per-
golide and bromocriptine groups, while tolcapone-treated 
patients reported more muscle cramps and dystonia.

Thus, in head-to-head trials, there was no evidence 
of any drug superiority, and the evidence is insufficient to 
prefer catechol-O-methyl transferase (COMT) inhibitors 
over dopamine agonists. However, a report of the Qual-
ity Standards Subcommittee of the American Academy 
of Neurology (97) retained only the COMT inhibitor 
entacapone as effective in reducing “off” time, while per-
golide, pramipexole, and ropinirole were considered as 
probably effective. Apomorphine and cabergoline were 
designated as possibly effective by the same subcommit-
tee. The committee’s recommendations were related to 
the strength of evidence for each drug and not as favoring 
one drug over the other.

PERGOLIDE

Pergolide mesylate is a semisynthetic ergoline compound. 
It has dose-dependent D2/D1 activities: selective D2 ago-
nist stimulation at low dose mixed with D1 agonism at 
higher doses, with a high affinity for D2 autoreceptors 
at low dose. The receptor-binding profile of pergolide 
is similar to that of cabergoline, with a special note 
for its potent agonist activity at 5-HT 2b receptors. 
Pergolide is well absorbed; peak plasma concentration 
is obtained within a couple of hours and its terminal 
half-life is the second longest after cabergoline, about 
21 hours (98, 99).

Pergolide in Early Parkinson’s Disease

A few trials investigating the efficacy and safety of per-
golide in de novo or early PD included small numbers 
of patients, most of whom could not be maintained on 
monotherapy for more than 1 year. Common adverse 
events included frequent gastrointestinal and psychiatric 
problems. Nevertheless, in those who tolerated the drug, 
wearing off, dyskinesias, and other motor fluctuations 
were rarely recorded and the motor deficit improved 
(100). A randomized, placebo-controlled trial was 
conducted by Barone and collaborators (101). Several 
outcomes were significantly in favor of pergolide: the 
percentage of responders (56.6% vs. 17.3%), UPDRS 
total score, activities of daily living (ADLs), motor score, 
and clinical global impression (CGI). Pergolide generated 
more nausea, anorexia, vomiting, and somnolence than 
placebo. Oertel and colleagues (102) reported a multi-

center, double-blind, randomized 3-year trial of pergolide 
versus levodopa in patients with early PD PELMOPET 
study. Primary endpoints were clinical efficacy assessed 
by UPDRS, UPDRS parts II and III, CGI, time to onset of 
motor complications, and progression of disease. Motor 
measures favored levodopa-treated patients, However, 
agonist-treated patients had significantly less severe 
motor complications. The withdrawal rate was higher 
in the pergolide-treated group.

Pergolide in Advanced Parkinson’s Disease

The only large, randomized, placebo-controlled trial 
in patients with levodopa-induced complications was 
reported by Olanow and coworkers (103). The results 
showed a significant difference in favor of pergolide in 
the reduction of the mean time spent “off” (1.8 hours 
less per day as compared with 0.2 hours), in the motor 
and ADL parts of the modified Columbia scale, and in 
Hoehn-Yahr stage. Patients receiving pergolide reduced 
their mean levodopa dose by 235 mg, while the placebo-
treated patients had a 51-mg reduction. The most com-
mon adverse effect was dyskinesia, which occurred or 
increased in 62% of pergolide-treated and in 25% of 
placebo-treated patients. Pergolide-treated patients suf-
fered significantly more nausea, hallucinations, and 
withdrawals. This study failed to show amelioration of 
dyskinesias by pergolide. A dose of 3 mg/day was recom-
mended for maintenance therapy, although higher doses 
may allow a greater reduction in levodopa dose, time 
spent “off,” and dyskinesia.

In addition to the known side effects of ergot dopa-
minergic agonists, the use of pergolide in older patients 
was thought to be associated with cardiotoxicity and led 
to a temporary suspension of clinical trials. Subsequent 
studies did not prove a deleterious cardiac effect of per-
golide (104). However, since 2002, pergolide has been 
increasingly connected to cardiac valvulopathy. These 
reports led the FDA to establish a registry of patients 
with pergolide-associated valvular heart disease (105). 
Pritchett and colleagues (106) reported severe tricus-
pid valve regurgitation combined with some degree of 
regurgitant left-sided valve disease in 3 adults treated 
chronically with pergolide. Histologic analysis in 
2 patients who had undergone valve replacement sur-
gery revealed fibrotic changes similar to those encoun-
tered in patients with carcinoid and in those treated 
with anorectic drugs (fenfluramine, dexfenfluramine) 
or ergot derivatives such as ergotamine and methyser-
gide, thus suggesting a serotonin-mediated mechanism. 
Pergolide and other dopaminergic ergot compounds 
have been known to induce serosal, pericardial, retro-
peritoneal, and pleural fibrosis. Ergot derivatives are 
thought to act by direct stimulation of 5-HT 2b recep-
tors, which are expressed in the fibroblasts of the heart 
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valves. Both pergolide and cabergoline are full agonists 
of these receptors.

Before the publication by Pritchett and associates, 
the risk of pergolide-related valvular heart disease was 
estimated at less than 0.005%, which may translate to 
about 25 patients worldwide. However, a recent review 
of pergolide-associated heart valvulopathy counted 
almost 100 reported patients (107). It must be men-
tioned that prospective data on frequency, duration of 
treatment, dosage, typical clinical presentation, pattern 
of valvulopathy, severity, and potential reversibility 
are still being collected. The study of Van Camp and 
coworkers (108) of 78 pergolide-treated patients and 18 
controls pointed to restrictive valvular heart disease in 
33% of pergolide-treated patients compared with none 
in the control group; 15% of patients were considered to 
have important disease, and in 6 pergolide was stopped. 
Baseman and collaborators (109) found that 89% of 46 
pergolide-treated patients had some degree of valvular 
insufficiency, most frequently tricuspid regurgitation. In 
another large study, Waller (110) and colleagues reviewed 
the medical records and 2-dimensional echocardiograms 
of pergolide-treated patients (both parkinsonians and 
patients with restless legs syndrome) and matched con-
trols; no differences between groups in the overall fre-
quency of mitral or tricuspid regurgitation were found. 
Aortic regurgitation was increased in pergolide-treated 
patients (45% versus 21%), which may be important, 
as the frequency of aortic regurgitation is less than 25% 
in people above 60 years of age. There was also some 
evidence of an association between higher doses of 
pergolide and moderate to severe aortic regurgitation. 
Recent studies assessing the risk of heart-valve regurgita-
tion in patients chronically treated with antiparkinsonian 
drugs have again found that pergolide and cabergoline 
were associated with valvular heart disease (14, 111).
The mechanisms by which pergolide and cabergoline, 
both full 5HT2b agonists, induce heart-valve disease is 
thought to be the inappropriate mitogenesis of normally 
quiescent valve cells, with consequent overgrowth val-
vulopathy. This may occur through activation of protein 
kinase C, extracellular kinases, and phosphorylation of 
retinoblastoma protein (112).

These data were considered by some regulatory 
bodies sufficient to lead to total withdrawal, or at least 
restrict the use of pergolide and bromocriptine to second-
line agents after nonergot dopamine.

LISURIDE

Lisuride, a semisynthetic ergot derivative, is unique 
because its high potency allows it to be dissolved in water 
and administered in small volumes in subcutaneous or 
intravenous infusions. This property of lisuride has led 

to its development as a transdermal patch. Lisuride is a 
full agonist with high affinity for D2 receptors and for 
�2 AR (113). It is a potent 5-HT2B antagonist, which 
may explain why lisuride was not linked to fibrotic valvu-
lopathy (114). Following oral ingestion, lisuride is rapidly 
and completely absorbed with a 1- to 3-hour terminal 
half-life.

Oral Lisuride in Early Parkinson’s Disease

There are no good randomized trials of oral lisuride as 
monotherapy in early PD. One relatively large open-
label study (115) randomized de novo patients to lisu-
ride, levodopa, or both. After a 4-year follow-up, 17% 
of patients were still on lisuride monotherapy but with 
significantly lower benefit than seen in levodopa-treated 
patients. However, the lisuride-treated patients did not 
exhibit wearing off or dyskinesias. Significantly less dys-
kinesias and motor complications were also seen in the 
early combination of group as compared to patients on 
levodopa monotherapy.

Lisuride in Advanced Parkinson’s Disease

Studies performed in the early eighties did not attain high 
methodologic quality. No randomized controlled study 
was identified in the literature that examined the role of 
oral lisuride in more advanced PD. Its effect in this setting 
is uncertain, and its use is no longer promoted. How-
ever, lisuride infusions may have a place in patients with 
major motor complications. The first trials, conducted 
by Vaamonde and colleagues (116) and by Baronti and 
associates (117), showed that round-the-clock infusions 
dramatically prolonged the antiparkinsonian effect of 
levodopa and widened its therapeutic window, supporting 
the view that continuous dopamine replacement greatly 
diminishes motor fluctuations and peak-dose dyskine-
sias. Marked reduction in “off” hours was sustained for 
many months at doses of 0.5 to 8 mg/day. Nevertheless, 
this improvement was later followed in most patients by 
severe dyskinesias and difficult-to-manage “off” periods. 
A major disadvantage was the frequent occurrence of psy-
chiatric side effects in up to one-third of patients. A more 
recent study by Stocchi and coworkers (118) followed
40 patients with motor fluctuations and dyskinesias 
for 4 years who could not be sufficiently controlled 
by other medications. The patients were randomized 
to waking-day infusions of subcutaneous lisuride or 
to conventional oral treatment of levodopa and dopa-
minergic agonists. The study was open, with separate 
clinical evaluators for the main variables. Lisuride infu-
sion treatment was better in reducing “off” time and in 
decreasing dyskinesias, nocturnal akinesia, and dysto-
nia. Mean UPDRS motor scores during “off” and “on” 
periods remained stable in lisuride-treated patients and 
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deteriorated in the other group. The psychiatric side 
effects were not major, and only 2 patients withdrew 
from the study, probably because the infusions were 
restricted to waking hours.

A dermal patch of lisuride is being studied (119),
with positive initial results. The patch is relevant to this 
drug because of its short half-life.

CABERGOLINE

Cabergoline is a long-acting ergoline D2 agonist. Its very 
long terminal half-life (65 to 110 hours) permits once-
daily (or even less frequent) oral administration. Its long 
half-life may be valuable in patients with nocturnal fluc-
tuations, especially dystonic pain, nocturnal awakenings, 
and early-morning dystonia. Cabergoline provides more 
continuous dopaminergic stimulation than any other 
antiparkinsonian drug and potentially prevents or delays 
motor fluctuations (120, 121).

Cabergoline in Early Parkinson’s Disease

Bracco and colleagues (121) reported the results of a 
5-year, double-blind, randomized, levodopa-controlled 
trial. In de novo patients, the primary outcome was the 
time to motor complications. Other variables included 
changes in total UPDRS, ADLs, and motor function 
(part III of the UPDRS and CGI). Motor complications 
were delayed in the cabergoline group. There was a total 
risk reduction of � 50% in favor of cabergoline in the 
occurrence of dyskinesias (9.5% versus 21.2% for the 
levodopa group). However, levodopa was better than 
cabergoline in motor improvement. The adverse event 
profile was similar in both arms, the only significant dif-
ference being in peripheral edema: 17.5 % cabergoline 
versus 3.4% levodopa.

Cabergoline in Advanced Parkinson’s 
Disease or as Adjunct to Levodopa

Cabergoline has been assessed versus placebo in 
2 small short-term phase II trials and in one phase III 
trial (122). At entry, patients were suboptimally con-
trolled and experiencing wearing off or other motor 
complications. Patients were titrated to a maximum 
5mg/day dose of cabergoline. The results favored the 
actively treated group in the ADL and motor scores. 
“Off” hours were reduced by a mean of 1.32 hours 
and the mean dose of levodopa was also reduced. The 
results of this trial, short-term studies, and unpublished 
data provided by the manufacturer for the Cochrane 
review (123) imply that cabergoline may be used to 
reduce levodopa dose and to improve motor function 
and ADLs. It should be emphasized that the cabergoline 

doses used in these studies were much lower than the 
maximal recommended dose (10 mg).

A retrospective, case-controlled study found a sig-
nificantly increased prevalence of cardiac valvulopathy 
in cabergoline-treated patients compared to those treated 
with pergolide or pramipexole. This high frequency was 
correlated with higher cumulative dose and longer treat-
ment with cabergoline (124).

ROPINIROLE

Ropinirole is a potent synthetic nonergoline D2 agonist 
with full intrinsic activity at the D2 and D3 receptors. 
Like pramipexole, ropinirole exhibits mild partial agonist 
activity at 5-HT1a receptors. Its affinity order for D2 
receptors subtype is D3 � D2 � D4, similar to that of 
dopamine, but ropinirole is 20-fold more selective for 
human D3 than for D2 receptors. Ropinirole has negli-
gible or no affinity for D1, benzodiazepine, GABA, cho-
linergic, and � or 	 adrenergic receptors. Ropinirole is 
rapidly absorbed after oral administration, its concentra-
tion peak occurs in less than 2 hours, and its elimination 
half-life is 5 to 7 hours (125–127).

Ropinirole in Early Parkinson’s Disease

Several large prospective double-blind multicenter stud-
ies entered patients with early PD (Hoehn-Yahr stages 
I to III). Patients were enrolled if they had not been 
treated with levodopa (or had been treated for less than 
6 weeks) and required symptomatic therapy. Selegiline 
was not an exclusion. In all trials, ropinirole and the 
control drug were titrated to a potential maximum dose 
of 24 mg for ropinirole. Very few patients achieved 
this dose.

Korczyn and coworkers (128, 129) reported a com-
parison of bromocriptine with ropinirole. The primary 
endpoint was the change in motor function measured 
with the UPDRS. The motor score was improved for 
both groups at 6 months, but ropinirole provided a more 
robust change than bromocriptine. An interesting finding 
was that when only the non-selegiline-treated patients 
were compared, ropinirole demonstrated a stronger 
relative response. However, when patients who received 
selegiline were compared, this difference between rop-
inirole and bromocriptine was not seen. This may sug-
gest that selegiline in some way augmented the efficacy 
of bromocriptine but not the efficacy of ropinirole. At 
3 years, UPDRS scores showed definite improvement in 
both groups, although ADLs were significantly better 
with ropinirole ( at a mean dose of 12 � 6 mg) than with 
bromocriptine (at a mean dose of 24 � 8 mg). At 3 years, 
60% of ropinirole-treated and 53% of bromocriptine-
treated patients were still on agonist monotherapy. The 
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2 groups did not differ in adverse events, and there was 
a low incidence of dyskinesias.

Rascol and collaborators (130) compared the effi-
cacy and safety of ropinirole with that of levodopa in a 
large 5-year study. The addition of levodopa in an open-
label fashion was permitted if required for symptomatic 
control. Of the ropinirole group, 47% completed this 
5-year trial, as did 51% of the levodopa group. Of the 
ropinirole completers, 34% remained on agonist mono-
therapy. There was a difference in favor of ropinirole 
in the incidence of dyskinesias (hazard ratio 2.82; CI 
95% 1.78 to 4.44). Overall dyskinesias were present in 
20% of the original ropinirole group and 45% of the 
levodopa group. Disabling dyskinesias were rarer in the 
ropinirole group. However, the change in motor function 
favored the levodopa group and the scores for ADLs 
were also better for the levodopa group. Another vari-
able, the prevalence of freezing when walking, showed 
a higher percentage in the ropinirole group. The adverse 
events and the early withdrawals were similar in both 
groups. A subgroup of patients with early PD (15%) 
can be managed with ropinirole monotherapy for up to 
5 years (131).

Ropinirole in Advanced Parkinson’s Disease

Ropinirole was also tried as adjunctive therapy in the 
treatment of patients with levodopa-induced motor 
complications. The first major placebo-controlled trial, 
by Lieberman and colleagues (132) was a medium-term 
randomized, parallel-group study that used ropinirole 
3 times a day. This study showed a reduction in “off” time 
in the ropinirole group. However, when additional data 
provided by the manufacturer were analyzed by Clarke 
and Deane for a Cochrane review (133), the difference in 
the reduction of “off” time, while greater with ropinirole, 
did not reach statistical significance, probably due to an 
imbalance of the groups at baseline. In supplementary 
data, Clarke and Deane found that significantly more 
patients were “improved” or “very much improved” on 
ropinirole as compared with placebo. Dyskinesias were 
significantly higher in those on ropinirole than those on 
placebo, but no other adverse effects were different.

PRAMIPEXOLE

Pramipexole (PPX), a synthetic amino-benzothiazole 
derivative, is another nonergot dopamine D2 full recep-
tor agonist, acting preferentially at presynaptic D2 auto-
receptors (in nondenervated striatum) with even stronger 
affinity for the D3 subtype than ropinirole. PPX occupies 
and activates the high-affinity state of D2 receptors. PPX 
has negligible affinity at D1 sites. It is rapidly absorbed, 
reaches peak concentrations in about 2 hours, and has 

a terminal half–life of 8 to 12 hours (134–136). Typical 
doses are 3 to 4.5 mg/day.

Pramipexole in Early Parkinson’s Disease

Three double-blind, placebo-controlled studies using a 
gradual titration of up to 4.5 or 6 mg/day confirmed the 
efficacy and tolerability of PPX in early PD.

The Parkinson Study Group (137) reported on a dose-
ranging trial that evaluated 4 doses of PPX (1.5 to 6 mg) 
and placebo. There was a 6-week dose-escalation period
followed by 4 weeks of maintenance therapy. The primary 
outcome measure for efficacy was the total UPDRS score 
and tolerability as determined by the patients` capability 
to complete the study. There was a linear trend between 
mean response and dosage that was highly significant; 
however it was found that the magnitude of the mean 
response was similar across all active groups (20% 
improvement in UPDRS score), and all groups were sig-
nificantly superior to placebo. PPX seemed to be more 
effective in more severely impaired patients. This study 
was unable to find a minimum effective dose, since even 
the 1.5-mg dose was significantly more effective than 
placebo.

The proportion of completers was significantly 
lower in PPX-treated patients with the exception of the 
group treated with 3 mg. The major adverse events were 
somnolence, nausea, and hallucinations as well as dizzi-
ness, and all of these increased with higher doses. On the 
basis of this trial it was thought that the optimal dose for 
monotherapy in early PD may be around 3 mg.

Shannon and coworkers reported the results of a 
large 6-month trial comparing PPX and placebo (138). 
More than 80% of patients completed the trial. There 
was a considerable (22% to 29%) improvement in the 
ADL score and a similar (25% to 31%) improvement 
in the motor score, both of which were significant and 
maintained for the entire 6 months. The most common 
adverse events—and ones that were significantly more 
frequent with active therapy—included nausea, insom-
nia, constipation, and somnolence. Visual hallucinations 
occurred in 9.7% of actively treated patients, more than 
in the control group.

PPX was compared to levodopa in early PD by 
the Parkinson Study Group in a multicenter, parallel-
group, double-blind, randomized controlled trial (139). 
The patients were randomized to receive PPX 0.5 mg 
3 times per day or 25/100 mg of carbidopa/levodopa 
3 times a day, dose escalation being allowed in case of 
residual disability during the first 10 weeks. After this period 
and until the end of the study, the addition of open-label 
levodopa was permitted as needed. At 23.5 months, motor 
complications occurred in 28% of the PPX-treated 
patients compared with 51% of the levodopa group 
(hazard ratio 0.45). This reduced risk of developing



VII • DRUGS526

motor complications replicates the findings obtained 
in similar trials with other dopaminergic agonists (per-
golide, cabergoline, and ropinirole). In this study, motor 
improvement on the UPDRS was significantly greater in 
levodopa-treated patients. The adverse effects of somno-
lence, hallucinations, and edema were significantly more 
frequent in PPX–treated patients.

This trial was extended to 4 years, in an open-label 
design in which additional drugs or dose changes were 
allowed. Again, PPX produced a significant reduction in 
the appearance of dyskinesias (hazard ratio 0.37) and 
wearing off (hazard ratio 0.68). Patients who were initially 
treated with levodopa showed a greater improvement in 
the UPDRS score and a reduced risk of freezing.

Pramipexole in Advanced Parkinson’s Disease

Two large double-blind, medium-term, placebo-
controlled trials performed in advanced PD patients with 
motor complications showed marked improvement for 
PPX over placebo in motor disability as well as decreased 
“off” time.

Lieberman and coworkers (140) reported a trial with 
a 7-week titration phase followed by a 6-month mainte-
nance period. The PPX group was allowed to escalate to 
4.5 mg. The ADL score improved significantly and was 
maintained for the entire duration of study. The motor 
score was also better, with a decrease of about 25%. “Off” 
time was reduced (31% vs. 7%). The severity of “off” 
states was improved in the PPX group. The major adverse 
events included dyskinesias (61.3%), asymptomatic ortho-
static hypotension (48.1%), dizziness (36.5%), insomnia 
(22.7%), hallucinations (19.3 %), nausea (17.7%), and 
symptomatic orthostatic hypotension (16%).

Guttman and associates (90) conducted a 
9-month trial in PD patients suffering from wearing off 
which included three treatment groups: PPX (escalating 
dose up to 4.5 mg), bromocriptine (escalating dose up 
to 30 mg), and placebo. The study was not powered for 
a comparison of the 2 dopamine agonists. At an average 
daily dose of 3.36 mg, PPX treatment resulted in improve-
ment in ADL scores (26.7% better than baseline ) and in 
motor examination score (34.9% better than baseline). 
There was also an increase in “on” (2.5 hours) per day 
in the PPX group. There was a significant advantage of 
PPX in quality of life. The most frequent adverse effects 
in PPX patients were dyskinesias (40%), nausea (36%), 
orthostatic hypotension (40%), dizziness (33%), insom-
nia (28%), headache (20%), hallucinations (14%), and 
confusion (14%).

Four favorable short-term smaller double-blind 
placebo-controlled trials were reported (141–144). 
Clarke and colleagues (145), having reviewd these trials 
and data obtained from the manufacturer, concluded that 
PPX significantly reduced time spent “off” and improved

UPDRS ADL scores, motor scores, and quality of life. 
A significant reduction in levodopa dose also occurred. 
Withdrawal from the studies was higher in the PPX 
groups, among whom more adverse events were seen. 
However, these attained statistical significance only for 
hallucinations. Similar results were recently reported for 
a large double-blind placebo-controlled trial with an open 
extension phase (146).

These results confirmed the efficacy of PPX in dimin-
ishing “off” time and improving motor and ADL scores. 
In addition, the post hoc analysis suggested a tremorlytic 
action and improvement in motivation, initiative, and 
depression items.

Pogarell and coworkers (143) studied PD patients 
with “drug-resistant” tremor, and found a significant 
reduction was obtained by PPX of tremor items score 
of the UPDRS.

APOMORPHINE

Apomorphine hydrochloride, a nonaddictive derivative of 
morphine, is a nonergoline full dopaminergic agonist with 
high affinity for D4, D2, and D3 receptors. Its affinity for 
D1 receptors is lower, but the difference between D2 and 
D1 sites is the least among dopamine agonists.

Apomorphine is not effective in oral use due to exten-
sive first-pass hepatic metabolism. Following subcutane-
ous injection, apomorphine is rapidly absorbed, plasma 
Tmax being less than 10 minutes. The equilibrium between 
plasma and brain is reached rapidly. Clinical improvement 
is reflected by the appearance of the drug in the CSF and 
starts within less than 20 minutes. Improvement on aver-
age does not extend beyond 90 minutes, corresponding 
to a terminal elimination half-life of about 40 minutes
(147). The duration of improvement is shortened with 
disease progression, and steepening of dose-response 
relation may also occur (148). Apomorphine was the 
first agonist ever used in PD. It was synthesized by 
Matthiesen and Wright in 1869 and had been used in 
medicine because of its emetic and sedative properties 
(149, 150).The emetic effect is shared by all dopamine 
agonists, but because apomorphine is injected and has a 
short half-life, this effect is fast, pronounced, and brief. 
Almost immediately after its synthesis, Pierce reported 
good results in treating patients with chorea. Its value in 
PD was recognized by Weill in 1884 (151). Weill’s idea 
was confirmed 65 years later by Schwab, Amador and 
Lettvin, who injected apomorphine subcutaneously and 
obtained a striking improvement in tremor and in rigidity 
in parkinsonian patients (152). This finding lay dormant 
until the 1970s, Cotzias and coworkers (153) showed, in 
the first double-blind controlled trial, that apomorphine 
improves motor features in parkinsonian patients chroni-
cally treated with levodopa.
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The clinical effects of apomorphine start shortly 
after injection, become maximal at 30 to 60 minutes, and 
dissipate after approximately 2 hours. Unfortunately, 
patients experienced disturbing side–effect, including 
drowsiness, nausea, vomiting, hypotension, bradycardia, 
and syncope. A few years later Corsini and associates 
(154) demonstrated that domperidone prevents most 
of these side effects without impeding on the efficacy 
of apomorphine. At present in the United States, the 
combination of apomorphine with domperidone or tri-
methobenzamide is the mainstay of apomorphine initia-
tion treatment.

Recently Factor (155) and LeWitt (156) reviewed 
apomorphine experience. Apomorphine was approved in 
the United States for the treatment of episodes of hypo-
mobility, such as “end of dose” and “unpredictable on/
off” in advanced PD unresponsive to other medications. 
Prefilled “Penject” syringes for intermittent bolus injec-
tion and minipumps (not in the US) for continuous subcu-
taneous infusions are available, both displaying an almost 
identical quality of response. Bolus injections are easier 
to use and better tolerated than the continuous infusions. 
These intermittent injections may be used up to 10 times 
per day; if more is required, patients should be switched 
to continuous infusions. Apomorphine treatment reduces 
the time spent “off,” usually by more than 50%. The 
mean dose varied between 2 and 4mg. Continuous sub-
cutaneous infusions showed, in addition, a reduction in 
peak-dose dyskinesias, duration of dyskinesias, disability, 
and levodopa dosage (147, 158).

A small number of double-blind controlled trials 
followed the pioneer study of Cotzias and colleagues 
(153). One recent study by Dewey and colleagues (159) 
confirmed the clinical effectiveness of subcutaneously 
injected apomorphine as demonstrated by significant 
improvement in UPDRS motor scores over placebo—the 
primary endpoint—and by reversing “off” states 95% the 
time as compared to 23% with placebo.

Another indication for apomorphine is in the treat-
ment of hospitalized patients who have stopped oral 
intake (160). In addition, timely injections may amelio-
rate swallowing difficulties, “off”-period belching, “off” 
pain, painful dystonia, and perhaps constipation, anismus, 
adynamic bowel, and neurogenic hyperreflexic bladder.

Apomorphine can be safely and effectively used in 
patients receiving COMT inhibitors (161, 162).

Other Routes. Several routes and formulations for apo-
morphine have been reviewed (163). The sublingual use 
of apomorphine tablets is followed by a motor response 
of a magnitude identical to that of the subcutaneous 
route, with a longer latency (20 to 40 minutes). Intra-
nasal apomorphine had a latency and duration of effect 
almost identical to those obtained by injecting apomor-
phine. Rectal administration may have a longer dura-

tion effect but is considered inconvenient for everyday 
use. The transdermal route was employed by Priano 
and coworkers (164). Apomorphine was included in a 
microemulsion, achieving therapeutic plasma levels with 
consequent long action and efficacy.

Intravenous administration was explored in a small 
trial (165). This included patients unable to continue subcu-
taneous treatment due to intolerable local side effects; they 
were switched to intravenous apomorphine via a long-term 
indwelling catheter. Manson (165) and colleagues dem-
onstrated that this route is highly effective in controlling 
refractory motor fluctuations, reducing dyskinesias, and 
diminishing the need for other dopaminergic medication. 
However, the complication rate was very high, including 
intravascular thrombosis due to the deposition of apomor-
phine crystals. The available apomorphine injections are 
suitable only for subcutaneous use.

Side Effects. The most common side effects of apo-
morphine are similar to those of other dopamine ago-
nists—nausea, vomiting, and hypotension. These can be 
ameliorated by prior and concomitant use of domperi-
done or trimethobenzamide. Many patients were able 
to discontinue the antinauseant drug as tolerance to 
the peripheral side effects developed. The use of other 
antiemetics like 5HT3 agonists is contraindicated due to 
possible profound hypotension. Neuropsychiatric com-
plications increasingly occur with long-term treatment; 
however, they may be less common than with other dopa-
mine agonists. Hallucinations were reported in 11% of 
patients in clinical trials (155–159). A stereotyped pat-
tern consisting of unjustified increase of daily injections, 
severely disturbed sexual behavior, and acute psychomo-
tor agitation has been described (166), suggesting that 
dependence may take place. Yawning was reported by 
40% of the patients, and it may herald the beneficial 
effect of the drug. Drowsiness and somnolence were also 
frequent but apparently unrelated to yawning.

Other rare or exceptional adverse events included 
transient Coombs’-positive autoimmune hemolytic ane-
mia, transient atrial fibrillation, cardiac arrest, penile 
erection or priapism, and precipitation of migraine 
attacks in migraineous patients.

The benefit of apomorphine is unfortunately marred 
in most patients by the appearance of local reactions: 
nodules—panniculitis—at subcutaneous injection sites. 
Ulcerations and necrosis with subsequent abdominal wall 
scarring at injection sites are often attributed to poor 
hygiene. These cutaneous reactions were more common 
in patients who received continuous infusions. Severe sto-
matitis or nasal vestibulitis were seen when other routes 
were used.

Another suggested use for apomorphine was as 
a dia gnostic tool in differentiating PD from other par-
kinsonian syndromes. Rossi and colleagues (167) 
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challenged patients with PD and with other degenerative 
parkinsonian syndromes with apomorphine (1.5 mg to 
4.5 mg SC) and oral levodopa (250 mg). They remarked 
that the motor improvement according to part III of the 
UPDRS was significantly higher in PD than in non-PD 
patients. However, the change was not decisive in terms 
of sensitivity or specifity of diagnosis. The meta-analysis 
performed by Clarke and Davis (168) found that the 
sensitivity and specificity of both acute apomorphine 
and levodopa responsiveness did not differ from that 
of chronic levodopa therapy in parkinsonian patients. 
since as the common practice is to assess the long-term 
response to levodopa therapy, the use of these challenge 
tests for diagnostic purpose in early parkinsonians is 
probably not warranted.

PIRIBEDIL

Piribedil is a nonergoline selective D2 � D3 � D4 dopa-
minergic agonist. It possesses �2-adrenoceptor antagonist 
properties and weak partial agonist activity at 5HT1a 
receptors. Piribedil has been used in Europe from the 
early 1970s as add-on therapy. More recently, Ziegler and 
colleagues (169) showed in a randomized, double-blind, 
placebo-controlled trial that piribedil is better than pla-
cebo in levodopa nonfluctuating patients at a daily dose 
of 150 mg. Piribedil was well tolerated, the most frequent 
reported adverse events being gastrointestinal symptoms. 
However, like other dopamine agonists, piribedil induced 
sleep attacks in 6% of patients (170). Interestingly, Simon 
and associates demonstrated that intravenous infusion 
of piribedil may reverse end-of-dose akinesia (171). 
Currently piribedil is considered efficacious as add-on 
therapy to levodopa (172).

DIHYDROERGOCRIPTINE

Dihydroergocriptine (DHEC) is an ergot derivative struc-
turally similar to bromocriptine. It is a potent D2 agonist 
and a partial D1 antagonist with no adrenergic or seroto-
nergic activities (173). DHEC has been evaluated in open 
studies since the 1980s, but good-quality randomized stud-
ies are scarce. Bergamasco and colleagues (174) reported 
a randomized, double-blind, placebo-controlled trial in de 
novo parkinsonian patients. The study was designed as 
an 18-month trial but was stopped prematurely due to a 
significant difference in favor of active treatment at the 
3-month interim analysis. DHEC was found to be signifi-
cantly better than placebo for the primary outcome: the 
UPDRS total score. DHEC adverse events were mainly 
gastrointestinal symptoms. DHEC is not approved in the 
United States. In many other countries it is accepted as 
efficacious in symptomatic monotherapy.

ROTIGOTINE

Other potent D2 receptors agonists are aminotetralines, 
which are structurally unrelated to the ergolines. Two 
of them, N-0437 and its (-) enantiomer N-0923, were 
effective in rat and monkey models of PD. As N-0923 
was found to be the active component, it was developed 
and became known as rotigotine (175, 176). Rotigotine 
is a D3 � D2 � D1-preferring agonist; it has antagonistic 
activity on �-2 receptors, agonistic activity at 5HT1A(a) 
receptors and no activity at 5HT2 receptors.

Rotigotine is administered as a transdermal patch 
(4.5 mg/10 cm2) once daily. It averts first-pass hepatic 
metabolism and delivers constant dopaminergic stimula-
tion to the brain (177).

The efficacy and safety of rotigotine in early PD 
were reported in 2 randomized, multicenter, double-blind, 
placebo-controlled, parallel group trials. The PSG study 
(178) allocated patients to different doses of rotigotine 
with patching containing 4.5, 9, 13.5, or 18 mg of roti-
gotine or to placebo. The main outcome variable was the 
change in the sum of the UPDRS parts 2 and 3 (ADL and 
motor component) from baseline to 11-week assessment. 
The results showed a significant difference in favor of 
rotigotine as compared to placebo in the groups treated 
with 13.5 and 18 mg.

Watts and associates (179) randomized patients to 
receive rotigotine (titrated to an optimal response or to 
13.5 mg (6 mg/day)) or placebo in a 2:1 ratio. The primary 
endpoint was similar with the addition of the proportion 
of responders, defined as patients achieving a decrease in 
the combined scores of UPDRS parts 2 and 3 of 20% or 
greater. Mean dose of rotigotine at the end of 27 weeks 
treatment was 13.5 mg in more than 90% of patients. Roti-
gotine was better than placebo at both primary endpoints, 
the UPDRS improvement and responders rate.

Rotigotine induced more nausea, vomiting, somno-
lence, dizziness, headache, and application site irritation 
than placebo.

Preliminary data regarding the efficacy and safety 
of rotigotine in fluctuating PD suggest that at 8 to 12 
mg/daily, the drug may decrease “off” time, and it had 
good tolerability. Rotigotine patches can be used in 
patients who cannot swallow drugs, such as postopera-
tively (180).

DOPAMINE AGONISTS MONOTHERAPY

The choice of the first dopaminergic drug in de novo 
PD patients—levodopa or a dopamine agonist—has 
been much debated. The Quality Standards Subcom-
mittee of the American Academy of Neurology (5), the 
Agency for Healthcare Research and Quality (181), the 
Task Force of the Movement Disorder Society (MDS) 
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(182), the joint task force of the European Federation 
of Neurological Societies and the Movement Disorder 
Society, and the National Institute for Clinical Excellence 
(NICE) (21) have provided the most valuable evidence 
intended to help treating physicians, patients, and health 
decision authorities.

There is no categorical recommendation endorsing 
the use of an initial dopamine agonist over levodopa as 
there is no convincing evidence for the best initial treatment 
of PD. The selection of which dopamine agonist to use is 
not much easier, as no adequately powered head-to-head 
trials have been conducted. However, some analyses of 
data may facilitate the decision. An example may be the 
hierarchy established by the MDS Task Force based on effi-
cacy, safety and practice implications for every drug. The 
Task Force considered pramipexole, ropinirole, pergolide, 
and dihydroergocryptine to be efficacious and clinically 
useful, bromocriptine and lisuride as likely efficacious and 
possibly useful. The data concerning other drugs (caber-
goline, piribedil, and apomorphine) were insufficient to 
allow any definite conclusions. NICE recommendations 
do not specify which drug is more efficacious, in contrast 
to those of the MDS task force. The task force did not 
consider agonist groupings in terms of ergot and noner-
got. Consequently a nonergot agonist may be preferred. 
The Quality Standards Subcommittee did not discriminate 
between pramipexole, ropinirole and cabergoline regard-
ing efficacy. More recent studies have compared dopamine 
agonists to levodopa not only for symptomatic benefit but 
also for the ability of dopamine agonists to forestall long-
term motor complications associated with levodopa. The 
improved methodology of these modern trials supported 
the conclusion that dopamine agonists delay motor compli-
cations. This especially refers to pramipexole, ropinirole, 
and cabergoline, while bromocriptine is considered likely 
efficacious. However, in all these later studies, levodopa 
administration resulted in better motor scores.

The combination of low-dose levodopa with an 
older dopamine agonist at the initiation of dopaminer-
gic therapy is more difficult to evaluate; a meta-analysis 
by the Agency of Healthcare suggested that in early PD 
the association resulted in better motor scores, but the 
studies were hampered by many flaws. At present, such 
combinations are not widely recommended.

DOPAMINE AGONISTS AS 
ADJUVANT THERAPY

Dopamine agonists were initially used as add-on therapy in 
patients with advanced disease. Apomorphine, pramipex-
ole, ropinirole, and pergolide were considered efficacious 
and useful in late-stage PD, while bromocriptine and cab-
ergoline were designated as likely efficacious and possibly 
useful by the MSD Task Force. NICE recommendations

emphasized that the benefit shown by bromocriptine, 
cabergoline, pergolide, pramipexole, and ropinirole was 
obtained in short-term studies.

No head-to-head sufficiently powered study compared 
add-on dopamine agonist therapy therapy in PD (97).

The nonergot dopaminergic agonists ropini-
role and pramipexole presented the option to switch 
patients from ergot derivatives, mainly bromocriptine 
and pergolide, to the newcomers. This argument became 
intense with the recognition of the cardiac lesions pre-
sumably caused by pergolide and cabergoline. The ensu-
ing debate concerned the safest way to accomplish this 
switch: rapid overnight switch or slow titration over 
weeks (183–186). The feasibility of a rapid switch was 
convincingly demonstrated by multiple trials. The dose-
equivalence ratios were bromocriptine to ropinirole 10:6, 
bromocriptine to pramipexole 5:1, pergolide to ropinirole 
1:6, and pergolide to pramipexole 1:1 (187).

OVERVIEW

The dopamine agonists are a heterogenous group of drugs 
with unequal effects on different dopamine receptors and 
other receptors. They are safe and easy to use but are less 
efficacious than levodopa. Most have longer half-lives 
than levodopa, resulting in a lower frequency of daily 
administration.

The main advantage of dopamine agonists over 
levodopa in early disease is that they delay the onset of 
dyskinesias and motor fluctuations by 1 to 3 years. This 
effect may be related to their longer duration of action. It is 
unclear whether a similar effect can be achieved if levodopa 
is administered with COMT inhibitors, since the latter also 
provide a more continuous dopaminergic stimulation. It 
is also unclear whether this potential advantage is useful 
in all patients, since early dyskinesias are mild.

The longer duration of action of carbergoline and 
pergolide and also of transdermal patch preparations like 
rotigotine and lisuride makes them particularly useful for 
some patients, as in those with nocturnal symptoms or 
frequent “on-off” episodes during the day.

The neuroprotective effect of dopamine agonists is a 
potentially important although still unproven effect.

The main disadvantages of dopamine agonists are 
the following:

1. Lower efficacy compared to levodopa.
2. Significant side effects, such as hypotension, nausea 

and vomiting, which require a slow titration of the 
dose until tolerance develops.

3. Induction of unexpected, irresistible sleep episodes.
4. Induction of behavioral symptoms and the impulse 

control disorder
5. Induction of hallucinations and lower limb edema.
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6. In the case of pergolide and cabergoline, the need for 
careful monitoring of possible cardiotoxic effects; 
for other ergot derivatives, attention to other fibrotic 
complications.

7. Not all dopamine agonists being the same, some 
authorities favor the use combinations of agonists 
in individual patients (188). The benefit of this 
approach needs to be studied.
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Catechol-O-Methyltransferase 
Inhibitors

LIMITATIONS OF LEVODOPA

To appreciate the rationale for the use of catechol-O-
methyltransferase (COMT) inhibitors, it is important to 
understand the metabolism of levodopa. The majority 
(70%) of oral levodopa is rapidly metabolized in the liver 
and intestinal mucosa to dopamine via dopa decarboxyl-
ase. Even while levodopa is being absorbed, it is undergo-
ing decarboxylation. A second pathway of metabolism 
occurs via COMT to produce 3-O-methyldopa (3-OMD). 
Less than 1% of administered oral levodopa penetrates 
the brain. The peripheral production of dopamine results 
in side effects such as nausea, hypotension, and cardiac 
arrhythmias. With the use of peripheral dopa decarboxyl-
ase inhibitors (e.g., carbidopa and benserazide), the dose 
of levodopa is substantially reduced (about 70%) and 
peripheral side effects markedly attenuated (1).

Even with decarboxylase inhibitors, only 5% 
to 10% of oral levodopa reaches the brain. With the 
inhibition of dopa decarboxylase, other pathways are 
activated. In particular, COMT metabolizes levodopa 
to 3-OMD. The half-life of 3-OMD is about 15 hours, 
compared with about 1 hour for levodopa. It has been 
suggested that 3-OMD may compete with levodopa for 
the energy-dependent transport mechanism used for 
penetration into the brain. Large amounts of 3-OMD 
may decrease the efficacy of levodopa in animals and 

Cheryl Waters

patients with Parkinson’s disease (PD). 3-OMD is of no 
benefit to the parkinsonian brain: whether it has delete-
rious properties is unknown. COMT is one of the main 
enzymes responsible for metabolism of levodopa and 
other catecholamines. It is located in the liver, kidney, 
and gut wall as well as in the central nervous system 
(CNS) neurons and glia (2). 

RATIONALE FOR COMT INHIBITORS

COMT inhibitors are used in conjunction with levodopa/
carbidopa in PD patients to lengthen levodopa’s duration 
of action. Peripheral metabolism of levodopa is reduced 
by carbidopa and COMT inhibitors. This allows for a 
greater portion of the dose of levodopa to remain in the 
circulation for transport to the brain (Figure 42-1). In this 
way, COMT inhibitors lengthen levodopa’s duration of 
action by prolonging its half-life in plasma and increasing 
the amount of levodopa available to enter the brain (2). 
This is an important development because the shortening 
of the duration of response to levodopa has been associ-
ated with the onset of motor fluctuations (3). Block and 
colleagues observed a low (20%) but definite prevalence 
of response fluctuations after 5 years of treatment with 
levodopa-carbidopa therapy [immediate release (IR) or 
controlled release (CR)] (4).
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In addition, preclinical and clinical studies suggest that 
current therapeutic regimens provide only intermittent stimu-
lation of dopamine receptors (5). This intermittent stimulation 
may lead to neuronal changes downstream that contribute 
further to the development of motor complications. Dopa-
mine replacement regimens that provide continuous stimu-
lation of dopamine receptors may prevent or ameliorate the 
motor complications of PD. Therefore patients should obtain 
significant advantages from adjunctive therapy with a COMT 
inhibitor, which may result in the stabilization or “smoothing 
out” of dopamine levels.

After a number of years, many patients treated 
with levodopa develop motor fluctuations (6). Motor 
fluctuations of the “wearing off’’ type are the most com-
mon. Because these fluctuations result from a shortening 
of levodopa’s duration of action, they are also the known 
as end-of-dose deterioration. Eventually, progression of 
PD results in loss of terminals and the inability of the 
remaining neurons to store dopamine; both contribute to 
the increasing severity and unpredictability of the motor 
fluctuations. As this occurs, motor function fluctuates 
between 2 states: the “on” state, when plasma levodopa 
concentrations remain within the therapeutic range and 
optimally control bradykinesia, tremor, and rigidity; and 
the “off” state, when plasma levels decline, the medica-
tion’s effect diminishes, and mobility is compromised.

As the disease advances and with long-term levodopa 
use, many patients show an enhanced sensitivity to even 
small fluctuations in blood concentrations of levodopa 
(1). They also may experience peak-dose dyskinesias 
(choreic or dystonic movements) that occur when plasma 

concentrations of levodopa are at their highest (6, 7). 
Furthermore, disease progression can bring complica-
tions in motor response that may be unrelated to the 
dosing interval. These abrupt and often unpredictable 
fluctuations, also called random fluctuations or the “on-
off” phenomenon, can become the most disabling symp-
toms of PD and are generally not amenable to therapeutic 
intervention.

Patients with early PD who have not developed 
fluctuations are categorized as having nonfluctuating, 
or stable, PD. As a rule, in these early stages, bid or tid 
administration of levodopa/carbidopa provides constant 
control of parkinsonian symptoms. Most patients expe-
rience the “on” and “off” states to some degree as the 
disease progresses. The goals of drug development in PD 
are symptomatic relief; delay or prevention of disease 
progression; avoidance of “wearing off’’ fluctuations; 
amelioration of such fluctuations when they do develop; 
and management of other associated problems of PD, 
such as psychosis, cognitive impairment, and depression 
(6). The challenge for the clinician is to use the range 
of pharmacologic interventions appropriately to achieve 
maximum benefit.

Patients with nonfluctuating disease seem to have 
sufficient presynaptic dopaminergic neurons to store and 
release dopamine, thus avoiding fluctuations in intra-
synaptic dopamine levels and facilitating long-duration 
responses. In patients with advanced disease, residual 
neurons are thought to have a diminished capacity to 
take up levodopa and to store and release dopamine, 
thus shortening the duration of response. Intrasynaptic 

FIGURE 42-1

Metabolism of levodopa: Effects of peripheral and central COMT inhibition AADC, aromatic amino acid decarboxylase; COMT, 
catechol-O-methyltransferase, DOPAC, 3, 4-dihydroxyphenylacetic acid; HVA, homovanillic acid; MAO, monoamine oxidase; 
3-MT, 3-methoxytyramine; 3-OMD, 3-O-methyldopa.
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dopamine concentrations begin to reflect the fluctuating 
plasma levels of levodopa that correspond to periodic 
administration of levodopa.

Although controversial and by no means estab-
lished, clinical evidence suggests that fluctuating levels 
of levodopa may be associated with motor complications, 
and continuous levels of levodopa may ameliorate these 
problems. Research is focusing on extending the dura-
tion of each dose of levodopa to sustain a more consis-
tent plasma level. This may be achieved by administering 
levodopa infusions, substituting CR (controlled-release) 
formulations for IR (intermittent-release) formulations, 
and adding COMT or monoamine oxidase (MAO-B) 
inhibitors (Table 42-1).

Some believe that increasing the dose of levodopa 
or the frequency of dosing can lead to the development 
or worsening of dyskinesias. Either strategy steepens 
the dose-response curve for levodopa, narrowing the 
therapeutic index and heightening sensitivity to minute 
changes in drug availability (3). 

CLINICAL STUDIES WITH COMT INHIBITORS

Tolcapone

Pharmacokinetics of Tolcapone Tolcapone is a COMT 
inhibitor that acts both peripherally and centrally, although 
clinical response seems to be primarily related to its periph-
eral effects. Tolcapone, like entacapone, was shown in 
several studies to increase the half-life of levodopa (2). 
Tolcapone increases the area under the curve (AUC) for 
levodopa. This occurs without a concomitant increase 
in peak plasma concentration. At a 200-mg dose of tol-
capone, the AUC increases by 94%. Inhibition of 3-OMD 
formation is substantial and dose-dependent (8). The over-
all clearance of tolcapone is low, which translates to good 
bioavailability. The elimination half-life is 2.1 hours. The 
inhibition of erythrocyte COMT is stronger and consider-
ably longer with tolcapone than with entacapone.

Studies in Patients with Fluctuating Parkinson’s Dis-
ease In one study (9), tolcapone prolonged the time 
during which patients received clinical benefits from 

levodopa. In addition, patients were able to reduce their 
total levodopa dose requirements. This multicenter, 
double-blind, placebo-controlled study included patients 
(n � 51) who initially required at least 3 doses of IR 
levodopa/carbidopa daily. All patients had PD and were 
experiencing predictable “on” time in response to the 
first morning dose of levodopa/carbidopa and at least 2 
predictable end-of-dose “off” episodes (with a combined 
“off” time � 2 hours). Primary efficacy measures were 
the investigators’ 10-hour evaluation of “off” time and 
the Unified Parkinson’s Disease Rating Scale (UPDRS) 
motor subscale (part 3). Clinical evaluations were made 
just before and after 6 weeks of treatment with tolcapone 
(50, 200, or 400 mg 3 times a day). At both evaluations, 
UPDRS motor subscale scores as well as “on-off” and 
dyskinesia assessments were made at 30-minute intervals 
over a 10-hour period. Compared with placebo, the dif-
ference between baseline and week 6 for all 3 doses of 
tolcapone significantly reduced “off” time by an aver-
age of 40%; [0.4% vs. 2.7% (placebo); 16.6% vs. 2.7% 
(50-mg tid group); 16.1% vs. 2.8% (200-mg tid group); 
and 18.1% vs. 3.0% (400-mg tid group); P � 001]. The 
change in AUC was statistically and significantly different 
from placebo for all tolcapone dosages from baseline to 
week 6 [11.4 vs. 8.6 (placebo); 44.8 vs. 8.9 (50-mg tid 
group); 37 vs. 8.9 (200-mg tid group); and 49.1 vs 10.1 
(400-mg tid group); P � .05]. Both the total daily dose 
of levodopa/carbidopa and the dosing frequency were 
significantly reduced in patients receiving tolcapone either 
200 or 400 mg tid.

Although well tolerated, tolcapone was associated 
with typical dose-related dopaminergic side effects in 
some patients. Dopamine-related adverse events increased 
during the first 2 weeks of treatment in all tolcapone 
groups but diminished as levodopa dosages were adjusted 
downward. The most frequently reported adverse event 
was dyskinesia; 21.4% in the placebo group and approxi-
mately 50% in the tolcapone-treated patients. Nausea 
was reported in 12% in the placebo group and in 25% in 
the tolcapone group. Postural hypotension was reported 
by 12% in the placebo group and between 7.5% and 
18.4% in the tolcapone group. These side effects could 
be ameliorated or eliminated by reducing the dosage of 
levodopa/carbidopa. Dizziness (5.3% to 10% of tol-
capone patients vs. 0% of placebo patients) and urine 
discoloration (4.9% to 23.7% of tolcapone patients vs. 
0% of placebo patients) were also noted. No significant 
changes in the mean values of vital signs were observed. 
No abnormal laboratory tests results were reported 
related to tolcapone.

Welsh and colleagues assessed the effect of tol-
capone (50, 200, or 400 mg tid) vs. placebo on quality 
of life (QOL) in patients who were receiving levodopa/
carbidopa therapy over a 6-week period (10). This 
study was conducted in parallel with the double-blind, 

TABLE 42-1
Strategies for Extending Levodopa’s Effect

Increase amount of levodopa administered per dose
Increase frequency of levodopa doses
Switch to controlled-release preparations of levodopa
Provide direct intraduodenal infusion of levodopa
Inhibit peripheral catechol-O-methyltransferase
Inhibit monoamine oxidase
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placebo-controlled, dose-response study previously 
described (10). Quality of life was measured by the 
Sickness Impact Profile (SIP) and adjustment to illness 
was measured by the Psychosocial Adjustment to Illness 
Scale–Self-Report (PAIS-SR). Objective assessment of the 
impact of PD was measured by the UPDRS. Patient rat-
ings of total illness impact (PD .003), physical impact 
(PD .002), and psychosocial impact (PD .007) improved 
significantly in subjects in the 3 tolcapone groups (9).

In a double-blind, parallel group trial involving 11 
centers, Rajput and colleagues studied 202 patients who 
were experiencing the “wearing off” phenomenon on 
levodopa; these patients were at least 30 years old and had 
been treated with levodopa for at least 1 year (11). At the 
start of the study, patients were taking at least four doses 
daily of levodopa/carbidopa (or 3 doses daily if 2 were a 
CR formulation). Patients were experiencing predictable 
motor fluctuations at the end of a dosing interval that could 
not be eliminated by adjusting their existing therapy.

The principal efficacy measurement was “off” and 
“on” time assessed by patient diaries. Investigators’ 
global assessment (IGA) was used to evaluate change 
in the “wearing off” phenomenon and severity of PD 
symptoms. The UPDRS scale was used to assess parkin-
sonian symptoms, and QOL was measured. After baseline 
assessments, patients were randomized to receive either 
tolcapone (100 or 200 mg tid) or placebo in addition to 
levodopa/carbidopa. After 3 months of treatment with tol-
capone, the patients’ daily diaries were analyzed. Patients 
experienced reductions in the duration of “off” time—a 
mean reduction of 3.2 hours—compared with baseline when 
treated with tolcapone 200 mg tid (P � .01) (Table 42-2) 
(11). A subgroup of these patients received tolcapone 
for 12 months, during which further reductions in total 
daily levodopa dose were achieved and reduced “off” time 
was maintained. The dosage of levodopa was reduced in 
patients receiving either dosage of tolcapone compared 
with those receiving placebo (P � .01) and the number 
of daily doses was also reduced (P � .01) (11).

Tolcapone therapy was well tolerated; the most 
frequent dopaminergic adverse events were dyskinesias 
and nausea, which were transient and occurred early in 
the study. Dyskinesias were satisfactorily controlled by 

adjusting levodopa dose. Diarrhea and constipation were 
the most frequent nondopaminergic events and accounted 
for the majority of withdrawals from the trial (4% and 
8% withdrew from the 100- and 200-mg tid groups, 
respectively, and 3% withdrew from the placebo group) 
(11). Tolcapone treatment was associated with elevated 
liver enzymes in 3 patients in the 100-mg tid group and 
2 patients in the 200-mg tid group.

Baas and colleagues demonstrated that tolcapone 
reduces “off” time and levodopa requirements in patients 
(n � 177) experiencing predictable fluctuations (12). Dur-
ing the study, patients received either tolcapone (100 or 200 
mg tid) or placebo for 3 months. At 3 months, changes in 
the frequency of “wearing off” fluctuations were assessed, 
along with other efficacy parameters. Compared with pla-
cebo, the addition of tolcapone 100 mg tid to the regimen 
produced statistically significant reductions in “off” time 
(31.5% decrease; P � .05); significant increases in “on” 
time (21.3% increase, P � .01); and significant reductions 
in the mean daily levodopa dose (decrease of 109 mg, 
P � .05). “On” time was increased by 20.6% (P � .01) 
and “off” time decreased by 26.2% (NS) with tolcapone 
200 mg tid. Diarrhea resulted in withdrawals in 7% of the 
100-mg tid group and 10% of the 200-mg tid group.

Another study of tolcapone in patients with fluctuating 
disease was reported by Adler and coworkers (13). This 
study was a placebo-controlled, double-blind, randomized 
trial involving 15 centers. Patients were on levodopa at 
least for 1 year and had to be using a minimum of 4 doses 
of standard formulation levodopa or 3 doses if 2 were of 
the controlled-release type. They had to have end-of-dose 
failure but not unpredictable “on–off” and had to be on a 
stable dose of levodopa for at least 4 weeks. Patients were 
randomized to receive placebo or tolcapone 100 mg tid 
or 200 mg tid. Primary efficacy measures were changes 
in “on” and “off” time measured by diaries. Secondary 
efficacy measures were UPDRS, IGA, dyskinesia scale, 
and SIP. A total of 215 patients enrolled: mean duration 
of PD was 10.5 years, mean duration of levodopa therapy 
was 8.5 years, and 76% had dyskinesias. A 6-week study 
showed significant increases in “on” time for both tol-
capone groups (2.1 hours for 100 mg tid, 2.3 hours for 
200 mg tid) vs. placebo (0.3 hours) (P � .001). “Off’’ time 
decreased by 2 hours in the 100-mg tid group, 2.5 hours in 
the 200-mg tid group; and 0.3 hours in the placebo group 
(P � .005). Levodopa dose decreased 23% in 100-mg tid 
group, 29% in 200-mg tid group compared to placebo 
(P � .001), and the number of doses per day decreased 
in active treatment groups. Adverse events were similar 
to those of previous studies.

Comparison to Dopamine Agonists

The relative effectiveness and tolerability of a COMT 
inhibitor vs. a dopamine agonist as adjunctive therapy 

TABLE 42-2
Efficacy Data: Change from Baseline to Month 3

 PLACEBO 100 MG 200 MG

Daily “off” time –1.4 –2.3 –3.2*
Percent of baseline –20 –32 –48

*P � .01.
Source: From Rajput et al.(11). With permission.
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to levodopa have been compared in a randomized single-
blind study conducted in Europe (14). Over an 8-week 
period, investigators compared the effects of adjunctive 
therapy with tolcapone (200 mg tid) vs. bromocriptine 
(mean final dose, 22.4 mg/d) in 146 levodopa-treated 
patients with fluctuating disease. Tolcapone was shown 
to be more effective than bromocriptine for increasing the 
mean “on” time and decreasing the mean “off” time and 
was also better tolerated (Table 42-3). Patients treated with 
tolcapone required less levodopa and experienced fewer 
CNS adverse effects (psychosis and hallucinations) than 
patients treated with bromocriptine.

These results demonstrate that when used as an 
adjunct to levodopa therapy in patients with fluctuating 
disease, tolcapone is as effective or more so than the 
dopamine agonist bromocriptine. In addition, tolcapone 
has the advantage of not requiring titration at the start of 
treatment. Tolcapone also leads to significant reductions 
in the total daily dose of levodopa and to improvements 
in “wearing off” fluctuations. Tolcapone was associated 
with a much lower incidence of peripheral dopaminergic 
events (e.g., nausea) than bromocriptine.

In phase III tolcapone studies for patients with 
fluctuating disease, in which about one-third received a 
dopamine agonist concomitantly with tolcapone as an 
adjunct to levodopa and a dopa decarboxylase inhibitor, 
no serious safety concerns were identified. However, the 
incidence of orthostatic complaints and hallucinations 
was higher among those receiving dopamine agonists 
with tolcapone than those receiving only tolcapone (11). 
The incidence of dyskinesias was approximately 8% to 
10% higher in the dopamine agonist group.

Patients With Nonfluctuating 
Parkinson’s Disease

For patients who have not developed motor fluctuations 
(the “stable” patient), tolcapone has been studied to assess 
its ability to delay their development and improve ADL 
scores. It has been hypothesized that smooth and contin-
ued delivery of levodopa in patients with nonfluctuating 
disease, by using adjunctive therapy, may positively 
influence the development of motor fluctuations.

In a study of stable patients receiving levodopa, the 
major outcome variable was the percent change in the abil-
ity to perform ADL as measured by UPDRS subscale II. 
After 6 months, the patients receiving tolcapone 100 or 
200 mg tid showed significant improvement on the ADL 
(subscale II) and motor function (subscale III) sections of 
the UPDRS, compared with patients who received pla-
cebo (15). There was an 18% (1.4 vs. .3) and a 20% 
(1.6 vs. .3) improvement in ADL scores in patients receiv-
ing tolcapone 100 mg tid (P � .05) or tolcapone 200 
mg tid (P � .01). In contrast, there were no significant 
changes in the ADL or motor scores of patients receiving 

placebo over the same 6-month period (C .1 vs. .6 change 
on subscales II and III).

Along with the improvements in motor function, 
patients receiving tolcapone 100 mg and 200 mg tid were 
able to reduce their total daily levodopa dose by 6% and 
9%, respectively (P � .001 for both groups). In con-
trast, patients in the placebo group required an additional 

TABLE 42-3
Efficacy and Tolerability of Bromocriptine 
Compared With Tolcapone as Adjunctive 

Therapies to Levodopa*

CLINICAL EFFECT BROMOCRIPTINE TOLCAPONE

 (N � 74) (N � 72)

Levodopa
Reduction in  –30.0 ± 20.3 –124.0 ± 21.5†

total daily dose (mg) 
Patients reduced  11% –33%

dosage per day

“On-off” time
Change in mean  –2.4 ± 0.4 –3.0 ±0.5

“off” time (hours)
Mean change in  –37.9% –43.7%

“off” time/mean 
baseline “off” time 

Change in mean � 2.1± 0.5 � 2.8 ± 0.5
“on” time 
(hours)

Mean change in  27.5% 36.6%
“on” time/mean 
baseline “on” time

Investigators’ global 
assessment

Efficacy: patients  69% 82%‡
improved

Tolerability:  9% 16%
patients improved

UPDRS subscale  –0.1 ± 0.4 –0.9 ± 0.5
II score
Change in ADL 

UPDRS subscale  –3.3 ± 1.0 –3.1 ± 1.05
III score
Change in motor 
function

UPDRS � Unified Parkinson’s Disease Rating Scale; ADL 
� activities of daily living.

*In the open-label study, either tolcapone (200 mg tid) or 
bromocriptine (mean final dose, 22.4 mg/d) was administered to 
patients also receiving levodopa. Data are mean ± standard error 
of the mean (SEM) between baseline and week 8 or percentage 
of patients at week 8.

†P � .01
‡P � .05
Source: From Agid et al.(13). With permission.
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47 mg of levodopa over the same 6-month period, which 
was not accompanied by a decrease in impairment.

Compared with placebo patients, a lower propor-
tion of patients treated with 200 mg tid tolcapone devel-
oped evidence of motor fluctuations at 6 months.

In this study, patients treated with tolcapone 100 
mg tid (P � .01 vs placebo) or 200 mg tid (P � .05 vs. 
placebo) also experienced significant improvements in 
the physical subscale of the SIP.

Dupont and colleagues assessed the effect of tol-
capone on levodopa dose in patients with stable PD 
whose “wearing off” phenomena had been controlled 
with more frequent levodopa dosing (16). In this double-
blind, placebo-controlled study, 97 patients were ran-
domly assigned to receive placebo or tolcapone (200 or 
400 mg tid) for 6 weeks. On the morning of the first day 
of the treatment period, the levodopa dose was reduced 
by 35% and subsequently titrated as needed. In case of 
dyskinesias, increasing the dose interval, mainly in the 
afternoon, was preferred to decreasing the size of a single 
dose except when the first daily dose was not tolerated 
(16). After 6 weeks of treatment, patients in the 200-
mg-tid group crossed over to the 400-mg-tid group and 
vice versa for another 3 weeks. Patients receiving pla-
cebo remained on placebo until the end of the 9-week 
study. The primary efficacy parameter was change in 
levodopa dosage from baseline to week 6. Other efficacy 
parameters were IGA and UPDRS subscales I (mentation, 
behavior, mood), II (ADL), III (motor functions), and 
IVb (clinical fluctuations). Safety assessments included 
levodopa-induced symptoms, dyskinesia rating scale, 
UPDRS subscales IVa (dyskinesias) and IVc (other com-
plications), IGA of tolerability, vital signs, ECGs, and 
laboratory analyses. Efficacy was analyzed via hypothesis 
testing for the first 6-week treatment period.

At the end of the 6-week treatment period, both tol-
capone groups evidenced greater reduction in total daily 
dose (27% for 200-mg-tid group and 25% for 400-mg-tid 
group) and number of doses of levodopa (1.3 for 200-mg-
tid group and 1.5 for 400-mg-tid group) compared with 
the placebo group (19% decrease in dose and 1.1 doses 
per day), but these differences did not reach significance. 
The tolcapone 200-mg-tid group demonstrated the great-
est improvement in estimated mean scores for all efficacy 
parameters (P � .05 vs. placebo only for a change in 
UPDRS subscale II). The changes seen in the tolcapone 
400-mg-tid group were nearly indistinguishable from 
those in the placebo group. However, the results indi-
cate that a reduction in levodopa dosage in the tolcapone 
groups did not occur at the expense of other efficacy 
parameters.

Nnausea and dyskinesias were the most frequently 
reported dopaminergic adverse events. The most unex-
pected nondopaminergic event frequently reported was 
diarrhea, which was reported by 3 patients (9%) in the 

tolcapone 200-mg-tid treatment group and 6 patients 
(19%) in the 400-mg-tid treatment group. The majority 
of the adverse events reported were mild and reversible. 

Entacapone

Pharmacokinetics of Entacapone Entacapone is rap-
idly absorbed and exhibits linear pharmacokinetics up 
to a dose of 200 mg (8). The bioavailability of enta-
capone is low at 35%. It is rapidly metabolized in the 
liver. Entacapone has a greater volume of distribution 
than tolcapone and tolcapone is protein-bound. There-
fore entacapone is cleared more rapidly from the body 
than tolcapone.

Early Studies of Entacapone In a 4-week open-label 
trial, entacapone improved “on” time from 2.3 to 3.4 
hours per dose of levodopa (17). Dyskinesias were seen 
as a side effect. These results were validated in a cross-
over trial of entacapone and placebo (18). In this study, 
entacapone prolonged the duration of a motor response 
to an individual dose of levodopa by 34 minutes. Dys-
kinesia duration was similarly prolonged. From home 
diaries, “on” time was found to be prolonged by 2.1 
hours per day.

Entacapone has been studied pharmacologically 
and was found to increase the area under the curve 
(AUC) for levodopa without enhancing Tmax or Cmax
(19). It prolongs the elimination half-life of levodopa, 
thus extending its action. This was true when tested with 
either orally or intravenously administered levodopa (20). 
Entacapone increased the duration of action of single 
doses of levodopa by 56%. Plasma 3-OMD concentra-
tions were reduced by 60%. During chronic administra-
tion of this drug (8 weeks), the daily requirements for 
levodopa were reduced 27%. Patients reported that the 
percentage of day “on’’ time was 77% during treatment 
with entacapone, dropping to 44% when this drug was 
withdrawn.

Parkinson Study Group and Nordic Study Group In a 
large, multicenter placebo-controlled, double-blind, ran-
domized 24-week study of entacapone was conducted by 
the Parkinson Study Group (21), 205 patients were ran-
domized to receive either entacapone 200 mg or placebo 
with each dose of levodopa. The primary efficacy endpoint 
was the change in “on” time while awake. Entacapone 
treatment increased “on” time by 5% (approximately 1 
hour) per day consistently throughout all 24 weeks of 
the study (21). The effect of entacapone treatment was 
especially dramatic in patients with the lowest amount 
of “on” time (� 55%) at baseline (i.e., patients who 
were most impaired). The total UPDRS score improved 
in 10% of patients treated with entacapone at week 24. 
Entacapone reduced patients’ levodopa requirements by 
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100 mg/d on average. The investigators’ global evalua-
tions of the patients revealed a shift in the positive direc-
tion in those patients treated with entacapone compared 
with the placebo group, who shifted in a negative direc-
tion (PD .002) (Table 42-4). When entacapone was with-
drawn in a blinded staggered drug withdrawal period, the 
beneficial effects were rapidly lost.

The most frequently reported adverse events in the 
entacapone group were dyskinesias, urine discoloration, 
dizziness, nausea, and constipation. Dyskinesias were 
most frequent during the first 8 weeks of the trial (30 
of 33 patients in the placebo group; 53 of 55 patients in 
the entacapone group) (20). However, after the levodopa 
dosage was adjusted, dyskinesias resolved in one-third of 
the patients within 8 weeks. No differences were observed 
between entacapone and placebo groups in vital signs, 
laboratory tests, or ECG results.

Similar results with entacapone have been reported 
by the Nordic Study Group (n � 171) (22). This was 
a 6-month double-blind, placebo-controlled trial using 
patient diaries as the primary outcome measure. Treat-
ment with entacapone increased daily “on” time. Baseline 
daily “on” time was 9 to 10 hours, which increased by 
1.3 hours after entacapone treatment. Treatment with 
entacapone also reduced the mean total UPDRS scores 
when “on” by approximately 10% compared with scores 
for patients receiving placebo. The benefits of treatment 
with entacapone were lost within 2 to 3 hours of the last 
dose administered and before the beginning of the next 
scheduled dose cycle (21, 22).

The efficacy of entacapone in controlling motor 
fluctuations was evaluated in a 6-month, randomized, 
placebo-controlled trial in 301 levodopa-treated patients, 
of whom 260 had motor fluctuations (23). The primary 
outcome was absolute change in on hours at 6 months 
compared with baseline. Entacapone (P � .05) prolonged 
daily on time by a mean of 1.7 hours from 10.0 at baseline 
to 11.7 compared with an increase from 9.7 to 10.7 with 

placebo. The difference vs. placebo was greatest in the 
subgroup of 174 patients taking more than 5 daily doses 
of levodopa. UPDRS motor scores improved by 3.3 points 
with entacapone vs. 0.1 points with placebo (P � .01).

In a subsequent trial, Brooks and colleagues random-
ized 172 fluctuating and 128 nonfluctuating levodopa-
treated patients to entacapone or placebo for 6 months (24). 
The primary endpoint in the nonfluctuating group was the 
change of the UPDRS ADL score at 4 and 6 months vs. 
baseline. The primary outcome in the fluctuating group 
was the proportion of daily on time while awake at 4 
and 6 months vs. baseline. In the nonfluctuating group, 
there was (P � .001) greater improvement in UPDRS ADL 
scores with entacapone. In addition, the mean daily dose of 
levodopa increased by 7 mg with entacapone group com-
pared with an increase of 47 mg with placebo (P � .01). 
In the fluctuating group, entacapone induced an increase in 
mean proportion of daily “on” time. Mean absolute “on” 
time increased by 1.3 hours on entacapone compared with 
0.1 hours with placebo (P � .001).

Although transient dyskinesias and mild nausea are 
more common with entacapone treatment, this drug is 
well tolerated, with no abnormalities in vital signs or lab-
oratory surveillance tests. The long-term safety and toler-
ability of entacapone were demonstrated in a 12-month 
safety study in 326 levodopa-treated patients with and 
without motor fluctuations, two-thirds of whom were 
randomized to entacapone and one-third to placebo (25). 
There was no significant difference between entacapone 
and placebo in the rate of discontinuation due to adverse 
events (14% vs. 11%, respectively). As expected due to 
dopaminergic enhancement, dyskinesia was a more fre-
quent adverse event with entacapone than with placebo. 
Entacapone had no adverse effect on hepatic enzymes, 
ECG, or hemodynamic parameters, and there was no 
evidence of toxicity.

In a large community-based open-label trial, 30 
days of treatment with entacapone added to levodopa 

TABLE 42-4
Distribution of Responses on the Investigator’s Global Evaluation of the Patient at Baseline and at Week 24*.

 VERY  RATHER NOT WELL, RATHER  VERY

 POORLY POORLY POORLY NOT POORLY WELL WELL WELL

Baseline
Placebo 1 2 11 42 32 13 1
Entacapone 0 3 14 35 29 18 4

Week 24
Placebo 1 7 28 30 26 7 3
Entacapone 1 4 9 30 33 14 2

*The investigator was asked to rate how the patient had been doing in terms of his or her PD during the week preceding the visit.
Source: From Parkinson’s Study Group (20). With permission.
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resulted in reduced frequency of levodopa administra-
tion and significant improvements in overall QOL (26). 
Nearly 20% of patients reported depression at baseline, 
but that incidence was reduced by 40% after just 30 days. 
Patients who were no longer depressed at study comple-
tion achieved the greatest improvement in quality-of-life 
scores (27).

Patients with Nonfluctuating Parkinson’s Disease One
double-blind placebo controlled trial of entacapone failed 
to show any difference in motor function although some 
effect was noted in QOL measures (28).

For patient convenience, a new triple combination 
tablet (Stalevo) has been developed that contains 12.5 
mg carbidopa/50 mg levodopa/200 mg entacapone (Stalevo 
50), 25 mg carbidopa/100 mg levodopa/200 mg/entacapone 
(Stalevo 100), or 37.5 mg carbidopa/150 mg levodopa/200 mg 
entacapone (Stalevo 150). The indications for these formula-
tions are the same as those for entacapone (i.e., for patients 
experiencing wearing off with carbidopa/levodopa).

Dosage and Administration Entacapone should be 
given 200 mg with each dose of levodopa up to a total 
daily entacapone dose of 1600 mg.

SAFETY OF COMT INHIBITORS

Management of Dopaminergic Adverse Events

Both tolcapone and entacapone have the potential to 
increase dopaminergic adverse events in patients receiv-
ing levodopa. The most frequent adverse events associ-
ated with COMT inhibitors (those occurring in � 5%
of treated patients) have been dopaminergic in nature, 
including peak-dose dyskinesias, nausea, or hallucina-
tions. These have been mild, and reducing levodopa dose 
when tolcapone or entacapone is administered tends to 
minimize their occurrence (9, 11, 12, 22). Short-term stud-
ies have shown that administration of COMT inhibitors is 
safe and well tolerated in patients with PD (9, 29). In clini-
cal trials of tolcapone, the majority of patients required a 
decrease in their daily levodopa dose if that dose initially 
was above 600 mg or if they had moderate or severe 
dyskinesias before beginning tolcapone treatment (11). In 
those patients who required a levodopa dose reduction, 
the average reduction in daily dosage was 30%. 

Management of Nondopaminergic 
Adverse Events

Nondopaminergic adverse events such as diarrhea, head-
ache, increased sweating, and abdominal pain have been 
observed. Diarrhea is the most frequent reason given for 
patients’ withdrawing from the long-term tolcapone trials

(11, 15). However, Waters and colleagues reported that 
in 92% to 95% of patients, diarrhea abated or was mild 
enough that patients continued tolcapone on a long-
term basis (15). With tolcapone, severe diarrhea affects 
approximately 5% to 10% of patients. Furthermore, 
almost all cases of severe diarrhea developed during 
the first 3 months of treatment. Approximately one-
half of patients who experienced diarrhea elected to 
discontinue treatment with tolcapone. After 3 months, 
the incidence of diarrhea was equivalent to that in the 
placebo-treated patients. Thereafter, all patients toler-
ated tolcapone extremely well (12). If a patient does not 
develop diarrhea in the first 6 months, it is unlikely to 
occur. Entacapone has also been associated with hypo-
tension and constipation, but the incidence of diarrhea 
(5%) and gastrointestinal cramping has been relatively 
low (20). The diarrhea can be severe. Nearly all patients 
who develop this problem will redevelop it if rechal-
lenged with the drug.

Between 6 and 12 weeks after the start of tolcapone 
treatment, some patients had increased levels of alanine 
aminotransferase (ALT) and aspartate aminotransferase 
(AST) (� 3 times the upper limit of normal); this was 
observed in 3% receiving 200 mg tid and 1% receiv-
ing 100 mg tid. Within 2 to 4 weeks of discontinuing 
treatment, both AST and ALT levels tended to return to 
normal without any other hepatic adverse effects (12, 15). 
In patients who continued treatment, liver enzyme abnor-
malities resolved spontaneously without sequelae (15). 
Six patients were withdrawn from the studies because 
of elevated transaminases (11, 12, 15).

As of October 1998, 3 deaths from acute fulminant 
hepatic failure had been reported in association with the 
use of tolcapone. The occurrence of tolcapone-associated 
fatal hepatotoxicity led to marked restrictions in its use, 
and several countries withdrew tolcapone from their mar-
kets. In the United States, a “black box” warning was 
used by the FDA with restrictions on the use of tolcapone. 
These restrictions included using tolcapone only when 
patients’ motor fluctuations no longer responded to other 
PD medications, using it only for a short period of time 
to be certain that there was efficacy, and implementing 
very frequent monitoring with liver function tests (LFTs). 
Patients were also required to sign a consent form prior 
to their use of the drug.

Postmarketing surveillance seems to indicate that 
hepatotoxicity due to tolcapone is a rare idiosyncratic 
drug reaction. This has led the FDA to issue new guide-
lines for the use of tolcapone.

The new labeling (2006) states that serum SGPT/ALT 
and SGOT/AST levels should be determined at baseline as 
well as every 2 to 4 weeks for the first 6 months of therapy. 
Further, periodic monitoring is recommended at intervals 
deemed clinically relevant after the first 6 months of ther-
apy. Tolcapone should be discontinued if ALT or AST levels 
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exceed twice the upper limit of normal. The consent form 
has been replaced by a much less onerous patient acknowl-
edgment form (www.Tasmar.com). Since the introduction 
of liver monitoring, no new deaths have been reported with 
tolcapone. Patients should also be advised of the need for 
self-monitoring for the signs of liver failure. As the dose is 
increased from 100 to 200 mg tid, the monitoring should 
be repeated as if the patient had just been initiated. Because 
of the potential for rhabdomyolysis, it is recommended 
that this drug not be used in patients with severe dyski-
nesia. If it is necessary to discontinue tolcapone, it should 
be done with care, since sudden withdrawal may lead to 
worsening of PD, hyperpyrexia, or confusion (a neurolep-
tic malignant–like) syndrome (2). Entacapone has not been 
associated with liver toxicity. It has been approved by the 
FDA for use in fluctuating PD patients without the require-
ment of liver function monitoring. COMT inhibitors can 
change the color of the patients urine to bright yellow or 
orange. This is not a cause for alarm, but patients should 
be informed of this possibility. 

Safety When Used with Selegiline Tolcapone has been 
shown to be effective and tolerable when used with sele-
giline and levodopa (29, 30). 

DIFFERENCES BETWEEN TOLCAPONE AND 
ENTACAPONE

Both tolcapone and entacapone are peripheral inhibitors 
of COMT; however, several important distinctions need 
to be made between the two drugs.

Pharmacokinetics

Differences between the two drugs can be attributed to 
differences in their pharmacokinetic profiles (Table 42-5) 
(8). Both are rapidly absorbed and exhibit linear pharma-
cokinetics up to a dose of 200 mg (8). Since only a small 

amount of tolcapone is lost during first-pass metabolism 
in the liver, the absolute bioavailability of tolcapone after 
oral administration is 70%. This is significantly higher 
than the bioavailability of entacapone (35%), which is 
rapidly metabolized in the liver. Entacapone has a greater 
volume of distribution than tolcapone and is metabo-
lized rapidly, whereas tolcapone becomes protein-bound. 
Therefore entacapone is cleared more rapidly from the 
body than tolcapone (8).

Tolcapone and entacapone have similar half-lives (2.1 
vs. 0.6 hours and 3.4 vs. 2.7 hours). Tolcapone is active 
in both the periphery and, in animal studies, in the brain, 
whereas entacapone inhibits only peripheral COMT activ-
ity. However, central COMT inhibition with tolcapone has 
not been proven to occur in humans (31), and any possible 
clinical advantage of central activity is not known.

Factor and others compared the results of 2 sepa-
rate simultaneous long-term open-label extension studies, 
one for tolcapone and the other for entacapone (32). 
The inclusion/exclusion criteria were similar. Data were 
collected prospectively at 6, 12, 24, and 36 months. Effi-
cacy measures included the UPDRS total score, subscores, 
items 32 (duration of dyskinesia) and 39 (duration of 
“off” time), and levodopa dose. The 2 groups were com-
pared using a Mann-Whitney U test for change from 
baseline and analysis of variance. Tolerability was defined 
as the ability of patients to maintain therapy and was 
compared using a Kaplan-Meier analysis. Eleven patients 
enrolled in the entacapone study and 14 in the tolcapone 
study. The tolcapone group had more severe disease, with 
significantly higher UPDRS motor scores, duration of 
“off,” and levodopa dose requirement. Tolcapone was 
more effective in lowering UPDRS motor and compli-
cation subscores, duration of “off” time, and levodopa 
doses. UPDRS motor scores and change in levodopa dose 
in the tolcapone group remained below baseline level 
for 36 months; however, they were above baseline in 
the entacapone group from 6 months on. Tolerability was 
the same for both treatments. Tolcapone appeared to have 
greater and longer efficacy with regard to motor symptoms, 
“off” time, and change in levodopa requirements than enta-
capone. The authors concluded that tolcapone continues 
to have a place in the treatment of advanced PD.

Switch Study

A second study evaluated tolcapone vs. entacapone in a 
“switch over” study of advanced PD (33). Forty patients 
were initially treated for 3 to 7 months with tolcapone 
as adjunctive therapy to levodopa until the drug was 
discontinued due to side effects (increase in liver enzymes, 
orthostasis, hypotension, diarrhea) or mandatory indica-
tions of the European drug authority. After tolcapone 
discontinuation, levodopa dosage was adjusted for 3 to 
6 months, followed by a 3-month trial of entacapone. 

TABLE 42-5
Pharmacokinetic Parameters of Entacapone and 

Tolcapone After Administration of 200 mg*

 TOLCAPONE ENTACAPONE

Cmax (ug/mL) 6.3 ± 2.9 1.8 ± 0.8
Tmax (h) 1.8 ± 1.3 0.7 ± 0.2
AUC (h*ug/mL) 18.5 ± 5.2 1.6 ± 0.3
Half-life (h) 2.1 ± 0.6 3.4 ± 2.7

*Values are mean ± SD.
Source: From Jorga (8). With permission.
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During tolcapone treatment, “off” time was decreased 
16%, compared with 7% during entacapone treatment. 
“On” time was increased 15% (P � .05) with tolcapone, 
compared with 8% with entacapone. Although the results 
suggest that tolcapone is a more effective drug for treat-
ing motor complications in PD, the data may have been 
confounded by natural disease progression.

Dosing Regimens

The recommended dosing regimens are significantly dif-
ferent for tolcapone and entacapone. The schedule for 
tolcapone is 100 or 200 mg tid at 6-hour intervals. Enta-
capone 200 mg is administered simultaneously with each 
dose of levodopa (19). 

Use With Different Formulations of Levodopa

Jorga and colleagues have demonstrated that adjunctive 
treatment with tolcapone potentiates the clinical effects of 
levodopa irrespective of the levodopa/carbidopa formula-
tion (34). The results were obtained for all of the following 
formulations of levodopa/carbidopa after coadministration 
with tolcapone 200 mg: 100 mg/10 mg; 100 mg/25 mg; 
200 mg/20 mg; 200 mg/50 mg; 250 mg/25 mg (IR); and 
200 mg/50 mg (CR) (33). Comparable effects have been 
observed when tolcapone was administered with both sin-
gle- and multiple-dose regimens (35).

The effects of entacapone combined with levodopa/
carbidopa differ from those of tolcapone in combination 
with levodopa/carbidopa. In a study by Ahtila and col-
leagues, normal volunteers were treated simultaneously 
with entacapone (200 mg) and CR levodopa/carbidopa 
(36). Although entacapone extended the time that 
levodopa remained within the therapeutic range, the 
effect on levodopa bioavailability was less with the CR 
formulation than had been demonstrated previously with 
standard levodopa. 

PATIENT SELECTION CRITERIA

COMT inhibitors are likely to play an important role in 
the long-term management of patients with PD. Therefore 
it is important to identify those patients who will be most 
responsive to this therapy.

Patients Residing Alone or in Nursing Homes

Because they may reduce or eliminate the need for other 
adjunctive therapies such as selegiline, amantadine, 
anticholinergic agents, and dopamine agonists, COMT 
inhibitors should be beneficial not only to those elderly 
PD patients living alone but also to PD patients living in 
nursing homes. COMT inhibitors, by extending the dura-
tion of action of each dose of levodopa, reduce the total 
number of daily levodopa doses that need to be adminis-
tered to each patient (11, 21).

In many elderly patients, there are concerns about 
cognitive dysfunction with dopamine agonists (6, 37). 
Hallucinations and delusions are commonly assumed 
to complicate advanced PD when dopaminergic drug 
treatment has been given for an extended period and 
a high dosage is required to control motor symptoms. 
However, Graham and colleagues found that these 
behavioral problems were more prevalent among PD 
patients when a direct-acting dopamine receptor agonist 
was prescribed concomitantly with levodopa therapy 
regardless of age at onset of PD, stage of the disease, 
“on” motor disability, cognitive function, or dosage of 
levodopa (29).

If problems arise with cognition, physicians can 
reduce and/or eliminate anticholinergic agents, aman-
tadine, selegiline, and dopamine agonists. The COMT 
inhibitors can be substituted if the motor fluctuations 
become troublesome.

CONCLUSION

Unique among the adjunctive therapies for PD, COMT 
inhibitors extend and enhance the duration and action of 
levodopa. COMT inhibitors increase “on” time, reduce 
“off” time, improve the patient’s ability to perform ADL, 
increase motor function scores on UPDRS subscales, and 
may reduce the dosage of levodopa needed.

Unlike dopamine agonists, COMT inhibitors have 
an effect on levodopa pharmacokinetics after the first 
dose. If dopaminergic side effects occur with COMT 
inhibitors, the dose of levodopa can be reduced. COMT 
inhibitors do not require titration for optimal effect. 
COMT inhibitors are an option in the treatment of PD 
in patients with fluctuating motor responses.

References

1. LeWitt PA. Treatment strategies for extension of levodopa effect. Neurol Clin 1992; 
10:511–527.

2. Kurth MC, Adler CH. COMT inhibition: A new treatment strategy for Parkinson’s 
disease. Neurology 1998; 50:S3–S14.

3. Mouradian MM, Heuser IJ, Baronti F, et al. Modification of central dopaminergic mechanisms by 
continuous levodopa therapy for advanced Parkinson’s disease. Ann Neurol 1990; 27:18–23.

4. Block G, Liss C, Reines S, et al. Comparison of immediate-release and controlled-release 
carbidopa/levodopa in Parkinson’s disease. Eur Neurol 1997; 37:23–27.

5. Chase TN. Levodopa therapy: Consequences of the nonphysiologic replacement of dopa-
mine. Neurology 1998; 50(Suppl):S17–S25.

6. Waters CH. Managing the late complications of Parkinson’s disease. Neurology 1997;
49(Suppl 1):S49–S57.

7. Juncos JL. Levodopa: Pharmacology, pharmacokinetics, and pharmacodynamics. Neurol
Clin 1992; 10:487–509.

8. Jorga KM. COMT inhibitors: Pharmacokinetics and pharmacodynamic comparisons. 
Clin Neuropharmacol 1998; 21:S9–S16.



42 • CATECHOL-O-METHYLTRANSFERASE INHIBITORS 543

9. Kurth MC, Adler CH, Saint Hilaire M-H, et al. Tolcapone improves motor function and 
reduces levodopa requirement in patients with Parkinson’s disease experiencing motor 
fluctuations: A multicenter, double-blind, randomized, placebo-controlled trial. Neurology
1997; 48:81–87.

10. Welsh MD, Ved N, Waters CH. Psychosocial adjustment and illness impact in Parkinson’s 
disease patients before and after treatment with tolcapone (Tasmar). Mov Disord 2000; 
15:497–502.

11. Rajput AH, Martin W, Saint Hilaire M-H, et al. Tolcapone improves motor function in 
Parkinsonian patients with the “wearing-off’’ phenomenon: A double-blind, placebo-
controlled, multicenter trial. Neurology 1997; 49:1066–1071.

12. Baas H, Beiske AG, Ghika J, et al. COMT inhibition with tolcapone reduces “wearing-off’’ 
phenomenon and levodopa requirements in fluctuating Parkinsonian patients. J Neurol 
Neurosurg Psychiatry 1997; 63:421–428.

13. Adler CH, Singer C, O’Brien C et al. Randomized, placebo-controlled study of tolcapone 
in patients with fluctuating Parkinson’s disease treated with levodopa carbidopa. Arch
Neurol 1998; 55:1089–1095.

14. Agid Y, Destee A, Durif F, et al. Tolcapone, bromocriptine, and Parkinson’s disease. 
Lancet 1997; 350:712–713.

15. Waters CH, Kurth M, Bailey P, et al. Tolcapone in stable Parkinson’s disease: Efficacy 
and safety of long term treatment. Neurology 1997; 49:665–671.

16. Dupont E, Burgunder J-M, Findley L, et al. Tolcapone added to levodopa in stable 
Parkinsonian patients: A double-blind, placebo-controlled study. Mov Disord 1997; 
12:928–934.

17. Ruottinen HM, Rinne UK. A double-blind pharmacokinetic and clinical dose-response 
study of entacapone as an adjuvant to levodopa therapy in advanced Parkinson’s disease. 
Clin Neuropharmacol 1996; 19:283–296.

18. Ruottinen HM, Rinne UK. Entacapone prolongs levodopa response in a one-month 
double-blind study in parkinsonian patients with levodopa-related fluctuations. J Neurol 
Neurosurg Psychiatry 1996; 6:36–40.

19. Kaakkola S, Teravainen H, Ahtila S, et al. Effect of entacapone, a COMT inhibitor, on 
clinical disability and levodopa metabolism in parkinsonian patients. Neurology 1994;
44:77–80.

20. Nutt JG, Woodward WR, Beckner RM, et al. Effect of peripheral catechol-O-
methyltransferase inhibition on the pharmacokinetics and pharmacodynamics of levodopa 
in parkinsonian patients. Neurology 1994; 44:913–919.

21. Parkinson Study Group. Entacapone improves motor fluctuations in levodopa treated 
Parkinson’s disease patients. Ann Neurol 1997; 42:747–755.

22. Rinne UK, Larsen JP, Siden A, et al. Entacapone enhances the response to levodopa in 
parkinsonian patients with motor fluctuations. Neurology 1998; 51:1309–1314.

23. Poewe WH, Deuschl G, Gordin A, et al. Celomen Study Group. Efficacy and safety of 
entacapone in Parkinson’s disease patients with suboptimal levodopa response: A 6-month 

randomized placebo-controlled double-blind study in Germany and Austria (Celomen 
study). Acta Neurol Scand 2002; 105:245–255.

24. Brooks DJ, Sagar H, UK-Irish Entacapone Study Group. Entacapone is beneficial in 
both fluctuating and non-fluctuating patients with Parkinson’s disease: A randomised, 
placebo controlled, double blind, six month study. J Neurol Neurosurg Psychiatry 2003;
74:1071–1079.

25. Myllyla VV, Kultalahti ER, Haapaniemi H, et al. FILOMEN Study Group. Twelve-month 
safety of entacapone in patients with Parkinson’s disease. Eur J Neurol 2001: 8:53–60.

26. Hubble JP, Schumock GT, Markowitz J, Gutterman EM. Entacapone and quality of life 
in patients with Parkinson’s disease: Results of the Response Initiative Program. Neurol
Rev 2000; Oct(Suppl):11–16.

27. Hubble JP, Schumock GT, Markowitz J, Gutterman EM. Entacapone and feelings 
of depression in patients with Parkinson’s disease. Neurol Rev 2000; Oct(Suppl):
17–20.

28. Olanow CW, Kiebertz K, Stern M, et al for the US01 Study team. Double-blind, pla-
cebo-controlled study of entacapone in levodopa-treated patients with stable Parkinson’s 
disease. Arch Neurol 2004; 61:1563–1568.

29. Davis TL, Roznoski M, Burns RS. Acute effects of COMT inhibition on LEVODOPA 
pharmacokinetics in patients treated with carbidopa and selegiline. Clin Neuropharmacol 
1995; 18:333–337.

30. Hauser R, Molho E, Shale H, et al. A pilot evaluation of the tolerability, safety, and efficacy 
of tolcapone alone and in combination with oral selegiline in untreated Parkinson’s disease 
patients: Tolcapone De Novo Study Group. Mov Disord 1998; 13:643–647.

31. Roberts JW, Cora-Locatelli G, et al. Catechol-O-methyltransferase inhibitor tolcapone 
prolongs levodopa/carbidopa action in Parkinsonian patients. Neurology 1994; 44:2685–
2688.

32. Factor SA, Molho ES, Feustel PJ, et al. Long-term comparative experience with tol-
capone and entacapone in advanced Parkinson’s disease. Clin Neuropharmacol 2001;
24:295–299.

33. Onofrj, M, Thomas, A, Iacono, D, et al. Switch-over from tolcapone to entacapone in 
severe Parkinson’s disease patients. Eur Neurol 2001; 46:11–16.

34. Jorga K, Fotteler B, Sedek G, et al. The effect of tolcapone on levodopa pharmacokinetics 
is independent of levodopa/carbidopa formulation. J Neurol 1998; 245:223–230.

35. Jorga K, Dingemanase J, Fotteler B, et al. Pharmacokinetics-pharmacodynamics of a novel 
COMT inhibitor during multiple dosing regimens (abstract). Clin Pharmacol Ther 1993;
53(Suppl 2):II–40.

36. Ahtila S, Kaakkola S, Gordin A, et al. Effect of entacapone, a COMT inhibitor, on the 
pharmacokinetics and metabolism of levodopa after administration of controlled- release 
levodopa-carbidopa in volunteers. Clin Neuropharmacol 1995; 18:46–57.

37. Graham J, Grünewald R, Sagar H. Hallucinosis in idiopathic Parkinson’s disease. J Neurol 
Neurosurg Psychiatry 1997; 63:434–441.





545

Excitatory Amino 
Acid Antagonists

Despite the considerable advances in dopaminergic ther-
apy for Parkinson’s disease (PD), there remain signifi-
cant personal and societal burdens associated with the 
disease from physical, emotional, and financial perspec-
tives. There is no doubt that dopamine-centered therapy 
will remain the mainstay of symptomatic treatment for 
the foreseeable future; however, significant limitations 
of dopaminergic drugs continue to exist. These include 
inadequate or incomplete symptom control, intolerable 
side effects, and long-term complications (motor fluctua-
tions and dyskinesias). As such, identification of other 
pharmacologic modalities for the symptomatic and neu-
roprotective treatment of PD is a priority.

Excitatory amino acid (EAA) antagonists have been 
thought for almost 20 years to have potential impact on 
the treatment of PD (1, 2). First-generation antagonists 
were “broad-spectrum” in that they affected multiple 
receptor types in essentially every brain region. This 
led to significant side effects that made EAA antagonist 
therapy intolerable. Conversely, drugs that had minimal 
side effects were ineffective symptomatically.

Extensive investigation into the role that EAAs play 
in normal and parkinsonian basal ganglia neurotrans-
mission has led to the development and recognition of 
new compounds that modulate EAA function (3–5). A 
greater understanding of how EAAs affect the generation 
of parkinsonism, complications of dopaminergic therapy, 
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and degeneration of dopamine neurons has uncovered 
new and promising EAA agents and ways to use them 
effectively to potentially treat patients with PD (6–9).

EXCITATORY AMINO ACID 
NEUROTRANSMISSION

Excitatory amino acid neurotransmitters are the most 
prominent excitatory transmitters in the mammalian cen-
tral nervous system (CNS), and a variety of amino acids, 
including glutamate and aspartate excite CNS neurons 
in vivo and in vitro. In addition to being abundant and 
critical for intermediary cellular metabolism, glutamate 
is thought to be the primary excitatory amino acid neu-
rotransmitter in humans. Multiple putative glutamatergic 
pathways have been identified in the mammalian brain, 
including thalamocortical, corticocortical, corticostriatal, 
and extrapyramidal circuits (1).

As with most classic neurotransmitters, glutamate 
is specifically concentrated into synaptic vesicles in nerve 
terminals (10, 11), released during depolarization in a 
calcium-dependent manner (12), and inactivated by reup-
take (13). However, unlike classic transmitters, glutamate 
uptake by glial cells is significant. Within glia, glutamate 
is transaminated by glutamine synthetase to form gluta-
mine, which diffuses into nerve terminals and is converted 
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back to glutamate by mitochondrial glutaminase (14, 15). 
In this way, glutamate is recycled from nerve terminal to 
glial cell and back to nerve terminal.

Glutamate acts on 2 broad categories of receptors, 
each with many subtypes. Ion channel glutamate recep-
tors are termed ionotropic and G protein–coupled glu-
tamate receptors are termed metabotropic. Ionotropic 
receptors are further divided into subtypes named for 
the agonists that stimulate them: N-methyl-D-aspartate 
(NMDA), �-amino-3-hydroxy-5-methyl-4-isoxzazole-
propionic acid (AMPA), and kainate (KA). Excitatory 
postsynaptic potentials resulting from glutamate stimula-
tion can generally be resolved into components contrib-
uted by multiple receptor subtypes (8).

AMPA receptors are primary mediators of fast excit-
atory neurotransmission. Most of these receptors exclu-
sively transduce sodium, but some endogenous AMPA 
receptors, in a subunit–dependent manner, conduct cal-
cium (16, 17). Kainate receptors mediate a slower compo-
nent of excitatory postsynaptic transmission and are also 
involved in modulation of both excitatory and inhibitory 
neurotransmission (18). NMDA receptors have a very 
high calcium conductance and are activated (and deac-
tivated) quite slowly. These differences have significant 
functional consequences. For example, the complicated 
pharmacodynamics of the NMDA receptor allow it to 
subserve several integrative neuronal functions, such as 
coincidence detection and synaptic plasticity (3, 8).

All ionotropic glutamate receptors are made up of 
combinations of subunits; AMPA receptors are thought 
to be tetrameric complexes. At present, there are 4 cloned 
AMPA receptor subunits (GluR1–4), each with at least 
2 splice variants (8). The pharmacology, physiology, and 
anatomic distribution of individual subunits are distinct; 
it is therefore hypothesized that there are a great many 
unique endogenous AMPA receptors. In vitro, subunits 
can come together in either a homomeric (all the same 
subunit) or heteromeric (2 different subunits) combina-
tion to form functional channels. Whether the same is 
true in the brain and if there are limited or preferred 
combinations in vivo is not known.

In general, AMPA receptors are rapidly activated 
and desensitized by glutamate. Most AMPA receptors 
transduce sodium; however, AMPA receptors lacking the 
GluR2 subunit also have a high calcium conductance (16, 
17). Regulation of GluR2 subunit expression is complex 
and not based solely on brain region or neuron type. 
GluR2 protein expression may be up- or downregulated 
in different disease states, after activation of certain post-
synaptic receptors, or during plastic synaptic events, such 
as long-term potentiation (LTP) (19–21). As such, rapid 
calcium conductance associated with AMPA receptor 
activation can be controlled on a minute-to-minute basis 
in an individual neuron. Subunits also undergo signifi-
cant posttranslational modifications by phosphorylation, 

glycosylation, and proteolysis as well as interactions with 
other cellular proteins, all of which may affect receptor
function and response to drugs (8, 22, 23). This “real 
time” alteration in receptor subunit expression and func-
tion obviously has significant consequences for the study 
of AMPA antagonists as therapeutic agents.

Five different kainate receptor subunits (GluR5–7, 
KA1–2) have been cloned, and each has several splice 
variants. GluR5–7 subunits can form homomeric recep-
tors, but KA1–2 subunits only form functional receptor 
complexes in heteromeric combination with GluR5, 6, 
or 7 (18). Individual kainate receptors appear to be tet-
rameric, but the ratio of specific subunits is unknown. 
Kainate receptors can be located either pre- or postsyn-
aptically on either excitatory or inhibitory neurons. This 
places them spatially in a unique position to modulate 
balance of inhibitory and excitatory neurotransmission 
in multiple brain regions. There are several endogenous 
modulators of kainate receptor function, including pro-
tons, zinc, and polyamines (24).

Like AMPA and kainate receptors, endogenous 
NMDA receptors are composed of several different sub-
units (NMDAR1, NMDAR2A–D, NMDAR3A–B), the 
regional expression patterns and posttranslational modi-
fications of which result in a myriad of possible endog-
enous NMDA receptors with slightly different properties 
(3, 8, 25).

The NMDA receptor has binding sites for gluta-
mate and glycine, both of which must be occupied for 
receptor activation to occur (26, 27). It also has sev-
eral other modulatory sites, which include binding sites 
for zinc, protons, polyamines, and a site modulated by 
oxidation-reduction (8). As an example of the potential 
consequence of modulatory site function, protons inhibit 
receptor activation such that when extracellular pH is 
low (e.g., during ischemia or intense neuronal activity), 
NMDA receptors are less likely to open (28, 29).

The NMDA receptor ion channel is voltage-gated as 
well as ligand-gated (30). At resting membrane potential, 
the ion channel is blocked by extracellular magnesium, 
which prevents ion transduction even when agonist is 
bound to the receptor. Since this magnesium blockade 
is voltage-dependent, postsynaptic depolarization facili-
tates NMDA receptor activation. As a result, the NMDA 
receptor is activated only under conditions of coincident 
agonist binding and postsynaptic depolarization. This 
quality is vitally important for the physiologic functions 
of the NMDA receptor, such as learning and memory, 
and also for the induction of NMDA receptor–mediated 
toxicity (31, 32).

Unlike most AMPA and kainate channels, the 
NMDA receptor ion channel has a very high calcium 
conductance (33, 34), and calcium is thought to be the 
primary mediator of both the physiologic and toxic prop-
erties of the NMDA receptor.
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In contrast to ionotropic glutamate receptors, 
metabotropic glutamate receptors are G protein–coupled 
receptors linked to cellular second-messenger systems 
and are single proteins containing 7 membrane-spanning 
domains (35). Thus far, 8 metabotropic receptors have 
been cloned and designated mGluR1 through mGluR8; 
all have different, sometimes overlapping anatomic 
distributions (36). Metabotropic receptors have been 
categorized into 3 groups based on gene sequence, phar-
macology, and second-messenger systems (Table 43-1). 
Group I mGluRs are primarily postsynaptic in a peri-
synaptic localization; group II mGluRs are located 
both pre- and postsynaptically; and group III mGluRs are 
predominantly presynaptic. Presynaptic mGluRs respond 
to  glutamate on both glutamatergic and GABAergic 
terminals, thus modulating both inhibitory and excitatory 
neurotransmission (6, 35).

Depending on the cell and receptor subtype, metabo-
tropic receptors may be linked through G proteins to 
multiple different second-messenger systems. Group I 
mGluRs exert most of their action through phospholi-
pase C activation, liberating inositol triphosphate and 
diacylglycerol to release calcium from intracellular stores. 
They may also activate phospholipase A to liberate ara-
chidonic acid or adenylate cyclase so as to increase cAMP 
production. Group II and III receptors inhibit adenylate 
cyclase. All 3 groups of metabotropic receptors modulate 
activity of cation channels through specific G proteins. 
Furthermore, metabotropic receptors may modulate 
activity of various tyrosine kinases in the neuron (35). 
Through these mechanisms, mGluR activation modulates 
ionotropic glutamate receptor function, suggesting sig-
nificant cross talk between the two broad categories of 
glutamate receptors (37, 38).

Excitotoxicity

Glutamate neurotransmission is a paradox in that it is 
vital for essentially all excitatory synaptic transmission 
in the CNS, but excessive stimulation of glutamate recep-
tors is toxic to neurons. This phenomenon, known as 
excitotoxicity, has been intensely studied and implicated 
as a potential pathogenic factor in a number of neuro-
logic diseases, including PD. The ability of an agonist to 
stimulate its glutamate receptor correlates well with its 
propensity to induce neurodegeneration, and excitotoxic-
ity can be prevented by glutamate antagonists; both indi-
cate that it is truly a receptor-mediated event (39,40). All 
subtypes of glutamate receptors can mediate excitotoxic 
events (41–43).

Obviously, under normal circumstances, neurons 
are able to resist the potential toxicity associated with 
glutamate receptor activation. In fact, even high lev-
els of extracellular glutamate are minimally toxic to 
neurons in vivo. However, neurons under metabolic 
stress, for instance hypoxia, are exquisitely sensitive 
to excitotoxicity. The mechanism of this enhanced sus-
ceptibility is thought, at least in part, to be related to 
impaired mitochondrial function. This results in dimin-
ished mitochondrial calcium buffering, less ATP pro-
duction, and diminished ability to maintain neuronal 
membrane potential. Considering its voltage-dependent 
properties and large calcium conductance, the NMDA 
receptor is thought to play a key role linking energetic 
compromise to excitotoxic damage (44–46). Given the 
hypothesis that mitochondrial dysfunction may play a 
role in the pathogenesis of PD, these mechanisms of 
neurodegeneration may be particularly relevant in PD 
(see Chapter 30).

TABLE 43-1
Metabotropic Glutamate Receptor Subtypes

GROUP MEMBERS SECOND MESSENGER PUTATIVE FUNCTIONS

I mGluR1 Stimulate PLC, PLA, and AC Postsynaptic excitation
mGluR5 Modulate K� and Ca2� channels Modulate synaptic plasticity

Modulate ionotropic receptors

II mGluR2 Inhibit AC Regulate glutamate release
mGluR3 Modulate Ca2� channels Regulate GABA release

III mGluR4 Inhibit AC 
mGluR6 Modulate K� and Ca2� channels Regulate transmitter release
mGluR7  Regulate postsynaptic excitability
mGluR8

PLC, phospholipase C; PLA, phospholipase A; AC, adenylate cylclase.
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EXCITATORY AMINO ACIDS IN THE 
BASAL GANGLIA

Several extrapyramidal pathways employ glutamate as 
their primary neurotransmitter. The majority of cortical 
inputs into the basal ganglia are glutamatergic, includ-
ing projections from cortical neurons to the caudate and 
putamen (STR), substantia nigra pars compacta (SNc), 
subthalamic nucleus (STN), and thalamus. Ascending 
glutamatergic projections from the pedunculopontine 
nucleus (PPN) innervate the internal globus pallidus (GPi) 
and the substantia nigra pars reticulata (SNR). The STN 
is the origin of a very important set of glutamatergic 
efferents to the GPi and external globus pallidus (GPe), 
SNR, and SNc. A highly simplified schematic drawing 
of this circuitry is presented in Figure 43-1. The STN 
plays a central role in regulating basal ganglia output to 
the thalamus (47, 48). From the available evidence, it is 
clear that there are numerous glutamatergic projections 
to the SNc, raising the possibility on a purely anatomic 
basis that excitotoxicity may be involved in damage to 
dopamine neurons in PD.

Glutamate receptors known to be expressed either 
pre- or postsynaptically in different regions of the basal 
ganglia are also shown in Figure 43-1 (3, 6, 49, 50). 
Although this is by no means an exhaustive list, it gives 
an idea of the potential complex interplay between differ-
ent glutamate receptor subtypes located at basal ganglia 
synapses. Furthermore, anatomic variability in subunit 
expression coupled with the systems circuitry inherent in 
the basal ganglia means that, if possible, targeting specific 
receptors at specific synapses would be the ideal approach 
to glutamatergic pharmacotherapy for PD.

As an example of the potential for interplay between 
different glutamatergic and nonglutamatergic systems in 
the basal ganglia, schematic synapses onto a GABAergic 
projection neuron from the GPi are depicted in Figure 43-2. 
GPi neurons express many different AMPA and kain-
ate receptor subunits, and NMDA receptors in these 
neurons are thought tocomprise predominantly of NR1 
and NR2A or D subunits (3, 50). AMPA and NMDA 
receptors are thought to be postsynaptic, while kainate 
receptors are present both pre-and postsynaptically. At 
least mGluR1–5 are expressed as well; group I recep-
tors are pre- and postsynaptic at excitatory synapses, as 
well as presynaptic at inhibitory synapses. There is also a 
significant number of extrasynaptic group I mGluRs. In 
addition, mGluR2–4 are present on glutamatergic inputs 
to the GPi (6, 50).

Functional Changes of Excitatory Transmission 
by Parkinson’s Disease

The functional architecture of the basal ganglia has been 
an interesting and productive area of investigation for 

many years, culminating in the use of functional neu-
rosurgical techniques for the management of PD (47, 
51). Detailed descriptions of this functional anatomy are 
presented in Chapter 22, and models for the circuitry of 
the basal ganglia are constantly being refined. An overly 
simplistic model is described here merely to highlight the 
potential importance of excitatory amino acids in this cir-
cuitry and potential avenues for therapeutic glutamatergic 
intervention. Only the motor circuit is discussed.

Cortical excitatory inputs are filtered through the 
striatum to the basal ganglia output nuclei, the SNR, and 
the GPi. The output nuclei project to the motor thalamus 
(ventral anterior and ventrolateral nuclei), which closes 
the loop with an excitatory projection back to the cortex. 
GABAergic striatal projection neurons can be subdivided 
into 2 groups. Those expressing D1 dopamine receptors 
and using dynorphin and substance P as cotransmit-
ters give rise to a direct projection to the GPi and SNR. 
Striatal projection neurons expressing D2 receptors and 
using enkephalin as a cotransmitter project indirectly to 
the output nuclei through the GABAergic GPe and gluta-
matergic STN. This model predicts that excitation of both 
pathways results in decreased inhibitory output from the 
basal ganglia, directly by striatal GABAergic inhibition, 
and indirectly by minimizing excitatory glutamate input 
from the STN. In this model, glutamate mediates neuro-
transmission at several critical points.

Using this model as a framework, the basic functional 
alterations occurring in this circuit in PD are relatively 
straightforward. There is a certain amount of subtlety to 
the interpretation of the circuit changes, including criti-
cal changes in firing patterns, which are not focused on 
here but are discussed in Chapter 22 (47). The primary 
cause of motor symptoms in PD is loss of dopaminergic 
innervation of the striatum (Figure 43-3). This results in 
decreased activity of D1-expressing (direct) striatal pro-
jection neurons and increased activity of D2-expressing 
(indirect) striatal projection neurons. Enhanced indirect 
pathway activity results in greater inhibition of GPe neu-
rons. Since GPe neurons are themselves inhibitory, the 
result is less inhibition of excitatory glutamatergic STN 
neurons, leaving the STN neurons overactive in the par-
kinsonian state. This has been confirmed in animal stud-
ies showing increased mitochondrial activity, increased 
glucose utilization, and increased firing rates in the STN 
(52–54). Dramatic benefits seen with deep brain stimula-
tion and ablative surgery in the STN confirm this hypoth-
esis in PD patients (51, 55).

Overly active glutamate neurons from the STN 
project prominently to the SNR and GPi. This increased 
excitatory drive, coupled with reduced inhibition from 
underactive direct-pathway striatal neurons, contributes 
to a substantial increase in thalamic inhibition from the 
basal ganglia, causing less thalamic feedback to the cor-
tex. These changes are coupled with abnormally enhanced 
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FIGURE 43-1

Schematic drawing of major circuitry of the basal ganglia. Excitatory pathways are depicted in black; inhibitory pathways are 
depicted in gray. Selected glutamate receptor subunits known to be expressed in a region, either pre- or postsynaptically, are 
listed (see text). Abbreviations: STR (D2), striatum (indirect D2 receptor expressing pathway); STR (D1), striatum (direct D1 
receptor–expressing pathway); GPe, external globus pallidus; GPi, internal globus pallidus; STN, subthalamic nucleus; SNc, 
substantia nigra pars compacta; SNR, substantia nigra pars reticulata; VL, ventrolateral nucleus of the thalamus.

glutamatergic drive onto intrinsic striatal neurons by cor-
ticostriatal afferents as a direct result of striatal dopamine 
depletion (56, 57). Thus, loss of dopamine innervation 
to the striatum causes a profound alteration in the cir-
cuitry of the basal ganglia, in which glutamate plays a 
central role. Taking advantage of this therapeutically will 
require clever application of pharmacologic and physi-
ologic techniques but may prove to be rewarding for PD 
therapy. It would seem—since the major glutamatergic 

pathways to and in the basal ganglia (corticostriatal and 
subthalamic) are overactive—that blockade of glutamate 
neurotransmission would be a preferred strategy for PD 
treatment. This is likely true, but it pays to remember the 
other abundant pathways using glutamate as a transmit-
ter, including basal ganglia pathways, may be unchanged 
or even hypoactive in PD, such as the pedunculopontine 
inputs and thalamic projections to cortex. These may 
also have significant implications for treatment and 
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treatment-related side effects of glutamate antagonists. 
This issue will continue to benefit from detailed investiga-
tions into basal ganglia circuits.

Another complicating factor is the pathophysiologic 
response to increased glutamatergic stimulation. In ani-
mals and PD patients, STN hyperactivity causes down-
regulation of glutamate receptors in the areas to which it 
projects. Studies have demonstrated decreased AMPA and 
NMDA receptors in SNR in rats and decreased NMDA 
receptors in GPi in patients (53, 58), but data exam-
ining striatal glutamate receptors in PD are unclear at 
present (3). Evaluation of other types of glutamate recep-
tors in PD has been inconclusive.

Circuitry alteration, receptor anatomy, and pharma-
cologic and biophysical properties of specific glutamate 
receptors suggest some potential rational methods for 
interfering with abnormal glutamate neurotransmission 
in PD. For instance, AMPA receptor blockade, based on 
the receptors’ postsynaptic localization in output nuclei 
and rapid kinetics, could be effective at ameliorating PD 
symptoms by blunting the effects of an overactive STN, 

but the reliance of other brain regions on fast excitatory 
transmission may be limiting with regard to the side-effect 
profile. In addition, rapid desensitization of AMPA recep-
tors may make them a relatively fleeting target and hence 
effective for only short durations.

NMDA receptor blockade may be an effective ther-
apy for motor symptoms, but the integrative properties 
of the receptor and its involvement in synaptic plasticity 
may make it a more appropriate target for interfering with 
the development of dyskinesias. Kainate receptors, given 
their unique locations (pre- and postsynaptic on inhibitory 
and excitatory terminals), may make an effective target 
for modulation of inhibitory-excitatory balance in the 
basal ganglia with potentially fewer side effects. Finally, 
mGluRs—given their multiple second-messenger systems, 
diverse but distinctive localizations, and modulatory effects 
on ionotropic receptors—also provide an attractive yet 
complex target for pharmacotherapy. For any of these 
strategies, mechanisms to antagonize glutamate transmis-
sion in a use-dependent manner would be an ideal way to 
provide more specific targeting of the overactive glutamate 
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pathways in the basal ganglia, thus widening the therapeutic 
window for antiglutamatergic treatment.

EXCITATORY AMINO ACID ANTAGONISTS AS 
THERAPY FOR PARKINSON’S DISEASE

This section is not intended as a comprehensive review of the 
effect of every glutamatergic drug that has been evaluated 
in animal model systems of PD. Early attempts, including 
those involving compounds with some human experience 
(discussed below), are cited, but the section focuses instead 

on several categories of targeted pharmacologic interven-
tions mentioned in the previous section. Mechanisms to 
decrease glutamatergic transmission in relevant areas of the 
basal ganglia, possibly by postsynaptic receptor antagonism 
but also by stimulating or antagonizing presynaptic recep-
tors, are the focus of this discussion.

Animal Studies

Several AMPA receptor antagonists have shown effi-
cacy in animal models of PD. Systemic administration 
of the selective AMPA antagonist NBQX (6-nitro-7-

FIGURE 43-3

Simplified drawing of changes in the circuitry of the basal ganglia in PD. Loss of dopamine input to the striatum (caudate and 
putamen) results in decreased inhibition of GPi/SNR via both the direct and indirect pathways. The overactive glutamatergic 
STN plays a central role. The result is excessive inhibition of thalamic feedback to the cortex by the basal ganglia output nuclei.
See text and Figure 43-1 for abbreviations.
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sulfamoyl-benzo(f)quinoxaline-2,3-dione) has no anti-
parkinsonian effect when given alone but significantly 
augments benefit when coadministered with L-dopa in 
rats and monkeys (59). Human experience with AMPA 
antagonists is primarily limited to stroke where there was 
significant morbidity due to global CNS effects (60).

NMDA antagonists have intriguing potential for 
therapy of PD, particularly because several NMDA antag-
onists have use-dependent properties. This means that they 
effectively block the NMDA receptor only under condi-
tions of significant neuronal activity or excessive receptor 
activation. For example, uncompetitive NMDA receptor 
channel blockers have access to the NMDA receptor cation 
channel only when the channel is open, meaning that 
they are effective only in regions where NMDA recep-
tors are activated. Initial experience with NMDA channel 
blockers such as MK-801 and phencyclidine were nega-
tive because these compounds have a very high affinity 
for the NMDA receptor and thus caused an essentially 
irreversible blockade (8). Conversely, low-affinity channel 
blockers have much faster kinetics and are much more 
likely to be released from the receptor, making their 
blockade reversible. As such, only neurons with high lev-
els of NMDA receptor activation will experience strong 
blockade of the receptor, which would seem to be ideal 
for PD, where excessive activation of the glutamatergic 
STN causes high levels of NMDA receptor activation in 
the output nuclei. In fact, lower-affinity channel blockers, 
such as remacemide, are effective antiparkinsonian agents 
in animal models, including 6-hydroxydopamine-lesioned 
rats and MPTP-lesioned monkeys (61, 62).

Another method whereby one might take advan-
tage of use-dependent blockade of NMDA receptors 
involves proton modulation of NMDA receptor func-
tion. Extracellular protons inhibit NMDA receptor 
activation, and this mechanism is active at physiologic 
pH (8). Additionally, there are dramatic changes to 
extracellular pH related to neuronal activity, such that 
regions with high synaptic activity have lower pH (63, 
64). This suggests that there is a negative feedback 
loop between neuronal activity and NMDA receptors 
in an attempt to prevent pathologic NMDA receptor 
activation (29, 65). Most importantly, pH modula-
tion of NMDA receptors has significant effects not 
only on receptor activation but also on the receptors’ 
response to other agents. For example, protons enhance 
the affinity of the NMDA receptor for the polyamine 
channel blocker ifenprodil (5). This raises the possibil-
ity that agents like ifenprodil might have antiparkin-
sonian effects with minimal side effects because they 
block NMDA receptors in active areas with minimal 
blockade in areas that have normal activity. In fact, 
ifenprodil has significant antiparkinsonian effects in 
rats and nonhuman primates (66, 67). Other agents 
are currently being developed to take advantage of 

this use-dependent mechanism of NMDA receptor 
antagonism.

The understanding of metabotropic glutamate recep-
tor physiology and pharmacology has advanced consider-
ably over the past 5 years. Delineation of the activation 
properties, anatomy, and selective drugs has increased 
the repertoire of pharmacotherapy aimed at modulation 
of glutamate neurotransmission (4, 6).

Compounds targeting group I mGluRs have been stud-
ied in rodent models of PD. The mGluR5 antagonist MPEP 
[2-methyl-6-(phenlethenyl)-pyridine] increases movement 
in parkinsonian rats when given chronically (68, 69). A 
related analog (MTEP) can have similar effects (70). The 
exact basal ganglia localization for the action of mGluR5 
antagonists is not clear, but it is likely either in the STN, 
where they would decrease activation of glutamate neu-
rons, or in the striatum, where they would inhibit cho-
linergic interneurons (68, 71, 72). mGluR1 antagonists 
have not been explored, but physiologic studies provide 
some interesting possibilities. In normal animals, only 
mGluR5 is involved in exciting STN neurons, whereas 
both mGluR1 and 5 stimulate the STN in parkinsonian 
rodents; the situation is reversed in SNR (73). This raises 
the possibility that concomitant blockade of both group 
I mGluRs will be more efficacious than the blockade of 
either alone.

Group II mGluRs are also altered in states of chronic 
dopamine depletion (74). Thus, although group II antago-
nism can be effective in situations of acute parkinsonism 
(e.g., haloperidol administration), it appears to be less 
effective in animal models of chronic PD (75–78).

Conn and colleagues have recently proposed group III 
mGluRs, specifically mGluR4, as a particularly tempting 
target for antiparkinsonian therapy (4, 6, 79). mGluR4 
receptor activation reduces GABAergic inhibition in the GPe 
by presynaptic action on indirect striatal afferents (80, 81). 
This would be expected to decrease the activity of STN neu-
rons in parkinsonian animals. In fact, the group III agonist 
L-AP4 (L-2-amino-4-phosphono-butanoate) has significant 
antiparkinsonian effects, to the point where it is nearly 
as efficacious as L-dopa (80, 82). The selective allosteric 
mGluR4 modulator PHCCC [N-phenyl-7-(hydroxylimino)
cyclopropa[b]chromen-1a-carboxamide] also has potent 
antiparkinsonian effects in rodents by decreasing the activity 
of the STR-GPe synapse (83, 84).

Neuroprotection by Glutamate Antagonism in Models 
of Parkinson’s Disease As suggested above, glutamate 
may be involved not only in symptom generation in PD 
but also in pathogenesis. It has been hypothesized that 
glutamate receptor stimulation in the SNc contributes 
to dopamine neuron degeneration. The finding that the 
glutamatergic STN projects to SNc and is overactive in 
PD has further suggested a role for glutamate antago-
nists in preventing PD progression. Two notable early 
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studies indicated that glutamate receptor antagonists 
could protect dopamine neurons from MPP� toxicity in 
rodents and primates (85, 86). More recently, ablation 
and pharmacologic inactivation of the STN in rodents 
made parkinsonian has been shown to limit dopamine 
neuron death (87–89). In one study of PD patients, STN 
deep brain stimulation did not slow disease progression, 
but the effects of DBS on STN output and the potential 
complexities of neuroprotection in advanced disease have 
not been completely explored (90). Despite this result, it 
is possible that glutamate antagonism may “kill two birds 
with one stone” in PD—namely, being both a symptom-
atic and a disease-modifying therapy.

Caveats Preclinical studies such as these have provided 
proof of principle that glutamate antagonism is a poten-
tially effective therapeutic strategy for PD, but they have 
also pointed toward more effective approaches to that 
antagonism. Early preclinical and clinical trials were 
plagued by troubles with poor efficacy and significant 
side effects. One potential cause of that was the use of 
direct agonists and antagonists. Recent advances in under-
standing allosteric modulation of antagonism of gluta-
mate receptors may have provided a way around these 
problems. An allosteric potentiator or antagonist binds 
to a different site on the receptor to modulate the effects 
of endogenous glutamate. This preserves the pulsatile, 
activity-dependent nature of receptor stimulation while 
minimizing side effects from excessive receptor activation 
(or blockade) or desensitization (or upregulation). The 
classic example is benzodiazepine-induced modulatory 
potentiation of GABAA receptor function. This tech-
nique is beginning to be taken advantage of by allosteric 
potentiation of mGluR4 receptors and modulation of 
proton-induced inhibition of NMDA receptors (4, 5). 
This suggests that optimism is warranted for the second 
generation of clinical trials of glutamate receptor modu-
lation in PD.

Human Experience

Clinical experience with antagonists to glutamate neuro-
transmission is limited. Amantadine and memantine, com-
monly used in the treatment of PD, are NMDA receptor 
channel blockers, among other things, and can be effective 
against symptoms (91–93). Coadministration of amanta-
dine with L-dopa can diminish the severity and duration of 
dyskinesias significantly while still maintaining the same 
level of antiparkinsonian effect (94–96). Dextrometho-
phan is also a weak NMDA channel blocker that has been 
tried with little success for primary symptoms of PD but 
may be effective at ameliorating dyskineisas (97–100). 
Complicating these results is the fact that these agents 
have other effects, including anticholinergic properties, 
that make interpretation of the results difficult.

The more selective NMDA channel blocker rema-
cemide has met with modest success in 2 clinical tri-
als in PD patients. Although it showed no effect when 
administered alone, when given concomitantly with 
dopaminergic therapy, remacemide simultaneously 
reduced “off” time and improved motor symptoms 
without increasing side effects, such as dyskinesias or 
hallucinations (101, 102).

Ifenprodil, a noncompetitive NMDA antago-
nist that acts at the polyamine site, was not effective 
against PD symptoms in a pilot study (103). Since this 
agent binds to the amino terminus of the NR2B sub-
unit, in retrospect it is perhaps not surprising that it 
had no effect, since NR2B is not highly expressed in 
human basal ganglia output nuclei (see above). How-
ever, NR2B is highly expressed in striatum, perhaps 
accounting for success of this agent in animals and 
warranting further exploration of dosing paradigms 
in humans (66).

The anticonvulsant agent lamotrigine is thought to 
inhibit glutamate release from nerve terminals; however, 
controlled clinical trials have revealed no beneficial effect 
of this agent in patients (104, 105).

Although none of these clinical trials hit the meta-
phoric “home run,” there are some encouraging signs. 
In particular, the modest therapeutic effect and minimal 
side effects of the low-affinity NMDA channel blockers 
is reason for optimism. This type of drug is exactly what 
one might have predicted to be effective in treating par-
kinsonism. These agents target overactive glutamate path-
ways because they have access to block NMDA receptor 
channels only if the channel is already open. In addition, 
low-affinity binding is a sign of rapid kinetics, allowing 
the compound’s blockade to be rapidly reversible and 
thus limiting detrimental effects. Further exploration of 
allosteric modulators of glutamate neurotransmission 
may well provide more useful clinical compounds for 
the treatment of PD.

CONCLUSION

As understanding of the circuitry of the basal ganglia 
and its perturbation in PD has advanced, it has become 
clear that excessive activation of the glutamatergic 
STN plays a central role in the generation of the motor 
symptoms of PD. Although functional neurosurgery can 
address this issue, it is not available to every patient and 
does not address other glutamatergic abnormalities in 
the basal ganglia that are relevant to symptom produc-
tion. As understanding of the glutamatergic influences 
in the basal ganglia advances, targeted, effective phar-
macotherapy directed against excitatory glutamate 
neurotransmission will become a useful option for the 
treatment of PD.
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Adenosine A2A Receptor
Antagonists

he mainstay of symptomatic treat-
ment in Parkinson’s disease (PD) is 
restoring dopamine deficiency in the 
nigrostriatal pathway. Therapeutic 

strategies are based on increasing dopaminergic activity 
through (a) dopamine precursors, such as levodopa; (b) do-
pamine receptor agonists, such as pramipexole or ropini-
role; or (c) agents that alter the metabolism of levodopa, 
such as dopa-decarboxylase and catechol-O-methyltrans-
ferase inhibitors or dopamine with monoamine oxidase-b 
inhibitors. These drugs, while highly effective initially in 
ameliorating disability, require escalating dosages with 
disease progression. Because this dopaminergic approach 
to treating PD symptoms is eventually self- limiting, a newer 
treatment focus has shifted to compounds that are non-
dopaminergic or medications with neuroprotective or 
neurorestorative effects. Selective adenosine A2a receptor 
antagonists, such as istradefylline, hold promise for symp-
tomatic nondopaminergic benefit as adjunctive medications 
to levodopa and as neuroprotective agents (1).

MECHANISM OF ACTION

Adenosine is a ubiquitous purine that participates in mul-
tiple fundamental functions at the cellular level. While 
originally recognized for its energy storage capacity in 

Rukmini Menon
Mark A. Stacy

the metabolic pathway as the molecules adenosine tri-
phosphate (ATP) and cyclic adenosine monophosphate 
(cAMP), receptor chemistry has also found that these 
molecules influence a wide range of physiologic activity 
(Table 44-1).

In the central nervous system, adenosine influences 
sleep and arousal, seizure susceptibility, locomotion, and 
nociception. In addition, possibly by mediating glutamate 
release from the subthalamic nucleus, A2A receptor antag-
onists may play an indirect role in cellular protection.

To date, 4 subtypes of adenosine receptors have 
been identified: A1, A2A, A2B, and A3. The A1 and A2A
receptors exhibit high affinity for adenosine, while A2b
and A3 demonstrate low adenosine affinity. A1 recep-
tors inhibit adenyl cyclase and A2A receptors stimulate 
adenyl cyclase (2). A1 and A2A receptors also differ in 
their distribution in the brain, with A1 receptors being 
expressed throughout the brain while A2A receptors are 
concentrated in the basal ganglia (3–5). This restricted 
distribution of A2A receptors may account for the rela-
tively few neurologic side effects seen with A2A receptor 
antagonists (see Table 44-1).

 A2A Receptors and Motor Control

The development of motor symptoms in PD may result 
from changes in relative activities between the direct and 
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indirect pathways in the basal ganglia (6, 7). Loss of equi-
librium results from nigral terminal dopamine deficiency, 
which produces direct (striatonigral) pathway underac-
tivity and indirect (striatopallidal) pathway overactivity. 
In the direct system, the putamen and caudate receive 
excitatory input from the pars compacta of the substantia 
nigra and project inhibitory fibers to the medial globus 
pallidus and to the pars reticularis of the substantia nigra. 
The pars reticularis inhibits the ventrolateral nucleus of 
the thalamus (Figure 44-1). Thus, stimulation of the 
direct system disinhibits the ventrolateral nucleus of the 
thalamus, resulting in cortical excitation. In the indirect 
system, the putamen and caudate receive inhibitory input 
from the pars compacta of the substantia nigra and proj-
ect inhibitory fibers to the lateral globus pallidus, which, 
in turn, inhibits the subthalamic nucleus. The subthalamic 
nucleus stimulates the medial globus pallidus, resulting 
in inhibition of the ventrolateral nucleus of the thalamus 
and cortical inhibition (Table 44-2).

The gamma-aminobutyric acid (GABA) neurons 
in the direct pathway bear dopamine D1 receptors and 
contain the peptides substance P and dynorphin. The 
neurons of the indirect pathway express the dopamine 
D2 receptors and contain the peptide enkephalin (8). 
A2A receptors, which are expressed almost exclusively 
in the basal ganglia, are colocalized with dopamine D2 
receptors in the indirect pathway (9–11). In the normal 
brain, dopamine inhibits D2 receptor and reduces the 
indirect pathway activity. Given that A2A activation 
reduces the D2 receptor dopaminergic affinity, an A2A
receptor antagonist may increase the action of dopamine 
on D2 receptors and inhibit the indirect pathway. Thus, 
by restoring D1/D2 pathway equilibrium, A2A receptor

antagonists may provide symptomatic benefit for the 
motor symptoms in PD (12–17).

A2A Receptors, Dyskinesias, and Motor 
Fluctuations

Dyskinesias and motor fluctuations are associated with 
increasing disease severity, duration of PD, and dura-
tion of levodopa treatment. The frequency of levodopa 
induced dyskinesias (LID) ranges from 20% to 50% 
in 5 years (18–21). The underlying mechanisms, while 
poorly understood, are postulated to be due to progres-
sive degeneration of the neurons in the nigrostriatal 
system with increasing sensitization of the postsynaptic 
receptors to dopamine.

In PD, the reduction in dopaminergic input into the 
striatum leads to decreased dynorphin expression in the 
direct (striatonigral) pathway and increased expression of 
enkephalin in the indirect (striatopallidal) pathway. Interest-
ingly, while treatment with levodopa reverses the decrease 
of dynorphin mRNA levels in the striatonigral system, it 
has no effect on the elevated enkephalin mRNA expression 
in the striatopallidal system (22, 23). Thus, repeated dosing 
of levodopa corrects the abnormality in the direct pathway 
but leaves the abnormality in indirect pathway unchanged, 
contributing to the development of levodopa-induced dys-
kinesias and motor fluctuations (24–26).

Studies of rat and nonhuman primate parkinsonism 
models as well as postmortem human tissue suggest that 
it is the continued elevation of the mRNA enkephalin 
expression in the indirect pathway that leads to dys-
kinesias. Calon et al. found abnormally high levels of 
preproenkephalin mRNA, the precursor of the peptide 

TABLE 44-1
Adenosine Antagonists Divided by Activity and Potential Compounds for Investigation

 COMPOUND ACTIVITY

Nonselective adenosine Caffeine   Cardiac rate56

antagonists  Theophylline
Propentofylline

Adenosine A1 antagonists 1,3-dipropyl-8-cyclopentylxanthine (DPCPX)  Cardiac rate56

8-cyclopentyl-1,3-dimethylxanthine (8-CPT)  Cerebral perfusion

Adenosine A2 antagonists Istradefylline
7-(2-phenylethyl)-5-amino-2-(2-furyl)- Activates D2 receptors in

pyrazolo-[4,3-e]-1,2, 4-triazolo[1,5-c]  the indirect pathway
pyrimidine (SCH 58261)

8-(3-chlorostyryl) caffeine (CSC)

Adenosine A3 antagonists 3-ethyl-5-benzyl-2-methyl-4-phenylethynyl-6-  Growth rate of human 
phenyl-1,4-dihydropyridine-3,  melanoma cells56

5 dicarboxylate (MRS1191)

� increase, � decrease.
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dynorphin, in postmortem analysis of striatonigral neu-
rons of patients with PD (27,28). Henry et al. report 
similar findings in nonhuman MPTP primates with 
dyskinesias (29). In another nonhuman primate study, 
Aubert et al. demonstrated that D1 and not D2 receptors 
were mainly affected by dopamine replacement therapy. 

These authors further suggest that dopamine replacement 
therapy increase both the number and the sensitivity of 
D1 receptors (30). Perhaps more importantly, given that 
A2A receptors and D2 receptors are colocalized in the 
basal ganglia, a number of studies suggest that A2A block-
ade may attenuate levodopa-associated sensitization of 

FIGURE 44-1

The schematic divisions in the direct and indirect pathways of the basal ganglia.

TABLE 44-2
Neuromodulatory, Anatomic, and Physiologic Differences Between the Direct and 

Indirect Pathways of the Basal Ganglia

 DIRECT PATHWAY INDIRECT PATHWAY

Neurotransmitter Dopamine Dopamine
Neuromodulatory peptides Substance P, dynorphin Enkephalin
Anatomic localization Striatonigral  Striatopallidal
Afferent projection (�) from SNpc (�) from SNpc 
Efferent projection (�) to GPi, SNpr (�) to GPe
Outcome  Thalamic, cortical activity  STN, thalamic, cortical activity

 (�), excitatory; (�), inhibitory; SNpc, substantia nigra pars compacta; GPi, globus pallidus interna; SNpr, substantia nigra pars 
reticulata; GPe, globus pallidus externa; STN, subthalamic nucleus; , increase; , decrease.
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the D2 axis. Bibbiani et al. report that coadministration 
of an A2A antagonist with apomorphine prevented the 
development of apomorphine-induced dyskinesias in 
MPTP-treated monkeys (31). However, when the A2A
antagonist was discontinued, these animals gradually 
developed involuntary movements.

The current hypothesis for A2A blockade prevent-
ing dopamine sensitization is based on both presynap-
tic and postsynaptic mechanisms (26). Presynaptically, 
A2A receptor activation enhances the release of a variety 
of neurotransmitters—including dopamine, glutamate, 
GABA, and acetylcholine—known to stimulate dopami-
nergic neuron activity (32). Blocking of A2A receptors 
decreases the sensitivity of striatal neurons to both direct 
and indirect dopaminergic stimulation. Postsynaptically, 
A2A receptors modulate striatal and accumbal neurons, 
and A2A receptor activation leads to suppression of D2 
receptor–mediated inhibition of GABA in the globus pal-
lidus (12, 16, 33). This antagonistic relationship between 
A2A-D2 receptors on a background of loss of dopaminer-
gic input also leads to decreased expression of dynorphin 
in the striatonigral neurons and increased expression of 
enkephalin in the striatopallidal neurons. While levodopa 
increases the expression on dynorphin mRNA, it has no 
effect on enkephalin expression, and dyskinesias may 
develop because of this mismatch. A2A receptor blockade 
reverses the increased expression of enkephalin mRNA. 
It appears that the administration of levodopa along with 
an A2A antagonist may simultaneously correct both the 
decreased dynorphin and increased enkephalin postsyn-
aptically, thus preventing the development of dyskinesias 
(34–37). There are also data supporting A2A antagonism
as a modulator of levodopa-related increased dynorphin 
expression in PD (36–38).

Nondopamine systems also play a contributory 
role in the development of dyskinesias. The cortex and 
thalamus modulate the striatal activity via excitatory 
glutamatergic projections. These projections are in close 
interaction with dopamine and A2A receptors. Through 
the ionotropic N-methyl-D-aspartate (NMDA) and 
gamma-amino-3 hydroxy-5-methyl-4-isoxazole aspar-
tate (AMPA) receptors as well as metatropic receptors, 
glutamate stimulates striatal medium spiny neurons. With 
dopamine depletion, increases in spontaneous glutamate 
release, terminal size, and synaptic concentrations are 
seen. Nonphysiologic intermittent dopaminergic stimula-
tion activates signal transduction pathways in the stria-
tum and is thought to cause abnormal phosphorylation 
of NMDA receptors. This may contribute to the develop-
ment of dyskinesias in PD patients receiving levodopa. 
A2A receptors may alter NMDA receptor conductance 
and phosphorylation (39–41). A2A receptor blockade is 
thought to attenuate the hyperphosphorylation of NMDA 
and AMPA receptors in the striatum and thus alleviate 
dykinesias (31, 42). Therefore A2A receptors, both pre-

synaptically and postsynaptically, potentially have a role 
in the development of dyskinesias and motor fluctuations; 
A2A receptor blockade may be helpful in preventing devel-
opment of these motor complications.

A2A Receptors and Neuroprotection

Increasing emphasis has been placed on discovering neu-
roprotective agents in PD. A2A receptor antagonists, such 
as istradefylline, have shown some potential in this area. 
Furthermore, large prospective studies have shown that 
consumption of coffee on a regular basis decreases the 
risk of developing PD (43, 44). Caffeine, a nonspecific 
adenosine receptor antagonist, initially pointed research-
ers in the direction of the potential neuroprotective effects 
of A2A receptor antagonism. A2A antagonists have been 
shown to have neuroprotective effects in the striatonigral 
system (45) as well as in neuronal populations outside 
the basal ganglia (46, 47).

The mechanism by which A2A blockade is neuro-
protective in the basal ganglia or in other locations in the 
brain is not well understood. The most likely mechanism 
involves blocking the release of glutamate. A2A agonists
enhance the release of glutamate, an excitatory neu-
rotransmitter that may also be excitotoxic in the setting 
of increased metabolic demand. A2A antagonists attenuate 
the release of glutamate and thus reduce neurotoxicity 
and neuronal cell death (48–51).

EVIDENCE FROM CLINICAL TRIALS

While clinical trials attempting to determine the efficacy of 
adenosine antagonists have been ongoing since the 1970s, 
it is only very recently that such trials have been conducted 
using selective A2A antagonists. Phase 2 clinical trials have 
been completed using the A2A antagonist istradefylline in 
advanced PD subjects exhibiting dyskinesias and motor 
fluctuations. Two trials that were reported almost simulta-
neously were by Bara-Jimenez et al. (52) and Hauser et al. 
(53). Both were similar in being small, placebo-controlled, 
double-blind studies in patients on standard medications 
who were experiencing motor fluctuations and dyskine-
sias. Bara-Jimenez et al. studied 15 subjects for a 6-week 
interval. After a 2-week placebo run-in, the study partici-
pants were randomized to active (n � 12) and placebo 
(n � 3) groups. Subjects received the drug in escalating 
doses of 40 mg/day for 2 weeks followed by 60 mg/day for 
2 weeks. All patients were evaluated at the end of 2, 4, and 
6 weeks for change in dyskinesias or motor fluctuations, 
overall PD severity, and adverse events. While both doses 
of the study drug failed to show efficacy either alone or in 
combination with optimal doses of levodopa, the higher 
dose (60 mg/day) of the drug when given with subopti-
mal doses of levodopa improved the motor benefits to 
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a level similar to that seen in subjects optimally treated 
with levodopa, but with fewer dyskinesias. In addition, 
the duration of action of the optimal levodopa dose was 
prolonged when given along with the A2A antagonist. 
There were no major adverse events noted, with nausea 
being the commonest side effect.

The study reported by Hauser et al. also investigated 
the benefit of A2A antagonist therapy as an adjunct to 
standard PD therapy. In this study, 83 subjects were ran-
domized into 3 groups: placebo, low dose, and high dose. 
All patients continued stable dosages of anti-Parkinson 
medications during the study. The patients were evaluated 
every 2 weeks using patient home diaries and in-office 
evaluations by clinicians as well as being monitored for 
any side effects. There was a significant decrease in “off” 
time as documented by patient home diaries (–1.2 hours 
for the active treatment group, �0.5 hours in the pla-
cebo control group) and a trend toward decreased “off” 
time as evaluated by the clinicians of the study groups in 
the office setting. Symptomatic benefit was first noted at 
the eighth week and increased with duration of treatment. 
Also noted was an increase in “on” time with dyskine-
sias but without an increase in severity of dyskinesias. 
There was no difference between the placebo and study 
groups on the Unified Parkinson’s Disease Rating Scale 
(UPDRS) subset or total scores. The most common side 
effect was nausea.

Although these initial studies are promising, larger 
pivotal trials are near completion. The US-005/US-006 
Clinical Investigator Group conducted two 12-week 
placebo-controlled, double blind, randomized, multi-
center trials involving 591 Parkinson’s patients with 
wearing off motor responses (54,55). The 591 patients 
were randomized into placebo, low-dose istradefylline 
(20 mg/day), and high-dose istradefylline (60 mg/day). 
The patients were evaluated using patient home diaries 
and in-office clinician evaluations and were monitored 
for adverse events at 2-, 4-, 8-, and 12-week intervals. 
In addition, subjects were required to characterize “on” 
time with dyskinesias into “on” time with troublesome 
dyskinesias and “on” time with nontroublesome dyski-
nesias. As in the previous studies, there was a signifi-
cant decrease in “off” time (60 mg, 1.4 hours; 40 mg, 
1.8 hours, 20 mg, 1.2 hours and placebo, 0.5 hours) and 

increase in “on” time with dyskinesias in the study group 
patients. However, there was no significant difference 
between the placebo and treatment groups in “on” time 
with troublesome dyskinesias. There was also an increase 
in “on” time with nontroublesome dyskinesias noted in 
the treatment group. Although not reaching clinical sig-
nificance, an improvement in the UPDRS subscale and 
total scores in the treatment group when compared to 
the placebo group was noted. There was no significant 
difference in adverse events between the two groups, with 
an increase in nontroublesome dyskinesias being the com-
monest side effect seen in the treatment group.

CONCLUSIONS

Most therapeutic options for treating PD have been based 
on strategies to increase dopaminergic activity in the cen-
tral nervous system. Such treatments, while very effective 
initially, lead to complications later on due to motor fluc-
tuations and abnormal motor responses. A2A antagonists
are drugs that offer an alternative to standard PD therapy. 
Preclinical testing in animal models and initial clinical 
studies in PD subjects have been quite encouraging. As 
more is learned about the pathophysiology of the basal 
ganglia and, more importantly, the A2A receptor antago-
nists, perhaps more refined clinical populations will be 
identified for clinical study. In advanced PD patients with 
motor complications, adjunctive treatment with an A2A
antagonist has shown benefit. Trials to assess the potential 
for an A2A antagonist to delay the onset of levodopa-
related motor complications remain a potentially exciting 
area of investigation. In addition, assessing the effects of 
A2A antagonists on sleep, cognition, psychosis, and other 
nonmotor symptoms that commonly represent a continu-
ing unmet need in PD treatment will be important. Fur-
thermore, the potential for istradefylline monotherapy, 
in either symptomatic or neuroprotective investigation 
paradigms, have not been initiated. These trials will be 
important in determining the full spectrum of potential for 
the A2A antagonists. Last, given the ubiquitous nature of 
adenosine, A2A receptors are widely distributed through-
out the body, and further research into other potential 
therapeutic arenas seems warranted.
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Complementary and 
Alternative Medicine

he term traditional medicine refers
to practices, substances, and beliefs 
used to protect and restore health 
before the advent of “modern medi-

cine.” This hand-me-down approach to health mainte-
nance is still cultivated through traditions kept by a loosely 
knit community of practitioners found in most countries 
and ethnic groups (1). It is also the common ancestor to 
both modern medicine and complementary and alterna-
tive medicine (CAM). Complementary and alternative 
medicine refers to health interventions and beliefs not yet 
accepted as correct, appropriate, or consonant with the 
standards of the dominant group of medical practitioners 
in a given society (2). However, this terminology began 
to be rejected a decade ago, after Eisenberg and others 
pointed out that “the judgmental tone of this definition 
may inhibit the collaborative inquiry and discourse that 
is necessary to separate useful from useless practices and 
techniques” (3). Using National Institutes of Health ter-
minology, CAM is now defined as “healthcare practices 
outside the realm of conventional medicine that remain 
to be validated using scientific methods” (4). In other 
words, once there is sufficient scientific evidence to sup-
port the claims of a particular CAM intervention, there is 
no further need make a distinction between that practice 
and modern medicine.

Jorge L. Juncos

From a philosophic standpoint, many of the CAM 
practices today are based in part on eastern traditions that 
reject the western duality between mind and body. From 
an academic standpoint, CAM has also been defined as 
interventions neither taught widely in medical schools nor 
available in most hospitals (5). This definition of CAM is 
also becoming blurred as an increasing number of tradi-
tional medical and nursing schools begin to expand their 
curricula to include CAM teachings (6–8). In addition, 
an expanding number of hospitals and medical centers 
firmly grounded in modern medicine have begun to offer 
“integrative care” which often includes CAM.

Perhaps the biggest difference between CAM and 
modern medicine is that modern medicine has been more 
aggressive at embracing the evidenced-based scientific 
method and the principle of promoting outcomes-based 
therapies. This is not to say that modern medicine has 
stopped using interventions that have little to no evidence 
to support their use. The hope is that, with leadership, 
time, and money, evidence-based CAM will join forces with 
modern medicine to promote evidence-based therapies.

CAM and the Health Care Industry

The health care industry has also influenced the evolu-
tion of CAM practices in the United States. Under public 

T
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pressure, and in some cases based on sound business and 
marketing decisions, many insurers have begun offering 
coverage for selected CAM practices like acupuncture for 
pain, nausea induced by chemotherapy, or as an anes-
thetic. Other offerings include massage therapy and a 
number of relaxation techniques (9). In academic circles, 
evidence has begun to accumulate suggesting that some of 
these practices, particularly those involving health main-
tenance, may be beneficial and more cost-effective than 
what modern medicine has to offer (10).

As with everything else in medicine, as information 
emerges claiming that a particular CAM procedure can 
be used to treat an illness, practice liability issues become 
an important consideration (11).

CAM and Regulatory Agencies

In the United States today, millions of adults use some 
form of CAM therapy to treat a variety of ailments. For 
instance, it is estimated 15 million American use herbal 
remedies or high-dose vitamins along with conventional 
medicines (12). From 1990 to 1997, the use of herbal 
remedies increased 380% and the use of high-dose vita-
mins by 130%, incurring an estimated out-of-pocket 
expenditure of $27 million in the United States (13). In 
the same period, the utilization of other forms of CAM 
grew from 25% to 42% (13).

These figures have raised concerns and captured the 
imagination of public health officials, the U.S. Food and 
Drug Administration (FDA), the health insurance indus-
try, and practitioners. The sheer volume of unregulated 
products being used has opened the door to an increas-
ing number of real and sometimes serious issues of drug 
contamination, toxicity, and adverse drug-drug interac-
tions (14–16). Another danger has been posed by delays 
in the proper diagnosis and therapy of treatable condi-
tions due to overreliance on practices and agents outside 
the purview of modern medicine. The FDA has become 
impatient with manufacturers of nutraceuticals and phar-
maceuticals who try to promote the sale their products by 
disseminating unproven claims regarding their efficacy. 
Such claims, particularly in regard to the effectiveness of 
supplements for specific medical conditions, have trig-
gered the FDA’s more aggressive oversight.

Conventional drugs must be shown to be safe and 
effective before they can be marketed for a particular indi-
cation. In contrast, over-the-counter dietary supplements 
used in CAM are regulated under the Dietary Supplement 
Health and Education Act of 1994. This law removed 
these ingredients and products from regulatory oversight 
by the FDA. Therefore, when issues of public safety come 
up in relation to an unregulated product, to intervene, the 
FDA has to then demonstrate that the product presents a 
serious or unreasonable risk under the conditions of use 
on the label or as commonly consumed.

How does the community of CAM practitioners 
view these developments? Based on a number of per-
sonal communications with various CAM practitioners, 
they are both intrigued by and skeptical of the interest 
that academia, government, and the health insurance 
industry have taken in CAM. They are intrigued by the 
opportunities that this brings to provide validation for 
centuries-old practices that have gradually migrated from 
East to West and to offer services to a wider audience. 
On the other hand, they are skeptical about the ability 
of current scientific methods to explain and be fair to 
practices that in many instances have obscure mecha-
nisms of action. For instance, science has yet to explain 
the power of belief, a force that seems to drive the core 
of some CAM practices and remains beyond the grasp 
of neurobiology.

The CAM community is also ambivalent about the 
interest the federal government has taken in their indus-
try. With the potential for health care coverage for CAM 
interventions comes increasing oversight by the FDA and 
the Department of Health and Human Services. The busi-
ness community, with its sometimes intrusive attempts to 
regulate costs, will certainly want a say in the utilization of 
CAM resources as soon as these interventions are offered 
as options to a health care plan. Considering the sometimes 
adversarial relationship that modern medicine and business 
have had in the last few decades (17), the CAM community 
remains uncertain about adopting the business model of 
modern medicine.

CAM and Medical Education

The decision to include CAM in mainstream medical 
school curricula has been driven by various factors, 
including public pressure and a growing interest and 
healthy curiosity on the part of both medical school fac-
ulty and students. A major tipping point in forcing the 
leadership of major medical schools to take CAM seri-
ously began with congressional mandates that, from 1991 
to 1998, eventually established the National Center for 
Complementary and Alternative Medicine (NCCAM at 
www.nccam.nih.gov). NCCAM’s mission is to (a) explore 
complementary and alternative practices in the context of 
rigorous science, (b) train complementary and alternative 
medicine researchers, and (c) disseminate authoritative 
information to the public and professionals. The insti-
tute has created opportunities for the funding of many 
scientific studies seeking answers to a broad range of 
questions, from possible mechanisms of disease to objec-
tive outcomes studies that have helped to distinguish 
promising CAM interventions. Examples of early fund-
ing initiatives include the first controlled study on the 
use of St. John’s wort for major depression and a study 
of the use of electroacupuncture to treat chemotherapy-
induced nausea.
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These federal initiatives notwithstanding, it is up to 
the medical and nursing school leadership and curriculum 
committees to make final decisions on whether to include 
the teaching of a particular CAM practices in crowded 
curricula. By and large these decision have been based 
on the epidemiologic, clinical, and scientific evidence 
that a particular practice or substance has been able to 
accumulate (7, 18, 19). There have been many calls for 
caution following the publication of several unanticipated 
toxic reactions apparently due to the use of untested and 
unregulated over-the-counter CAM remedies (20). A prin-
ciple that reconciles these views is that neither modern 
medicine nor CAM should be given a free ride when it 
comes to evidence-based practice.

Finally, the exponential growth in the accessibility 
of the Internet, the availability of an ever-increasing num-
ber of websites related to CAM, and the efforts of the 
National Institutes of Health to funding scientific research 
and educational symposia in the field has led to the wide 
dissemination and a better understanding of the complex 
and heterogeneous body of knowledge that is CAM.

INTEREST IN CAM AMONG PATIENTS 
WITH PARKINSON’S DISEASE

In 2001, Rajendran et al. documented the prevailing 
interest in alternative medicine (or CAM) in a commu-
nity of patients with PD in Baltimore (21). They adminis-
tered a structured questionnaire in an effort to determine 
whether there was any correlation between the use of 
CAM and the demographics or disease characteristics of 
these patients. Forty one of the patients (81%) had used 
at least one CAM modality for a variety of reasons. In 
most cases they began using it after the diagnosis of PD. 
These CAM modalities generally comprised nutraceu-
ticals, vitamin supplements, massage therapy, and acu-
puncture. Compared to nonusers, users of CAM tended 
to have an earlier age of onset, to be younger, to have 
a higher income, and to be better educated that those 
who did not use CAM (21). Symptom severity was not a 
predictor of CAM use among these patients. The finding 
simply validated the PD community’s interest in these 
modalities and called attention to the need of physicians 
to become better informed about the risks and poten-
tial benefits of these practices. There was no attempt to 
examine issues of efficacy. 

Much like the general population, patients with PD 
tend to use CAM for 3 main reasons: First they are seek-
ing validation and autonomy for their symptoms and 
they tend to view CAM as more congruent to their views 
of health as holistic and their illness as a transforma-
tional experience (22). Although some patients may be 
dissatisfied with the limitations of modern medicine and 
its therapies, this is apparently not a prominent reason 

for seeking out CAM (24). Instead, in our experience, 
a patient’s disappointment with modern medicine more 
commonly stems from the way the attitudes of his or her 
treating physician are perceived. For instance, a statement 
such as “you have a progressive neurologic illness that 
has no cure, and the medications used to treat it tend to 
lose their efficacy over time” may be factual, but it fails 
to provide the validation and empowerment the patient 
is seeking and may hope to obtain from CAM.

Body Work and Exercise

Massage Therapy. The core motor symptoms of PD 
suggest that massage therapy may be beneficial. Patients 
can be disabled due to painful rigidity, muscle fatigue, 
back problems from postural abnormalities, all of which 
are targets of traditional massage therapy (23). From a 
nonmotor standpoint, massage therapy can help anxiety 
and mood. Benefits of some of these techniques have 
been reported in the rehabilitation literature (24). Unfor-
tunately most of these studies have failed to control for 
the placebo effect (25, 26).

Some of the more common form of massage therapy 
are described below as an introduction to the terminology 
and techniques. The language used in these descriptions 
does not necessarily imply efficacy or even substantive dif-
ferences between the techniques. When westerners think of 
massage, they think of Swedish massage. It is a classic tech-
nique that combines kneading and long, smooth massage 
strokes to improve circulation and relax and loosen mus-
cles. Five basic strokes, all flowing toward the heart, are 
used to manipulate the soft tissues of the body. Therapists 
use a combination of gliding, tapping, and other motions 
aided by the application of oil to the skin to reduce friction. 
Sports massage uses a combination of the same strokes 
plus compression, friction, and vibration reach into deep 
muscle layers and promote relaxation and drainage of lym-
phatic fluid. Neuromuscular therapy (NMT) is a similar 
but more standardized form of massage that relies on direct 
compression of trigger points to alleviate muscle pain and 
spasms and on gliding, lengthening strokes applied with 
moderate compression parallel to muscle bundles in the 
neck, back, and extremities (27). Trigger points are small, 
painful areas throughout the body that contain soft tissue 
foci of decreased circulation, increased muscle contraction, 
and nerve sensitivity.

Other body-work modalities include myotherapy,
which emphasizes various techniques aimed at releasing 
trigger points. Shiatsu is a traditional form of Japanese 
pressure-point massage that, like myotherapy, incorpo-
rates the use of pressure using the fingers, thumbs, palms, 
knees, forearms, elbows, and even feet to relieve tension 
from pressure points. Acupressure is best thought of as 
acupuncture without the needles. It is an ancient Chinese 
technique based on the principles of acupuncture and 
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involves the use of finger pressure on specific points along 
the body. craniosacral therapy (CST) consists of gentle 
form of manipulation of the craniosacral system and is 
used to treat migraine headaches, chronic neck and back 
pain, scoliosis, and fibromyalgia, among other ailments. 
Thai massage may be best thought of as a form of assisted 
yoga in which the client typically remains fully clothed 
and the massage usually takes place on the floor or a mat 
rather than massage table.

Finally, reflexology is based on the belief that one’s 
feet and hands are maps or mirrors of the body. By put-
ting pressure on and massaging specific areas of the feet 
or hands, the reflexologist tries to relieve pain or ten-
sion in corresponding areas of the client’s body. Pohaku
(“hot stone”) uses heated river stones or lava rocks to 
carry warmth deep into muscles, tissues, and joints, thus 
releasing tension and stress.

Several uncontrolled studies have suggested that 
massage therapy (mostly Swedish massage and NMT) 
is a beneficial adjunct in the symptomatic management 
of PD (28, 29). This view has received support from a 
recently published, randomized, controlled pilot study 
of NMT in PD (30). Investigators randomly assigned 
36 patients with early to middle stages of PD to 4 weeks of 
biweekly NMT or to music relaxation (MR) provided in 
the same environment and by the same therapist admin-
istering NMT. They found that, although both groups 
were satisfied with their treatment assignment, only the 
NMT group evidenced significant improvement in the 
United Parkinson Disease Rating Scale (UPDRS) motor
score (P � 0.001), most notably in the tremor score 
(30). Also improved were the Clinical Global Impres-
sion of Severity (CGIS) scores (P � 0.007) and finger-
tapping speed (P � 0.001). The MR control group 
experienced a slight improvement in tremor but not in 
other measures. These effects were sustained after an 
8-day washout following the last treatment; however, 
their magnitude and significance had begun to decline 
by then. Both groups exhibited a modest but significant 
improvement in the PD Quality of Life 39 item scale 
or PDQ-39. After the washout, the effect was sustained 
only in the NMT group, in which mood and anxiety also 
improved significantly. An initial improvement in anxiety 
in the MR group disappeared after the washout. Group 
differences between NMT and MR were apparent only 
for the motor UPDRS and QOL scores (30).

The authors concluded that NMT can improve 
motor and selected nonmotor symptoms in PD and that 
this effect is more durable for the motor symptoms. This 
study needs to be reproduced with a larger number of 
subjects to better examine group difference and investi-
gate possible mechanisms.

Aerobic Exercise. Although not strictly a CAM modal-
ity, aerobic exercise embodies many of the cardiovascu-

lar and neuromuscular benefits of CAM-oriented body 
work and exercise modalities. It has also been used in 
PD by physical medicine and in a few controlled studies 
(31–36). It is clear that, as in the general population, aero-
bic exercise can help to improve overall health, the sense 
of well-being, strength, and the viscoelastic properties of 
joints and muscles in patients with PD. It is also widely 
recommended for PD. Unfortunately, it is less clear that 
this translates into an improvement in parkinsonian motor 
symptoms (35, 37, 38).

The role of exercise in PD acquired added interest 
since the publication of an epidemiologic study suggest-
ing that patients who exercise have an improved survival 
rate compared to those who do not (39, 40). In this study, 
438 patients from Osaka, Japan, were followed for an aver-
age of 4.1 years. During the observation period, there were 
71 deaths. The overall hazards ratio for observed/expected 
deaths was 1.8 in the group that did not exercise compared 
to the groups that did. By patient subgroup, the hazards 
ratio in patients who did not exercise at all was 2.47; for 
those who exercised but could not walk, it was 1.9; and 
for those able to walk independently it was 1.45.

In animal models of the dopa denervation of PD, 
aerobic exercise has been shown to improve cerebral 
blood flow, angiogenesis, response to dopamine agonists, 
and the expression of dopamine receptors in the striatum. 
In rats, chronic wheel running increases norepinephrine 
levels in the frontal cortex, hippocampus, amygdala, locus 
ceruleus, and spinal cord (41, 42). Exercise increases the 
expression of hippocampal brain-derived neurotrophic 
factor (BDNF) (43). In addition, experimental animals 
that exercised were more resistant to oxidative stress and 
less likely to develop dopamine cell death when exposed 
to prooxidants like MPTP (44). Taken together, these 
findings suggest the possibility that exercise may alter 
the course of symptoms in PD. The challenge now is to 
determine how exercise can alter the central oxidative 
state of dopamine and other neurons.

Skidmore et al. examined whether progressive tread-
mill exercise training can improve locomotor function and 
cardiovascular fitness in advanced PD (45). They exercised 
5 of 8 eligible subjects 3 times a week for 3 months. These 
patients were able to achieve a 50% increase in metabolic 
equivalents (METs) (P � 0.005) and a 27% increase in 
peak ambulatory workload capacity (P � 0.02), indicating 
a significant improvement in fitness from a presumably low 
baseline. UPDRS motor scores also improved by 17%, but 
this improvement did not reach statistical significance (45). 
This study was limited by the small number of subjects and 
a 7% incidence of exercise-induced hypotension. It sug-
gests that, in addition to its cardiovascular effects, aerobic 
training may benefit motor function in PD.

Another interesting aspect of the study is the “forced” 
nature of the treadmill exercise, compared with other 
modalities that allow patients to set their own pace. In a 
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recent web report, Alberts of the Lerner research Institutes 
reports similar improvement in parkinsonian motor func-
tion in a patient who rode a tandem bicycle with him 450 
miles in a week. He reports that patients “may need to 
be forced to exercise at rates beyond that which they can 
achieve on their own.” He believes that this driving of the 
central nervous system may be necessary to produce the 
changes in brain biochemistry that would then mediate 
the clinical benefits to the patient (46).

Chinese Martial Arts

Tai chi chuan (TCC) incorporates some of the benefits of 
aerobic exercise and adds to it elements of mind modali-
ties such as controlled breathing and meditation rein-
forced through the execution of slowly flowing forms 
derived from self-defense moves. Rodrigues de Paula et al. 
reviewed 31 original studies, published in Chinese or Eng-
lish journals, 9 of which examined TCC and contrasted 
it with aerobic exercise in non-PD subjects (47). These 
studies showed that TCC can provide moderate exercise 
intensity, with approximately 55% of the maximal oxygen 
intake and thus a significantly lower ventilatory equivalent 
(Ve/VO2max) to that of aerobic exercise. A number of 
clinical studies suggest that in addition to its beneficial 
effects on the cardiorespiratory system, TCC improves 
muscle strength, musculoskeletal function, balance, men-
tal control, and posture control, thus reducing the risk of 
falls in the elderly (47, 48).

Juncos et al. have presented data from a 3-month 
controlled study of TCC in PD in which 56 subjects were 
stratified by fitness and PD disability and then assigned 
to receive twice-a-week sessions of aerobic training (or 
AE, a walk-run exercise program), TCC (limited to less 
that half the METs achieved by the AE group and to 
10 forms emphasizing posture and balance), or QiGong 
(QG), practiced as meditation in stillness with no aero-
bic value (active control for aerobic conditioning). In 
this study, unlike the initial open-label study of aero-
bic exercise in PD (37), parkinsonian motor function 
and QOL indices did not improve (49). Severity mea-
sured by the CGIS and severity improved only in the AE 
group (P � 0.054), and there was a significant trend for 
improvement by group as follows: AE � TCC � QG, 
P � 0.01. The most important changes were seen in the 
AE group, with improvement in aerobic capacity (mea-
sured as distanced walked in 6 minutes) and a reduction 
in the recorded falls and near falls (e.g., “I managed not 
to fall by holding onto X, or throwing myself on the sofa, 
bed. . . .”), which improved only in the AE group (P �
0.01). The conclusions were that the practice of TCC at 
very low intensities is not sufficient to improve parkinso-
nian motor function. Furthermore, 4 months of TCC was 
barely enough for this representative group of patients 
to learn the 10 forms. The results, rather than negating 

a potential role for TCC in PD, point out that, like many 
elderly patients, PD patients have a steep learning curve 
in acquiring complex motor programs. The results also 
suggest that the UPDRS may not be the ideal tool to 
evaluate the effects of these modalities in PD.

In 2006 Schmitz-Hubsch et al. evaluated the imme-
diate and sustained effects of QG on the motor and non-
motor symptoms of PD (50). Fifty-six patients with dif-
ferent levels of disease severity were recruited for a study 
comparing the effects of QG and placebo (no additional 
intervention) on the progression of such symptoms. QG 
exercises were applied in 90-minute weekly sessions of 
group instruction for 2 months, followed by a 2-months 
pause and a second 2-month treatment period. More 
patients improved in the QG group than in the con-
trol group at 3 and 6 months (P � 0.008 at 3 months
and P � 0.05 at 6 months; Fisher’s exact test). At 12 months, 
there was a sustained difference between groups only 
when changes in UPDRS motor subscale were normalized 
to baseline. Depression scores decreased motor subscores 
in both groups, whereas the incidence of several nonmo-
tor symptoms decreased in the QG group only.

Unlike westerners, who often begin to learn these 
modalities after they retire, elderly practitioners of TCC 
and QG in eastern societies are more likely to have been 
practicing them from a young age, making the suspected 
learning curve a nonissue. Unlike the above short-term 
studies, in eastern societies these interventions are part of 
a lifestyle. The challenge to students in the field will be to 
show that the belated introduction of such a practice can 
be assimilated by a PD patient well enough to have an 
impact on advancing disability. The learning of TCC and 
QG by PD patients, compared with their age-matched 
counterparts, may be further complicated by the motor, 
intentional, and visuospatial defects of these patients (51). 
Finally, when it comes to PD and exercise, investigators 
are still at the stage of defining need to define which 
exercise, at what intensity, and for how long is necessary 
to obtain maximum benefit in PD.

Mind-Body Modalities

Mind-body interventions are important to CAM but have 
rarely been used in PD; thus there are very few data to 
report.

Meditation Techniques. Meditation techniques use 
deep-breathing techniques and a variety of sensory 
inputs, psychotropics, or artifacts (e.g., shamanism, 
active placebos, stone therapy) to reach a state of con-
trolled relaxation. Controlled breathing is central to 
these modalities. The conscious control of this otherwise 
automatic function is thought to modulate the receptive 
state of the frontal lobes and increase its plasticity. From 
a neurologic standpoint, it is clear that hyperventilation 
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causes massive electroencephalographic changes that can 
be entrained. This conditioning entrainment is thought 
to become functionally autonomous, providing benefits 
that extend beyond the practice sessions themselves. Sci-
entific evidence for the power of these quasimeditative 
states comes from a multitude of physiologic studies 
demonstrating that achieving “that state” allows sub-
jects to modify their vital signs, coronary blood flow, 
and metabolic rate. From a physiologic standpoint, the 
aim of these and other CAM modalities is to increase 
subjects’ resiliency.

Reiki is a Japanese healing art whereby the practitio-
ner places his or her hands upon the person to be healed 
and acts as a conduit, the intention being to channel the 
healing energy of the universe into the recipient to restore 
balance and harmony.

Nutraceuticals and Multivitamins

There is laboratory, biochemical, and genetic evidence 
indicating that PD is a disorder mediated in part by 
abnormalities in energy metabolism, specifically defects 
in complex I of the oxidative phosphorylation chain 
(52–55). Many of the nutraceuticals used for general 
health are antioxidants. It is therefore not surprising that 
investigators in this field have been interested in using 
these agents in PD.

The 3 antioxidants most commonly considered as 
potentially useful neuroprotective or disease-modifying 
agents in PD are vitamin E, coenzyme Q10, creatine, and 
carnitine. Biochemical and laboratory evidence suggests 
that antioxidants like these can protect dopamine neurons 
against various oxidants (e.g., MPTP, rotenone) used to 
create models of dopamine denervation in PD (54–57).

The first study of CAM in PD was the DATATOP 
study, in which vitamin E was conclusively shown not to 
have any therapeutic or disease-modifying effect in PD 
(58). It was thus surprising to find that vitamin E was the 
most commonly used nutraceutical in the 2001 survey of 
PD patients (21).

Coenzyme Q10 is an over-the-counter antioxidant 
that serves as a cofactor to complex I of the oxidative 
phosphorylation chain (59). It is also a mitochondrial 
membrane stabilizer that has been shown to be defi-
cient in the mitochondria and plasma of patients with 
PD (60). In 2004, under the direction of Shults et al., 
the Parkinson Study Group published a randomized con-
trolled pilot study of placebo versus 300, 600, and 1200 
mg/day of CoQ10 in untreated patients with PD followed 
for 16 months (61). The endpoint was the change in 
total UPDRS score from baseline to the time the patient 
required dopaminergic therapy to control disability from 
symptom progression. The results showed that, although 
there was no difference in total UPDRS scores per se, 
patients receiving 1200 mg/day showed significantly less 
progression of disability (as measured in the activities of 

daily living or part II of the UPDRS) than patients on 
placebo or on the 2 other doses of CoQ10. Patients on 
the 300- and 600-mg doses showed a trend intermediate 
from placebo and the 1200-mg dose, which did not reach 
statistical significance. CoQ10 offered no acute symptom-
atic motor benefit and was well tolerated (61). On the 
basis of these pilot results, a phase III trial with doses 
1200 and 2400 mg/day of CoQ10 versus placebo and an 
otherwise similar design has been launched.

Creatine is another over-the-counter dietary supple-
ment that has been shown to increase brain and muscle 
creatine and phosphocreatine concentrations and to 
improve muscular performance in adults. The mecha-
nisms of performance enhancement may include increased 
intramuscular phosphocreatine, enhanced energy shut-
tling, and/or stimulation of protein synthesis (62). It has 
been shown to have a neuroprotective effect in a mouse 
model of Huntington’s disease (63). In two pilot studies 
in PD, creatine was shown not to have any beneficial 
effects on the motor symptoms of PD, but it may have a 
beneficial effect on mood and an additive strength benefit 
in patients with PD who are lifting weight and taking 
5 g of creatine per day (64, 65). In a phase II randomized, 
controlled trial of creatine in patients with untreated PD, 
data suggested that this compound is safe and may have 
a positive disease-modifying effect on the progression of 
PD symptoms (66). Based on this, a recent large, simple 
phase III trial was launched in which patients who had 
been treated for less than 2 years are to be followed on 
creatine (5 g/day) or placebo for 5 years to determine 
if creatine can slow symptom progression in this illness.

In the symptomatic treatment of PD, fava beans 
have been shown to be a rich source of levodopa, which 
may be of benefit in PD (67). Valerian extract in an over-
the-counter herbal hypnotic was recently tested in a 
31-day double-blind controlled study for sleep promotion in 
68 PD patients (68). The study included polysomnogra-
phy (PSG) with repeated measures. Valerian (600 mg at 
bedtime) was not associated with significant improve-
ment in PSG measures or sleep. The rate of side effects 
did not differ in the valerian and placebo groups.

Instrumental Interventions

Acupuncture. Acupuncture consists of stimulation of 
various anatomic locations in the skin that correspond 
to traditional meridians as defined in Chinese tradition. 
Depending on the condition being addressed, small needles 
are inserted into these meridians and then manipulated 
by mechanical or electrical means (69). From the Chinese 
perspective, acupuncture is embedded in a complex theo-
retical framework that provides its conceptual and thera-
peutic direction (70). An explanation of this complexity is 
beyond the scope of the present chapter; thus the reader 
is referred to reviews on the topic and technique (70, 71). 
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In neuroscience, several lines of evidence suggest possible 
mechanisms of action for acupuncture. For instance, in 
man, acupuncture can change noradrenaline levels in CSF 
(72); in mice, it can change brain dopamine levels (73).

In the only controlled study of acupuncture in PD, 
Shulman et al. used an open-label, repeated measures 
design to examine the effect of traditional acupuncture 
on multiple domains of function in 20 PD patients who 
received 2 weekly treatments for 7 to 9 weeks (74). Acu-
puncture was administered by a licensed practitioner. The 
procedure was well tolerated but had no effect on parkin-
sonian motor or nonmotor symptoms (i.e., depression and 
anxiety), although patients reported discrete symptomatic 
improvement (74). A broad battery of tests suggested acu-
puncture may have helped sleep and rest only.

There are unsubstantiated claims from Germany that 
permanent implantation of an acupuncture needle into the 
earlobe provides substantial benefit to patients with PD. 
Werth provides a series of testimonials and diagrams of his 
own uncontrolled data as well as subjective explanations 
on how this may work. The nature of the information 
available makes it difficult to evaluate (75).

Finally, Kapchuck et al. offer a words of advice to 
students of this topic, suggesting that the placebo effect 
with devices such as acupuncture needles is at least as 
great as that seen with nutraceuticals (76).

Transcranial Magnetic Stimulation. Clinical depression 
occurs in up to 50% of all patients with PD (77). Elec-
troconvulsive therapy (ECT) is a well-established treat-
ment for medication-refractory depression in the general 
population. In PD, it is reported to ameliorate depres-
sion as well as motor symptoms for a variable period of 
time (78, 79). In the CAM domain, repetitive transcra-
nial magnetic stimulation (rTMS) of the left dorsolateral 
prefrontal cortex (DLPFC) has emerged as a promising 
treatment for refractory depression (80). Its advantage 
over ECT is that it does not require general anesthesia 
and has a shorter recovery time, potentially making it 
more attractive, practical, and cost-effective.

Recent studies suggest that TMS may be beneficial 
in the management of treatment-resistant depression in 
PD (81, 82). In a personal communication based on open, 
repeated measures Epstein et al. report that, in addition to 
improvements in depression, their 14 PD inpatients with 
refractory depression also experienced improvement in 
motor function for as long as 3 to 6 weeks.

CAM and the Role of Placebo

The aim of this chapter is not to propose an integra-
tive mind-body approach while ignoring placebo effects. 
Eastern traditions have occasionally emphasized the prin-
ciple of mind-body integration at the expense of attending 
to underlying pathologic processes. This does not serve 

the public well. On the other hand, western medicine has 
been wedded to the perhaps naive construct that a pla-
cebo response can discriminate between organic (“real”) 
and subjective (“psychogenic”) symptoms. This is a prod-
uct of the post–Charcot-Freud deterministic separation of 
mind and body. While searching for true and real clinical
responses, western medicine has perhaps lost opportuni-
ties that result from an understanding of the physiology 
of placebo responses. These can be as real and sustained 
as any other biologic responses.

Part of this evidence comes from imaging studies in 
which the placebo effect is mediated by the dopaminergic 
reward mechanisms in the human brain. This mechanism 
can be linked to dopamine release in the striatum and 
is related to the expectation (belief) of clinical benefit 
on the part of the patient (83). These studies were con-
ducted using radioligand techniques in which the release 
of dopamine is estimated using dopamine receptor radio-
ligand displacement during, before, and after placebo 
positron emission tomography (PET) (83). In spite of the 
dopamine deficiency of this state, PD patients are able to 
generate placebo responses of high magnitude (17% and 
higher), and these can be sustained for 6 to 12 months or 
longer, mediated at least in part by dopamine release in 
the striatum (26, 84). In coming years, with our expand-
ing understainding of the placebo response, perhaps we 
will learn to be less dismissive of this powerful variable 
in human response.

A lesson to be learned from experienced western 
medicine–based clinicians and perhaps from some of the 
practices of CAM, is that the placebo response should be 
viewed as another tool available to a caregiver to foster 
positive change in the ways a patient copes with illness 
and adversity—in effect, as a way of integrating the mind 
and the body for the purpose of promoting health. For 
investigators participating in clinical trials, controlling 
and equalizing expectation in randomized clinical trials 
will continue to be a difficult proposition (85).

SUMMARY AND CONCLUSIONS: FROM CAM 
TO INTEGRATIVE MEDICINE

CAM practices do not need western medicine to survive 
and thrive. They have done so on their own for cen-
turies without our help. Wider dissemination of CAM 
knowledge inside and outside of their current constitu-
ency will stand to benefit a wider audience and enrich 
the field of health care. Modern medicine is skeptical, 
however, about giving CAM a free ride when it comes to 
scientific evidence and evidence-based practices. Western 
medicine was guilty of this far too long. It has since taken 
many years to uncover practices that were of no value 
and wasteful. We simply do not want to repeat these 
mistakes. The public expects and deserves practices that 
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are safe and that deliver what they promise based on 
objective evidence—that is, randomized controlled tri-
als and long-term evidenced-based outcome measures. 
The federal government and the health care industry are 
in agreement with these principles. Western medicine’s 
adherence to scientific methods has kept it reasonably 
humble and on track with improving the health care 
of individuals and the public. It is the hope of modern 
medicine that, as an increasing number of CAM practi-
tioners adhere to these principles, the public health will 
continue to improve and that medical care will become 
more affordable (86, 87).

A number of institutions have taken the lead in 
implementing practices that combine the best of con-
ventional, and evidence-based CAM into an integrative 
approach that has become popular with the public and 

among those practitioners of modern medicine who have 
been exposed to it (86, 87). Making these combined prac-
tices cost-effective and widely available has its challenges. 
However, the main point of these efforts continues to be 
the promotion of scientific and evidence-based principles 
in all the healing arts so that these distinctions such as 
the medicine of the East versus that of the West or CAM 
versus modern medicine can evolve into a unified, integra-
tive, evidenced-based form of medical practice.

Acknowledgment

Supported in part by NINDS RO-1 AT00612-03, 
P30AT00609, and the American Parkinson Disease 
Center for Research Excellence in Parkinson Disease at 
Emory University.

References

1. Manyam BV, Sanchez-Ramos JR. Traditional and complementary therapies in Parkinson’s 
disease. Advances in Neurology 1999; 80:565–574.

2. Gevitz N. Other Healers: Unorthodox Medicine in America. Baltimore, MD: John Hopkins 
University Press, 1988.

3. Eisenberg DM, Kessler RC, Foster C, et al. Unconventional medicine in the United States. 
Prevalence, costs, and patterns of use. N Engl J Med 1993; 328(4):246–252.

4. Kaptchuk TJ, Eisenberg DM. Varieties of healing: 1. Medical pluralism in the United 
States. Ann Intern Med 2001; 135(3):189–195.

5. Eisenberg DM. The Institute of Medicine report on complementary and alternative medi-
cine in the United States: Personal reflections on its content and implications. Alt Ther 
Health Med 2005; 11(3):10–15.

6. Wetzel MS, Eisenberg DM, Kaptchuk TJ. Courses involving complementary and alterna-
tive medicine at US medical schools. JAMA 1998; 280(9):784–787.

7. Maizes V, Schneider C, Bell I, Weil A. Integrative medical education: Development and 
implementation of a comprehensive curriculum at the University of Arizona. Acad Med 
2002; 77(9):851–860.

8. Kligler B, Maizes V, Schachter S, et al. Core competencies in integrative medicine for 
medical school curricula: A proposal. Acad Med 2004; 79(6):521–531.

9. Cleary-Guida MB, Okvat HA, Oz MC, Ting W. A regional survey of health insurance 
coverage for complementary and alternative medicine: Current status and future ramifica-
tions. J Alt Comp Med 2001; 7(3):269–273.

10. Pelletier KR. A review and analysis of the clinical and cost-effectiveness studies of compre-
hensive health promotion and disease management programs at the worksite: 1995–1998 
update (IV). Am J Health Prom 1999; 13(6):333–345, iii.

11. Cohen MH, Eisenberg DM. Potential physician malpractice liability associated with com-
plementary and interactive medical therapies. Ann Intern Med 2002; 136(8):596–603.

12. Am Board on Health Promotion and Disease Prevention—Committee on the use of CAM 
in the US. Complementary and Alternative Medicine in the United States. Washington, 
DC: The National Academies Press, 2005.

13. Eisenberg DM, Davis RB, Ettner SL, et al. Trends in alternative medicine use in the 
United States, 1990–1997: Results of a follow-up national survey. JAMA 1998; 280(18):
1569–1575.

14. LoVecchio F, Curry SC, Bagnasco T. Butyrolactone-induced central nervous system depression 
after ingestion of RenewTrient, a “dietary supplement.” N Engl J Med 1998; 339:847–848.

15. Slifman NR, Obermeyer WR, Aloi BK, et al. Contamination of botanical dietary supple-
ments by Digitalis lanata. N Engl J Med 1998; 339(12):806–811.

16. Lantz MS, Buchalter E, Giambanco V. St. John’s wort and antidepressant drug interactions 
in the elderly. J Geriatr Psychiatr Neurol 1999; 12:7–10.

17. Mahar M. Money-Driven Medicine: The Real Reason Healthcare Costs So Much. New 
York: Harper Collins, 2006.

18. Kreitzer MJ, Mitten D, Harris I, Shandeling J. Attitudes toward CAM among medical, 
nursing, and pharmacy faculty and students: A comparative analysis. Alt Ther Health 
Med 2002; 8(6):44–47, 50–43.

19. Torkelson C, Harris I, Kreitzer MJ. Evaluation of a complementary and alternative 
medicine rotation in medical school. Alt Ther Health Med 2006; 12(4):30–34.

20. Angell M, Kassirer JP. Alternative medicine: The risks of untested and unregulated rem-
edies. N Engl J Med 1998; 339(12):839–841.

21. Rajendran PR, Thompson RE, Reich SG. The use of alternative therapies by patients 
with Parkinson’s disease. Neurology 2001; 57(5):790–794.

22. Astin JA. Why patients use alternative medicine: Results of a national study. JAMA 1998;
279:1548–1553.

23. Field T. Massage therapy effects. Am Psychol 1998; 53(12):1270–1281.
24. Ulm G. The current significance of physiotherapeutic measures in the treatment of 

Parkinson’s disease. J Neural Trans Suppl 1995; 46:455–460.
25. Kaptchuk TJ. The placebo effect in alternative medicine: Can the performance of a healing 

ritual have clinical significance? Ann Intern Med 2002; 136(11):817–825.
26. Goetz CG, Janko K, Blasucci L, Jaglin JA. Impact of placebo assignment in clinical trials 

of Parkinson’s disease. Mov Disord 2003; 18(10):1146–1149.
27. Travell J, Simons DG. Myofascial Pain and Dysfunction: The Trigger Point Manual.

Baltimore: Williams & Wilkins, 1983.
28. Steefel L. Massage therapy as an adjunct healing modality in Parkinson’s disease. Alt 

Comp Ther 1996; 6(Nov/Dec):377–382.
29. Miesler D. Parkinson’s disease and massage therapy. Massage Ther J 1996; Winter:34–37.
30. Craig LH, Svircev A, Haber M, Juncos JL. Controlled pilot study of the effects of 

neuromuscular therapy in patients with Parkinson’s disease. Mov Disord 2006; 21(12):
2127–2133.

31. Palmer SS, Mortimer JA, Webster DD, Bistevins R. Exercise therapy for Parkinson’s 
disease. Arch Phys Med Rehabil 1986; 67:741–745.

32. Bharucha A, Chitrit I, Patil S, et al. Exercise physiology in Parkinson’s disease: Fatigue 
and efficiency studies before and after levodopa. Neurology 1992; 42:309.

33. Mouradian M, Juncos J, Serrati C, et al. Exercise and the antiparkinsonian response to 
levodopa. Clin Neuropharmacol 1987; 10:351–355.

34. Van-Oteghen SL. Exercise program for those with Parkinson’s disease. Geriatr Nurs 1987; 8:
183–184.

35. Schenkman M, Cutson T, Kuchibhatla M, et al. Exercise to improve spinal flexibility 
and function for people with Parkinson’s disease: A randomized, controlled trial. J Am 
Geriatr Soc 1998; 46:1207–1216.

36. Protas EJ, Stanley RK, Jankovic J. Parkinson’s disease: Exercise testing and prescription 
recommendations. In: ACSM’s Exercise Management for Persons with Chronic Diseases 
and Disabilities/American College of Sports Medicine. Champaign, IL: Human Kinetics, 
1997:212–217.

37. Juncos JL, Millard TL, Catlin PA. The effect of cardiovascular training on fitness and 
motor function in Parkinson’s disease. Neurology 1993; 43:284.

38. Bridgewater KJ, Sharpe MH. Aerobic exercise in early Parkinson disease. J Neurol Rehabil
1996; 10(4):233–241.

39. Sasco AJ, Paffenbarger RS, Gendre I, Wing AL. The role of physical exercise in the 
occurrence of Parkinson’s disease. Arch Neurol 1992; 49:600–605.

40. Kuroda K, Tatara K, Takatorige T, Shinsho F. Effect of physical exercise on mortality in 
patients with Parkinson’s disease. Acta Neurol Scand 1992; 86(1):55–59.

41. Dunn AL, T.G. R, et al. Brain norepinephrine and metabolites after treadmill training 
and wheel running in rats. Med Sci Sports Exerc 2001; 28:204–209.

42. Dishman RK, Renner KJ, White-Welkey JE, et al. Treadmill exercise training augments brain 
norepinephrine responses to familiar and novel stress. Brain Res Bull 2001; 52:337–342.

43. Garcia C, Chen MJ, et al. The influence of specific noradreneregic and serotonergic 
lesions on the expression of hippocampal brain-derived neurotrophic factor transcripts 
following voluntary physical activity. Neuroscience 2003; 119:721–732.

44. Smith AD, Zigmond MJ. Can the brain be protected through exercise? Lessons from an 
animal model of parkinsonism (comment). Exp Neurol 2003; 184(1):31–39.

45. Skidmore FM, Patterson SH, Shulman LM, et al. Aerobic treadmill exercise in advanced 
Parkinson’s disease. Neurology 2006; 66(Suppl 2):A314.

46. Alberts J. Forced exercise might improve the symptoms of Parkinson’s disease. In: 
2007.



45 • COMPLEMENTARY AND ALTERNATIVE MEDICINE 571

47. Rodrigues de Paula F, Teixeira-Salmela LF, Coelho de Morais-Faria CD, Rocha de Brito 
P. Impact of an exercise program on physical, emotional, and social aspects of quality of 
life of individuals with Parkinson’s disease. Mov Disord 2006; 21(8):1073–1077.

48. Li JX, Hong Y, Chan KM. Tai chi: Physiological characteristics and beneficial effects on 
health. Br J Sports Med 2001; 35(3):148–156.

49. Juncos JL, Haber M, Hass C, et al. A controlled study of aerobic exercise and Chinese 
exercise modalities in Parkinson disease. Neurology 2006; 66(5 Suppl 2):A314.

50. Schmitz-Hubsch T, Pyfer D, Kielwein K, et al. Qigong exercise for the symptoms of Parkinson’s 
disease: A randomized, controlled pilot study. Mov Disord 2006; 21(4):543–548.

51. Owen AM, Iddon JL, Hodges JR, et al. Spatial and non-spatial working memory at dif-
ferent stages of Parkinson’s disease. Neuropsychologia 1997; 35(4):519–532.

52. Schapira AHV. Oxidative stress in Parkinson’s disease. Neuropathol Appl Neurobiol 
1995; 21:3–9.

53. Jenner P, Olanow CW. Oxidative stress and the pathogenesis of Parkinson’s disease. 
Neurology 1996; 47(Suppl 3):S161–S170.

54. Beal MF. Aging, energy, and oxidative stress in neurodegenerative diseases. Ann Neurol
1995; 38:357–366.

55. Sherer TB, Betarbet R, Stout AK, et al. An in vitro model of Parkinson’s disease: Linking 
mitochondrial impairment to altered alpha-synuclein metabolism and oxidative damage. 
J Neurosci 2002; 22:7006–7015.

56. Roghani M, Behzadi G. Neuroprotective effect of vitamin E on the early model of 
Parkinson’s disease in rat: Behavioral and histochemical evidence. Brain Res 2001; 
892(1):211–217.

57. Hornsby PJ. Parkinson’s disease, vitamin E, and mitochondrial energy metabolism. Arch
Neurol 1989; 46(8):840–841.

58. Parkinson SG. Impact of deprenyl and tocopherol treatment on Parkinson’s disease in 
DATATOP subjects not requiring levadopa. Ann Neurol 1996; 39:29–36.

59. Ebadi M, Govitrapong P, Sharma S, et al. Ubiquinone (coenzyme Q10) and mitochondria 
in oxidative stress of Parkinson’s disease. Biol Sign Recept 2001; 10(3–4):224–253.

60. Shults CW, Haas RH, Beal MF. A possible role of coenzyme Q10 in the etiology and 
treatment of Parkinson’s disease. BioFactors (Oxford) 1999; 9(2–4):267–272.

61. Shults CW, Flint Beal M, Song D, Fontaine D. Pilot trial of high dosages of coenzyme 
Q10 in patients with Parkinson’s disease. Exp Neurol 2004; 188(2):491–494.

62. Benzi G, Ceci A. Creatine as nutritional supplementation and medicinal product. J Sports 
Med Phys Fit 2001; 41(1):1–10.

63. Matthews RT, Yang L, Jenkins BG, et al. Neuroprotective effects of creatine and cyclo-
creatine in animal models of Huntington’s disease. J Neurosci 1998; 18(1):156–163.

64. Bender A, Koch W, Elstner M, et al. Creatine supplementation in Parkinson disease: A 
placebo-controlled randomized pilot trial. Neurology 2006; 67(7):1262–1264.

65. Hass CJ, Collins MA, Juncos JL. Resistance training with creatine monohydrate improves 
upper-body strength in patients with Parkinson disease: A randomized trial. Neurorehab 
Neural Repair 2007; 21(2):107–115.

66. NINDS NET-PD Investigators. A randomized, double-blind, futility clinical trial of creatine 
and minocycline in early Parkinson disease (see comment). Neurology 2006; 66(5):664–671.

67. Bejjani BP, Rahme R, Jabr M. Do fava beans, a natural source of levodopa for parkinonian 
patients, restore dopaminergic transmission? Paper presented at the World Congress of 
Neurology, London, 2001.

68. Bliwise SL, Saunders DS, Wood-Siverio C, et al. Double-blind, placebo-controlled, poly-
somnographic randomized clinical trial of valerian for sleep in Parkinson’s disease. Sleep
2007; 30 (Suppl): A41.

69. Wu DZ. Acupuncture and neurophysiology. Clin Neurol Neurosurg 1990; 92(1):13–25.
70. Kaptchuk TJ. Acupuncture: Theory, efficacy, and practice (see comment). Ann Intern 

Med 2002; 136(5):374–383.
71. Rabinstein AA, Shulman LM. Acupuncture in clinical neurology. Neurologist 2003; 9(3):

137–148.
72. Liu B, Zhu S, Chen Q, et al. The changes in noradrenaline content in CSF of patients 

under electroacupuncture. Chen Tzu Yen Chiu 1988; 13(3):243–246.
73. Zhu W, Xi G, Ju J. Effect of acupuncture and Chinese medicine treatment on brain dopa-

mine level of MPTP-lesioned C57BL mice. Chen Tzu Yen Chiu 1996; 21(4):46–49.
74. Shulman LM, Wen X, Weiner WJ, et al. Acupuncture therapy for the symptoms of 

Parkinson’s disease. Mov Disord 2002; 17(4):799–802.
75. Werth U. The discovery of implant acupuncture. From brochure published in Magdeburg, 

Germany; 2006. (http://www.renaris.de/docs/implant_acupuncture.pdf)
76. Kaptchuk TJ, Goldman P, Stone DA, Stason WB. Do medical devices have enhanced 

placebo effects? J Clin Epidemiol 2000; 53(8):786–792.
77. Tandberg E, Larsen J, Aarsland D, Cummings J. The occurrence of depression in Parkinson’s 

disease. A community-based study. Arch Neurol 1996; 53:175–179.
78. Faber R, Trimble M. Electroconvulsive therapy in Parkinson’s disease and other movement 

disorders. Mov Disord 1991; 6:293–303.
79. Brown G. Parkinsonism depression and ECT. Am J Psychiatry 1975; 132:1084.
80. Berman R NM, et al. A randomized clinical trial of repetitive transcranial magnetic 

stimulation in the treatment of major depression. Biol Psychiatry 2000; 47:332–227.
81. Avery D HP, Fawaz W, Russo J, et al. A controlled study of repetitive transcranial mag-

netic stimulation in medication-resistant major depression. Biol Psychatry 2006; 59(59):
187–194.

82. Fregni F, Santos C, Myczkowski MM, et al. Repetitive transcranial magnetic stimulation 
is as effective as fluoxetine in the treatment of depression in patients with Parkinson’s 
disease. J Neurol Neurosurg Psychiatry 2004; 75:1171–1174.

83. de la Fuente-Fernandez R, Schulzer M, Stoessl AJ. The placebo effect in neurological 
disorders. Lancet Neurol 2002; 1(2):85–91.

84. Goetz CG, Leurgans S, Raman R—the Parkinson Study Group. Placebo-associated 
improvements in motor function: Comparison of subjective and objective sections of 
the UPDRS in early Parkinson’s disease. Mov Disord 2002; 17(2):283–288.

85. Stone DA, Kerr CE, Jacobson E, et al. Patient expectations in placebo-controlled random-
ized clinical trials. J Eval Clin Pract 2005; 11(1):77–84.

86. Cassileth BR. The Integrative Medicine Service at Memorial Sloan-Kettering Cancer 
Center. Semin Oncol 2002; 29(6):585–588.

87. Rees L, Weil A. Integrated medicine. BMJ 2001; 322(7279):119–120.





TREATMENT ISSUES

VIII





575

Motor Fluctuations and 
Dyskinesia

otor fluctuations are an important 
contributor to the disability of 
Parkinson’s disease (PD). Fluctua-
tions interrupt patients’ activities 

and are associated with other fluctuating phenomena such 
as mood, sensory, and autonomic symptoms that add to 
the distress of this problem (see Chapter 40). Dyskinesia,
a frequent accompaniment of motor fluctuations, fur-
ther compounds the problem. Motor fluctuations are 
important not only to patients but also to the clinicians 
who treat them. Finally, motor fluctuations challenge our 
understanding of how the dopaminergic system functions 
and our concept of neurotransmitter replacement therapy 
for central nervous system disease. 

PREVALENCE OF FLUCTUATIONS 
AND DYSKINESIA

Motor fluctuations are generally seen as an inevitable 
consequence of long-term levodopa therapy. Sweet and 
McDowell found that 47% of patients still alive and tak-
ing levodopa after 5 years had motor fluctuations and 
49% had dyskinesia (1). Barbeau found that 55% of his 
patients had motor fluctuations and 55% dyskinesia after 
6 years of treatment (2). These early studies, shortly after 
the introduction of levodopa, likely included patients with 

Steven A. Gunzler
John G. Nutt

more severe disease than the typical patient entering ini-
tiation of levodopa studies today. Also, these early studies 
employed higher doses of levodopa than is the practice 
today. As a result, these studies tended to show develop-
ment of dyskinesia much sooner after levodopa initiation 
and at higher prevalences than more recent studies (3). 
Poewe and colleagues, in a more recent study, found that 
after 6 years, with low-dose levodopa (less than 500 mg/d 
with decarboxylase inhibitor), 52% of their patients had 
motor fluctuations and 54% had dyskinesia (4). With 
maximally tolerated doses after 6 years, the prevalence 
of motor fluctuations was 80% and that of dyskinesia 
88% (4). Hely, et al. found that 41% of patients treated 
for 5 years with low-dose carbidopa/levodopa had motor 
fluctuations and 55% had dyskinesia (5), and Reardon, 
et al. found similar results in a 6-year study (6).

Age of onset of PD may influence the occurrence of 
fluctuations; 96% of patients with onset of PD before age 
40 had fluctuations after 5 years of levodopa treatment, 
as opposed to 64% of case-matched patients with dis-
ease onset after age 40 (7). Other studies in young-onset 
PD have also found prevalence of more than 90% for 
fluctuations and dyskinesia (8, 9).

In contrast to these retrospective studies, which 
reported prevalence of fluctuations and dyskinesia of 
40% to 96% after 5 or 6 years of levodopa therapy, a 
large, double-blind prospective study comparing 5 years 
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of treatment with low-dose, immediate-release carbidopa/
levodopa with controlled-release carbidopa/levodopa 
found an approximately 20% prevalence of motor 
fluctuations and dyskinesia by patient report or physician 
observation (10). One possible explanation for this low 
prevalence of motor complications is that subjects with 
relatively mild Parkinsonism were enrolled. A smaller, 
open prospective study observed fluctuations in 13 of 
18 subjects and dyskinesia in 11 of 18 subjects moni-
tored during a dose cycle after the first year of levodopa 
treatment (11). However, only 6 of the subjects reported 
fluctuations and 3 reported dyskinesia (11). Furthermore, 
analysis of patients randomized to levodopa in 2 more 
recent studies of levodopa vs. dopamine agonist as initial 
therapy for PD revealed a cumulative incidence of dys-
kinesia of 45% over 5 years in one study (12) and 54% 
over 4 years in the other (13). This discrepancy suggests 
that studies which depend on patient report to determine 
prevalence of these complications will underestimate their 
prevalence and give a different picture of the natural his-
tory of these complications. On the other hand, patient 
reports may better estimate the prevalence of clinically 
significant fluctuations and dyskinesia. Most studies indi-
cate that motor complications are common after about 
5 years of levodopa therapy. Excluding the older studies, 
in which subjects had delayed treatment because levodopa 
had not yet been available, the overall weighted median 
frequency of dyskinesia is about 36% by 4 to 6 years of 
levodopa treatment compared with about 27% at 2.5 to 
3.5 years and about 88% past 9 years (3).

Denny and Behari found an association between 
dyskinesia and younger age of onset of PD as well as 
an association between both dyskinesia and motor fluc-
tuations with earlier initiation and longer duration of 
levodopa exposure (14). In contrast, Schrag and Quinn 
found that frequency of dyskinesia was most influenced 
by duration of levodopa treatment, whereas fluctua-
tions were most likely with greater disease duration and 
levodopa dose (15). 

DEVELOPMENT OF MOTOR FLUCTUATIONS

The manner in which motor fluctuations develop is impor-
tant for understanding the pathogenesis and designing 
therapies. The clinical impression of changes in levodopa 
response differs from the measured changes in motor func-
tion that occur during long-term levodopa therapy. An 
accurate definition of the natural history of the response to 
levodopa and how the response changes during long-term 
therapy is important, since the time course of changes may 
implicate or exclude various pathogenetic mechanisms for 
fluctuations and dyskinesia.

Motor fluctuations are commonly envisioned to 
occur because of a single effect of levodopa on motor 

function. However, there is evidence that the motor per-
formance of a levodopa-treated PD patient represents the 
summation of several different responses to levodopa plus 
contributions from endogenous dopamine (11, 16). There 
are at least 3 different motor responses to levodopa. The 
short-duration response is a motor improvement that 
roughly parallels the elevation of plasma levodopa after 
a dose of drug, and is measured in minutes to hours. 
The short-duration response is responsible for the peak 
motor response—which has been the focus of attention 
in the clinic and in basic and clinical research. The long-
duration response, first described by Cotzias (17) and 
Muenter (18), is a motor improvement that builds up over 
days and likewise decays over days. It has received rela-
tively little attention. A negative or inhibitory response is
a worsening of motor function that follows (and may also 
precede) a short-duration response (19–22). The negative 
response worsens the “off” condition for minutes up to 
an hour and is therefore sometimes termed the “super 
off.” These 3 responses to levodopa are superimposed 
on a diurnal pattern of motor function that is evident in 
all PD patients, treated and untreated. The diurnal motor 
pattern is characterized by better motor performance in 
the morning, called sleep benefit (23–26), and worse 
function in the afternoon and evening (27). Finally, there 
is the residual endogenous dopaminergic function that 
presumably accounts for what motor function remains 
when a patient has been taken off levodopa for several 
weeks. This endogenous dopamine production may be 
virtually nil, as indicated by the virtual immobility of 
severely affected untreated PD patients. The endogenous 
dopamine plus the long-duration response are the main 
determinants of the “off” motor function. Currently there 
is no way of disassociating the contributions of the long-
duration levodopa response and the motor function due 
to endogenous dopamine production without prolonged 
withdrawal from levodopa, which is usually precluded 
for ethical, medical, and logistic reasons.

The clinical definition of the stable response is a 
levodopa-induced improvement of motor function in the 
absence of motor fluctuations in a patient taking 4 or less 
doses of carbidopa/levodopa per day. The stable response 
is characteristically observed in patients early in the course 
of the disease and early in long-term levodopa therapy, 
the “honeymoon” period, which lasts several years. It is 
commonly envisioned that the stable response stems from 
the fact that the short-duration response to each dose of 
carbidopa/levodopa is sufficiently long that the effects of 
each dose overlap with the previous dose to produce a 
sustained response. However, measurement of motor per-
formance in patients with a stable response suggests that the 
sustained improvement appears to be largely due to the long-
duration response. If patients’ motor function is measured in 
the morning after 12 hours without levodopa or even several 
days without medication, it can be seen that their motor 
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function is still appreciably better than that before they 
began levodopa (11, 28). Stable-responding subjects do have 
motor fluctuations related to the short-duration response, 
which is superimposed on the long-duration response, but 
they are unaware of such fluctuations and untroubled by 
them (11). The negative response and diurnal variation are 
usually not important at this stage.

Motor fluctuations first appear clinically as “wear-
ing off,” when bradykinesia emerges at the ends of dose 
cycles or in the morning after the patient has been with-
out levodopa overnight. This is commonly attributed to 
shortening of the short-duration response. Motor effects 
no longer seem to last the 4 to 6 hours between doses. 
The short-duration response is briefer in “wearing-off” 
patients (29–32), but there is neither a direct correlation 
with duration of action and presence of fluctuations nor 
are the differences between stable and fluctuating patients 
very great (30, 32). The often ignored characteristic of 
fluctuating patients is that there is a large, clinically 
appreciable difference in motor function between the 
“on” and “off’’ motor states (30, 32, 33). Thus another 
difference between fluctuating and stable patients is that 
the short-duration response, generally measurable from 
the beginning of therapy, becomes larger and clinically 
more significant. The peak levodopa response does not 
increase; rather, deterioration in the “off’’ motor func-
tion makes the magnitude of the short-duration response 
larger. Precisely how much of this deterioration in the 
“off’’ motor function is related to changes in the long-
duration response and how much is related to further loss 
of endogenous dopaminergic function is not known. The 
long-duration response is still present in severely affected 
PD patients, although whether it is of the same magnitude 
as in patients with less severe PD is unclear (34–35), or 
whether it instead declines in duration and magnitude 
with disease progression (36–37). Loss of endogenous 
dopamine production seems more likely to explain the 
increasing “off’’ motor disability. The negative response 
may also appear at this time and further augment “off’’ 
disability. Finally, diurnal patterns of response become 
apparent with better function in the morning and poorer 
response to medications in the afternoon (38, 39).

The more marked motor fluctuations, termed 
“on-off,” are clinically characterized by rapid switches 
between “on” and “off,” which are seemingly unre-
lated to oral dosing with levodopa. This effect occurs 
in patients with severe PD, who experience large dif-
ferences in “on” and “off” motor function and are on 
complex, frequent dosing regimens. The unpredictable 
response to oral levodopa is in contrast to the predictable, 
dose-responsive responses to intravenous boluses or brief 
infusions in these patients (33, 40). This observation indi-
cates that the unpredictable “on-off’’ response is largely 
pharmacokinetic in origin. Unpredictability is enhanced 
by administering frequent small doses of levodopa in the 

vain hope that this strategy will yield relatively constant 
plasma levodopa concentrations. 

DEVELOPMENT OF LEVODOPA-INDUCED 
DYSKINESIA

Dyskinesia is almost an invariable component of motor 
fluctuations and a consideration in treating them. Dyskine-
sia occurring when the patient is “on” is frequently termed 
peak-dose dyskinesia. This term is misleading in that dys-
kinesia is generally present throughout the time the patient 
is “on” and is physically, emotionally, or cognitively active 
(i.e., dyskinesia is brought out by motor activity and any 
form of stress and, conversely, is reduced by relaxation and 
inactivity). Furthermore, many patients have an increase in 
dyskinesia at the beginning and end of a dose cycle—a mild 
form of the so-called “diphasic” dyskinesia (41).

The ways in which the dyskinesia dose-response 
relationship is altered during long-term levodopa therapy 
should offer clues to the pathogenesis of dyskinesia. The 
thresholds and time course for dyskinesia and antiparkin-
sonian effects are reported to be similar in patients with 
motor fluctuations (40, 42). The important question is 
what happens during the initial months of treatment as 
dyskinesia first appears. There are 3 hypotheses.

One hypothesis is that the threshold for dyskinesia 
is initially much higher than that for an antiparkinso-
nian effect and that the dyskinesia threshold is lowered by 
repeated dosing of levodopa until it approximates the anti-
parkinsonian effect threshold (40, 42). The threshold is a 
marker for the initial inflection of the dose-response curve 
or the equivalent of an “effective dose 05” (dose produc-
ing 5% of the maximum response). Thus lowering of the 
dyskinesia threshold would be equivalent to shifting the 
dose-response curve to the left. The slope of the dyskinesia 
dose-response curve and the maximum response (Emax)
could also change, but the essential feature is the leftward 
shift and reduction of dose required to produce dyskine-
sia (often expressed as the reduction in ED50, the dose 
producing 50% of the maximum response). The problem 
with this hypothesis is that there have been few (40) or no 
(42) subjects described with newly developed dyskinesia 
who fall between the subjects who have no dyskinesia at 
all (and in whom no threshold can be determined because 
they do not have dyskinesia) and the fluctuating subjects 
whose dyskinesia thresholds are similar to antiparkinso-
nian thresholds. Thus there are no subjects with dyskinesia 
in whom the initially high threshold postulated by this 
model can be demonstrated. In conclusion, although this 
hypothesis is intuitively attractive, the leftward shift of 
the dose-response curve constitutes an unproven model 
of how dyskinesia develops.

A second model proposes that rather than a leftward 
shift of the dose-response curve, an increase in Emax from
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clinically undetectable to clinically apparent explains the 
development of dyskinesia (43). The pattern of dyskinesia 
in early PD subjects is consistent with this hypothesis. 
The duration of dyskinesia was similar to the antiparkin-
son effects (37) and did not just appear at peak L-dopa 
concentrations, as suggested by the lowered threshold 
model. The Emax hypothesis would explain the increase 
in severity of levodopa-induced dyskinesia during long-
term levodopa therapy.

The third model contradicts both of the above mod-
els and suggests that neither the ED50 nor the Emax of 
the dose (concentration)-response curve for dyskinesia 
change during levodopa therapy (44). These conclusions 
are based on longitudinal studies in 11 PD subjects who 
received levodopa for an average of 4 years and had dyski-
nesia for 1 year upon entry into the study. Concentration 
(as opposed to dose)-response curves were derived from 
pharmacokinetic-pharmacodynamic modeling. Instead of 
the dyskinesia concentration–response curve shifting, the 
antiparkinsonian concentration-response curve shifted to 
the right. That is, the threshold for the antiparkinsonian 
action increased during long-term therapy, whereas that 
for dyskinesia did not change. The severity of dyskinesia 
(Emax) also did not change over the 3 years of the study, 
although the scale used (45) was relatively insensitive to 
changes in severity of dyskinesia.

It is obvious that more careful observations, as dys-
kinesia initially appears, are critical to deciding between 
these different models of development of dyskinesia. 
Understanding the clinical course of events will indicate 
the type and time course of biochemical events that might 
underlie development of dyskinesia.

Three unproven concepts guide treatment of dyski-
nesia. The first concept is that there are different thresh-
olds for dyskinesia and for antiparkinsonian actions of 
levodopa. Most studies using single parenteral doses of 
levodopa find that the thresholds for dyskinesia and anti-
parkinsonian actions are similar in “wearing-off” and 
“on-off’’ patients (33, 40). Thus the concept of dosing 
to exceed the antiparkinsonian threshold and not the 
dyskinesia threshold is problematic, particularly when 
the short half-life of levodopa is considered.

The second unproven concept is that severity of 
dyskinesia is dose-related. However, several studies indi-
cated that severity of dyskinesia is not very dose-related 
and more of an all-or-nothing phenomenon (33, 42, 46). 
The duration of dyskinesia is, nonetheless, dose-related 
(33, 42, 46). Thus small doses of levodopa will not neces-
sarily reduce the severity of dyskinesia, although they will 
shorten the time dyskinesia is present. By patient history, 
dyskinesia tends to have a diurnal pattern; if present, it 
tends to be more severe in the evening.

The third unproven concept is that pulsatile dopa-
minergic stimulation promotes the development of dys-
kinesia, as well as motor fluctuations (47, 48). Therefore 

continuous dopaminergic stimulation may lessen or pre-
vent the development of dyskinesia (48). Specifically, 
reduction in exposure to troughs in levodopa concen-
tration may be important in preventing dyskinesia (49). 
Despite the lower frequency of motor complications with 
dopamine agonists as initial therapy for PD compared 
to carbidopa/levodopa, there are important differences 
between dopamine agonists and carbidopa/levodopa that 
confound this comparison (12, 13). Controlled release 
carbidopa/levodopa did not reduce motor complications 
when used as initial therapy in place of regular carbidopa/
levodopa (50–52). Furthermore, addition of dopamine 
agonists or catechol-O-methyltransferase (COMT) inhibi-
tors to carbidopa/levodopa did not decrease dyskinesia 
in a number of trials (53, 54). The experience with long-
term subcutaneous or intravenous infusion of dopamine 
agonists has been mixed, often but not always reducing 
dyskinesia, although enteric levodopa infusions did reduce 
dyskinesia (52, 55, 56). Continuous dopaminergic stimu-
lation and its effect on dyskinesia are reviewed in more 
detail elsewhere (57). Given the equivocal evidence that 
continuous dopaminergic stimulation prevents dyskinesia, 
further study is necessary to clarify this issue.

TREATMENT OF FLUCTUATIONS AND 
DYSKINESIA

Aims

The strategies for managing PD patients with motor 
fluctuations are dictated by the physician’s clinical expe-
rience and his or her weighing of clinical studies and their 
interpretations. What follows is admittedly a personal 
algorithm and is a mixture of science and style.

Several principles guide treatment of a patient with 
fluctuations. First, educate the patient that fluctuations 
generally cannot be eliminated but may be made more 
bearable. Second, determine what fluctuates and what 
causes disability. Third, make responses predictable by 
controlling pharmacokinetic factors and administering 
adequate doses. Fourth, make the response to each dose 
sufficiently long such that it is useful to the patient. Fifth, 
reduce “off’’ disability. Sixth, avoid drug toxicity and 
tolerance by limiting cumulative doses of antiparkinso-
nian agents. Seventh, treat “on” dyskinesia and “off” 
dystonia. These principles are considered in the follow-
ing sections. 

Determining What Fluctuates

To treat fluctuations effectively, it is important to have a 
clear picture of what is fluctuating and in what pattern. 
A careful history in the clinic may be sufficient; if not, 
having the patient remain at the clinic for several hours 
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may allow the clinician to see the “on” and “off” states. 
The clinician should be aware that the response to the 
first dose cycle may be different from the response to 
dose cycles later in the day. Home videos are another 
manner in which the “on” and “off” manifestations can 
be seen. Home diaries, with the patient, caregiver, and 
physician agreeing on what constitutes “off” and what 
constitutes “on” before the diary is filled out, may yield 
diurnal patterns of response. It is important to recog-
nize that the motor fluctuations are often accompanied 
by fluctuations in anxiety, mood, autonomic function, 
and sensation. Anxiety and depression, as part of the 
“off” experience, are frequently major contributors to 
distress. Patients who reported motor fluctuations in one 
study were likely to also have diary evidence of mood 
and anxiety fluctuations, although they often fluctuated 
at different times (58). It may be that therapy needs to 
be directed to these non-motor phenomena, in addition 
to treating motor fluctuations. 

Making Responses Predictable

Unpredictable levodopa responses are generally related 
to pharmacokinetic causes. The most important pharma-
cokinetic characteristic of levodopa is its short plasma 
half-life. This, in turn, makes the variable absorption and 
distribution of levodopa very important. The most com-
mon cause of unpredictable responses is frequent small 
doses of levodopa. The duration of response to each dose 
of levodopa is, as with other drugs, proportional to the 
size of the dose; larger doses give longer responses (59). 
Small levodopa doses will give brief periods of motor 
improvement and thereby increase the motor fluctuations. 
Furthermore, because small doses will produce plasma 
concentrations that are closer to the threshold for anti-
parkinsonian effects, delays or reductions in absorption 
may cause individual doses to fail to reach threshold. 
Controlled-release levodopa preparations are associated 
with lower plasma concentrations, more erratic absorp-
tion, and consequently erratic responses in many subjects. 
Because of these considerations, when a patient is mani-
festing a seemingly unpredictable response to controlled-
release levodopa, a good strategy is to switch him or her 
to regular levodopa given at 3- to 4-hour intervals. The 
regular form of carbidopa/levodopa is typically adminis-
tered at a 20% to 30% lower dose of levodopa than the 
controlled-release form because of incomplete absorption 
of the controlled-release formulation (60, 61). A caveat 
is that some patients with peak-dose dyskinesia or “off” 
dystonias have been found to benefit from the controlled-
release form of carbidopa/levodopa (60). The schedule for 
administration of other antiparkinsonian agents should 
be adjusted so that they are given with levodopa. This 
will almost always convert the unpredictable response 
into a predictable response and provide a starting point 

for adjusting medications. There is another benefit of this 
regimen: a simpler regimen will increase compliance and 
reduce the variability caused by patients’ efforts to titrate 
their medications with self-developed, complex formulas 
based on response.

The short half-life of levodopa (1 to 2 hours) makes 
it impossible to maintain relatively constant plasma 
concentrations. Further, the absorption of levodopa is 
largely in the small bowel, so that variations in gastric 
emptying or bowel transit time may alter absorption. 
Avoiding levodopa administration with meals (62–64) 
or with ferrous sulfate (65), reconsidering the need for 
anticholinergics that may slow gastric emptying (66), and 
possibly adding antacids or domperidone to enhance gas-
tric emptying (67, 68) are methods to enhance absorption. 
Levodopa enters the brain via a saturable large neutral 
amino acid (LNAA) transporter, and its entry may be 
influenced by plasma concentrations of LNAAs. Increases 
in LNAA concentrations after meals and the tendency for 
these concentrations to increase during the day under-
lie some unpredictable motor fluctuations (62) and the 
diurnal pattern of declining response to levodopa dur-
ing the day (39). The standard American diet contains 
about twice the recommended daily amount of protein. 
Restricted-protein diets will enhance levodopa effects (69) 
but are difficult to implement. Rather than a restricted-
protein diet, avoiding meals with very high protein may 
be the best compromise. A dietician may be very helpful 
to patients in implementing such diets and also in helping 
them to avoid protein malnutrition. 

Making Responses Usable

A predictable response that lasts for only a few minutes 
is of little use to the patient. The response must be of 
sufficient duration that the patient can accomplish vari-
ous activities. Methods to prolong the response to each 
dose of the drug include giving larger doses of levodopa 
(33, 46), using controlled-release preparations in patients 
who do not have complicated fluctuations, and adding 
amantadine, dopamine agonists, selegiline, or COMT 
inhibitors. Amantadine may be helpful in some fluctuating 
patients. In addition to reducing “off” time, dopamine 
agonists may delay wearing off in early PD (12). COMT 
inhibitors have been shown in randomized controlled 
trials to significantly reduce “off” time (70, 71). There is 
a tendency to continue to escalate doses of antiparkinso-
nian agents to lengthen “on” time, but this is a strategy 
with diminishing returns. The most striking example of 
this phenomenon in the authors’ clinic was a 50-year-old 
man who had been maintained on carbidopa/levodopa 
25/250 every 3 hours and who, to cope with wearing off 
at the end of each dose cycle, progressively increased his 
carbidopa/levodopa to 25/250 every 45 minutes around 
the clock and still had wearing off. This case and some 
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studies suggest that tolerance develops with continuous 
therapy (72–76). For this reason, it is worthwhile to try 
to limit the total drug intake and provide some drug-
free periods, generally overnight. Another limitation to 
increasing antiparkinsonian medications is an exacerba-
tion of dyskinesia, considered later. 

Reducing “Off” Disability

Dopamine agonists are often considered to reduce “off” 
disability, although what has been measured in trials is a 
reduction in “off” time and “off” ADL (77). Pallidotomy 
reduces “off”  severity in the hands of some investiga-
tors but not others (9, 78), and it is best to consider 
an improvement in “off” disability a bonus and not the 
indication for pallidotomy. Deep brain stimulation (DBS) 
of the pars interna of the globus pallidus (GPi) or subtha-
lamic nucleus (STN), on the other hand, can reduce “off” 
severity (80–84). Compared with unilateral pallidotomy, 
bilateral STN or GPI DBS causes a greater reduction in 
both dyskinesia and Unified Parkinson’s Disease Rating 
Scale (UPDRS) “off”  motor score (83–85). It remains 
unclear whether one DBS site is superior to the other 
as far as improvement in “off” disability is concerned 
(83, 84, 86). Fetal mesencephalic grafting into the puta-
men has not shown clear efficacy in reducing “off” dis-
ability in 2 randomized controlled studies and has been 
associated with “off”-time dyskinesia (87, 88). Anxiety, 
panic attacks, and depression as “off” phenomena may 
be amenable to treatment with conventional therapies, 
thereby reducing distress in the “off” state. 

Reducing Cumulative Drug Intake

There is a tendency to increase antiparkinsonian drugs 
during long-term treatment because an increase in 
levodopa will temporarily reduce “off”  time. However, 
this benefit wanes over weeks to months, necessitating a 
further increase in levodopa. The authors try to keep their 
patients on 1200 mg/day of levodopa or less. Sometimes it 
is possible to get as good or better control of fluctuations 
with lower doses of levodopa, with less adverse effects 
(89). One strategy is to try to minimize levodopa use 
during the night and focus on other methods to give the 
patient a comfortable night’s sleep. Trazodone or benzo-
diazepines may help with sleep, and therapy for restless 
legs, “off” dystonia, and nocturia may improve sleep. 

Controlling “On” Dyskinesia

The first strategy for reducing dyskinesia is to reduce 
adjunctive antiparkinsonian medications that may con-
tribute to dyskinesia. Selegiline can promote dyskinesia 
and is the first drug to consider for tapering and dis-
continuance if possible. Controlled-release levodopa 

preparations may increase dyskinesia; switching to an 
immediate-release formulation may reduce dyskinesia 
and increase the predictability of a motor response. 
Dopamine agonists rarely cause dyskinesia by them-
selves, but they may augment dyskinesia when added 
to levodopa. Therefore, stopping agonists may reduce 
dyskinesia. Levodopa itself may be reduced. As discussed 
earlier, efforts to prevent dyskinesia by using frequent 
small doses of levodopa are generally ineffective and 
lead to short, unpredictable motor responses. A second 
strategy is to add drugs. Amantadine may reduce dys-
kinesia while increasing “on” time, although amanta-
dine may lose its beneficial effect by 8 to 12 months of 
treatment (90, 91). Successful treatment of dyskinesia 
with amantadine often allows higher doses of carbidopa/
levodopa to be better tolerated, further increasing “on” 
time. Despite animal data indicating that levetiracetam 
has antidyskinetic properties (92), open-label studies of 
levetiracetam to suppress dyskinesia had mixed results 
and found a high incidence of somnolence (93, 94). The 
serotonin 5-HT1A agonist sarizotan was studied in clini-
cal trials, with some promising results (95, 96). Buspirone 
was reported to reduce dyskinesia (97) but the effect is 
not dramatic in the authors’ experience. Fluoxetine and
propranolol have also been proposed to treat dyskinesia 
(98, 99), but no randomized blinded trials have been 
done. Adding dopamine agonists and reducing levodopa 
may be very effective, particularly if levodopa can be 
markedly reduced or stopped (100). A third strategy for 
severe disabling dyskinesia is pallidotomy contralateral to 
the most affected side (101, 102). Bilateral pallidotomy 
is effective at reducing dyskinesia bilaterally but with an 
unacceptable rate of speech, swallowing, and balance 
problems. A fourth strategy is DBS. Bilateral DBS surgery 
appears to reduce dyskinesia to a greater degree than 
unilateral pallidotomy when performed in either the GPi 
or STN (83–85). The reduction in dyskinesia with STN 
DBS seems to be at least partially related to postoperative 
reduction of dopaminergic drug doses, whereas GPi DBS 
seems to reduce dyskinesia directly (85, 86, 103). 

Reducing “Off’’ Dystonia

“Off”-period dystonia is a painful posture or cramp, 
generally occurring in the foot or leg, that appears when 
plasma levodopa concentrations are low. For this rea-
son, “off”-period dystonia is particularly common in the 
morning before the first dose of levodopa. It is also fre-
quently brought on by movement, typically walking to 
the bathroom upon arising. There are several methods to 
cope with this problem. The easiest is to have the patient 
take the first dose of levodopa while in bed, perhaps 
dissolving the tablet in water to hasten absorption, and 
waiting 15 to 30 minutes before arising. A second method 
is to use a controlled-release levodopa preparation at 
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bedtime that will sometimes carry over to the next morn-
ing. A third method is to add a dopamine agonist to the 
antiparkinsonian drug regimen. Antispasticity drugs such 
as baclofen have been of little use in the authors’ experi-
ence. Finally, although “off”-period dystonia is rarely an 
indication for pallidotomy or DBS surgery by itself, this 
phenomenon, like “on” dyskinesia, is generally relieved 
by contralateral pallidotomy as well as either GPi or STN 
DBS (104). 

Prevention of Motor Complications

The knowledge that levodopa-induced fluctuations and 
dyskinesia will ultimately complicate the management 
of a majority of patients with Parkinsonism is dictat-
ing treatment early in the course of the disease. As these 
complications are clearly related to levodopa and are rare 
to nonexistent with other drugs, including the dopamine 
agonists, one strategy is to delay levodopa use until abso-
lutely necessary. This could preserve the patient’s function 
and may subsequently reduce levodopa use by combining 
it with other antiparkinsonian drugs. There is no doubt 
that initiating dopaminergic treatment with dopamine 
agonists will delay the need for levodopa by about 1 to 
3 years and that the incidence of motor complications 
during that time will be very low (105). In one study, 65% 
of early PD patients treated with cabergoline required the 
addition of levodopa within the 3- to 5-year follow-up 
(106); and in another study 66% of patients on ropinirole 
received levodopa within 5 years (12). In the CALM-PD 
study, 53% of early-PD patients in the pramipexole arm 
required some supplemental levodopa within the 23.5-
month treatment period (107, 108), whereas about 17% 
of patients in the ropinirole arm in the REAL-PET study 
required levodopa within 2 years (109). It remains unclear 
whether the frequency of dyskinesia, when levodopa is 
ultimately added, is similar (106) or lower (12, 107) than 
it is in patients who have been on levodopa alone for the 
duration of therapy. However, when levodopa is added, 
motor complications will emerge with the same or short-
ened latency as when levodopa is the first dopaminergic 
treatment (105). This may be related to the observation 
that delaying initiation of levodopa shortens the inter-
val to appearance of motor fluctuations (110), probably 
because emergence of motor complications is related to 
disease severity (111).

Another strategy for early treatment of Parkinsonism 
is based on the theoretical role of pulsatile administration 

of levodopa in the development of motor complications
(47, 48, 112). An attempt to test this theory by com-
paring immediate-release carbidopa/levodopa and con-
trolled-release preparations did not show any difference 
in motor complications after 5 years of treatment (10). 
Controlled-release carbidopa/levodopa does not produce 
constant dopaminergic stimulation; therefore it may be 
argued that the failure to show differences is not a test of 
the theory. However, it is also important to realize that 
the animal studies supporting this theory used levodopa 
doses that could be difficult to extrapolate to the clinic 
(113). Clinical studies of this concept have so far yielded 
conflicting data. In conclusion, there are strong feelings 
about the proper manner to manage early PD, but they 
are based more on interpretation of basic studies than 
proven clinical tenets (114, 115). Studies are under way 
with combinations of carbidopa/levodopa and entacapone 
to determine whether the more continuous dopaminergic 
stimulation produced by this strategy is a viable means 
of preventing dyskinesia.

Because motor fluctuations and dyskinesia are 
related to disease severity, another method of minimizing 
fluctuations is to reduce the “off” disability. This means 
preventing or reversing the further loss of the endogenous 
nigrostriatal dopaminergic system and either increas-
ing or at least maintaining the long-duration response. 
Neuroprotective strategies are largely theoretical at this 
point (116) but are under active investigation. Deep brain 
stimulation of the pallidum (80, 81) and subthalamic 
nucleus (82, 117) does not slow progression, although 
it does reduce dyskinesia. Coenzyme Q10 (118) and 
rasagiline (119–121) are being investigated as possible 
neuroprotective agents. Neurotrophic factors such as 
glial cell line–derived neurotrophic factor (GDNF) con-
stitute another active area of research (122). Finally, the 
mechanism underlying the long-duration response is 
completely mysterious; when understood, it may offer 
other strategies to improve function and reduce motor 
complications.
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Fluctuations of Nonmotor 
Symptoms

he majority of patients with 
Parkinson’s disease (PD) begin to 
experience a fluctuating response 
to levodopa (LD) within 5 years of 

initiating treatment (1). The most common fluctuations 
consist of changes in motor function presumably asso-
ciated with alterations in the concentration and efficacy 
of striatal dopamine (2). High-concentration motor 
effects usually consist of dyskinesias (peak dose dys-
kinesias, chorea, or dystonia) and are associated with 
the “on’’ state. Low concentration or reduced efficacy 
of striatal dopamine is associated with the reemergence 
of parkinsonian motor symptoms (“off’’ state, end-of-
dose wearing off) and frequently with chorea (dipha-
sic) and dystonia [early-morning dystonia, diphasic 
dystonia (3, 4)].

Although the treatment of patients with advanced 
PD places major emphasis on controlling or reducing 
motor fluctuations, it has become increasingly clear 
that nonmotor fluctuations may be equally or even 
more incapacitating and common (5). Riley and Lang 
have suggested that most nonmotor fluctuations can 
be classified into 3 groups: sensory, autonomic, and 
cognitive/psychiatric (6). In a study of 130 patients with 
motor fluctuations, it was shown that at least 17% had 
nonmotor fluctuations as well (5). In a significant number 
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of patients, these nonmotor phenomena were a major if 
not the major cause of discomfort or disability.

It is important to note that many of these nonmotor 
phenomena are present in PD patients as a constant com-
plaint and not as a fluctuating problem. Paresthesias, pain, 
drooling, orthostatic hypotension, urinary frequency, 
hallucinations, depression, anxiety, and dementia—to 
name only the most obvious—are difficulties faced all 
the time by some patients. A number of these complaints, 
most commonly pain and depression, can even be seen 
as initial or early symptoms of PD.

However, this chapter focuses on situations in 
which these nonmotor problems appear in temporal pat-
terns closely associated with fluctuating concentrations 
of dopaminergic medications and of resultant changes 
in motor function. The Riley and Lang classification 
of nonmotor phenomena occurring both in the “on’’ 
and “off” states is applied. Nonmotor complications 
occurring in association with the “on’’ state are better 
known and therefore more frequently diagnosed than 
those occurring in the “off’’ state. The recognition of all 
nonmotor fluctuations depends on the clinician’s knowl-
edge of all the phenomena that can occur and relating 
the individual event with either a hypodopaminergic 
or a hyperdopaminergic state. Nonmotor symptoms 
and signs must be related carefully to motor signs and 

T
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symptoms and to the timing of medications so as to 
make an accurate judgment of whether the patient is 
experiencing an “on’’ or an “off’’ problem. Appropriate 
therapeutic adjustments can then be made (7). 

NONMOTOR PHENOMENA ASSOCIATED 
WITH THE “ON’’ STATE (TABLE 47-1)

Akathisia

Akathisia is a feeling of inner restlessness associated with 
a need to move. Patients describe an experience in which 
they feel unable to remain at rest. They find relief of this 
uncomfortable sensation only when they move about, 
either by walking or sometimes, when seated or recum-
bent, by moving the trunk or limbs. Some patients experi-
ence this sensation in one limb or one-half of the body, 

usually the side with worse parkinsonism. About half of 
the patients experiencing akathisia find that there is no 
relationship to the timing of medications or parkinsonian 
state, while the remainder are evenly divided between 
those with akathisia in the “on’’ state and those with this 
sensation in the “off’’ state (8).

When it occurs as a peak-dose phenomenon, 
akathisia generally starts from 30 minutes to 1 hour 
after a patient’s “on’’ period has begun and may last 
until that patient goes “off.” It begins with peak plasma 
levodopa (and presumably brain dopamine) concentra-
tion and abates as these levels go down. Ten percent 
of patients experience akathisia in the beginning of 
dose pattern, starting about 10 minutes after levodopa 
ingestion and lasting only for 15 to 30 minutes. Some 
of these patients have diphasic akathisia associated with 
suboptimal levodopa concentrations or an inhibitory 
effect of levodopa.

The sense of a need to move, which is true akathi-
sia, probably should be distinguished from mild chorea. 
Many patients with mild chorea do not even realize they 
are moving and have no sensation of a need to move. 
In some fluctuators, however, akathisia is a prelude to 
chorea or dystonia. In such patients, slight increases in 
the dose of levodopa or other dopaminergic agents will 
produce obvious chorea, suggesting that the percep-
tion of akathisia may occasionally mark the beginning 
of choreiform movements. Anxiety, depression, or even 
claustrophobia may be expressed by a perceived need 
to move about during an “on’’ phase in a fluctuating 
patient. As with other types of fluctuations, akathisia 
can begin shortly after the onset of levodopa treatment 
or many years after initiation of therapy.

Pain Associated with Dystonia

Only 10% of PD patients with pain have it during the 
“on’’ state. Virtually all of these patients have pain associ-
ated with dystonia and only a few have it with chorea (9). 
Patients with “on’’ type pain usually have cramps or tight-
ness, most commonly in the neck, face, or paraspinal mus-
cles of the upper trunk. Face and neck pain associated with 
dystonia is obvious on inspection. Paraspinal dystonic pain 
may be mistaken for nonspecific back pain and must be 
looked for with careful inspection of the involved body 
parts during an “on’’ period. Foot and leg pain can some-
times be seen with “on’’ periods but is generally seen at 
times of maximal parkinsonism (“off’’ periods).

Sweating and Flushing

Profuse sweating and flushing during the “on’’ state is 
almost always associated with severe chorea (10). Since 
sweating during periods of choreiform movement is 
related more to excessive physical activity than to poor 

TABLE 47-1
Nonmotor Phenomena Associated with the 

“Off” State

Sensory

Limb pain
Abdominal pain
Facial pain
Dysesthesias
Akathisia
Dyspnea
Internal tremor

Autonomic

Malignant hyperthermia
Dysphagia
Belching
Drooling
Anismus
Facial flushing
Limb edema
Drenching sweats
Urinary frequency and urgency
Nausea
Abdominal bloating
Cough
Hunger
Stridor
Pupillary dilation

Cognitive psychiatric

Cognitive dysfunction
Depression
Panic
Anxiety
Hallucinations
Moaning/screaming
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heat dissipation, the entire body sweats, although head 
and neck areas may be somewhat more involved than the 
limbs or lower trunk (11).

Nausea

Although nausea is not an uncommon problem with the 
initiation of dopaminergic therapy, it usually disappears 
or is minimized as treatment continues (12). Patients with 
advanced disease on long-term levodopa therapy rarely 
begin to experience nausea. Such patients are usually on 
high doses of levodopa and have nausea shortly after 
each dose in association with the peak plasma concen-
tration. Nausea often occurs in these patients only with 
the first dose of the day, but it can also occur with every 
dose or get worse with each successive dose throughout 
the day.

Hypotension

Both the supine and standing blood pressures (BPs) 
in fluctuating PD patients are significantly lower in 
the “on’’ than in the “off’’ state (13). Since many 
patients with advanced PD have low blood pressure, 
further reduction in standing BP during an “on’’ can 
lead to symptomatic orthostatic hypotension (OH) 
and syncope. Although the majority of patients with 
measured OH on routine office examination (a drop 
in BP greater than 15 mm Hg) are asymptomatic, a 
major cause of unexplained dizziness during the “on’’ 
state in fluctuating parkinsonian patients is OH (14). 
These patients do not experience dizziness every time 
the BP drops or every time they are “on’’ but are only 
intermittently symptomatic, which makes the diagnosis 
difficult. Furthermore, such complaints of “dizziness’’ 
due to OH must be distinguished from those related to 
postural instability. Multiple BP measurements or even 
continuous ambulatory BP monitoring may be neces-
sary to make a diagnosis in equivocal cases.

Cognitive or Psychiatric

In general, fluctuating PD patients do not have more 
psychopathology or increased cognitive deficits during 
the “on’’ state than patients without motor fluctuations. 
Most PD patients have more psychopathology during 
“off’’ states as compared with “on’’ periods. One should 
always be careful in assuming that a psychiatric or cogni-
tive deficit in any given patient is an “on’’ phenomenon 
only. Despite this caveat, in rare patients, hallucinations, 
delusions, and even mania and punding may be seen as 
manifestations of the “on’’ state only or may be worsened 
during an “on’’ period.

Some patients with severe nighttime akinesia require 
bedtime levodopa to sleep comfortably. These patients 

are at increased risk for nighttime hallucinations. Such 
hallucinations are relatively frequent, and it is difficult 
to say whether this situation (taking bedtime levodopa) 
should be classified as a psychosis associated with the 
“on’’ state or is more accurately considered a levodopa 
associated psychosis occurring during the night.

Hypomania may occur in the “on’’ state (15). We 
have seen patients who went on buying sprees, gam-
bled excessively, or were hypersexual during such “on’’ 
periods. Others have reported sexually deviant behavior 
such as masochism, exhibitionism, and bondage associ-
ated only with “on’’ states (16). Most of these patients 
become more rational and even repentant as the “on’’ 
state wears off.

Depression that occurs mainly with the “on’’ state is 
almost always associated with severe choreiform dyskine-
sias (17). Many patients whose mood fluctuates with their 
motor state also have depression when “off,’’ but they 
feel normal during an “on’’ state without dyskinesias. 
This pattern of mood fluctuations argues for a reactive 
depression due to increased disability in such patients.

Punding is a stereotyped behavior characterized by 
repeated cleaning, polishing, taking things apart, and 
putting things together, to name a few. Fernandez and 
colleagues described several patients with this type of 
behavior during “on’’ time (18).

NONMOTOR FLUCTUATIONS ASSOCIATED 
WITH THE “OFF’’ STATE

Abnormalities of Sensation

Pain Without Dystonia. About 25% of patients with 
“off’’ state, nonmotor phenomena have sensory symp-
toms; most of these are complaints of pain (19–22). 
Commonly, these pains mimic a radicular or neuropathic 
distribution. Patients describe a shooting sensation from 
proximal leg or arm locations traveling distally to the 
fingers or toes. The sensation is usually constant (although 
it may be paroxysmal), beginning as the levodopa dose is 
wearing off and continuing until the next dose “kicks 
in.’’ Other common types of pain include deep, boring 
pain perceived to be in the bones of the legs, usually 
distally but sometimes above the knee. This feeling has 
been likened to “ripping the flesh from the bone.’’ Patients 
also describe superficial, burning dysesthesias that can be 
compared with a raw sunburn but more often is a tingling 
or a feeling of numbness in the distal leg or toes. Patients 
with pain from other causes, such as low back arthritis, 
also notice fluctuations in pain. Their pain, although pres-
ent continuously, is worse in the “off’’ state than in the 
“on’’ state. In some, approaching the treatment of pain 
from this angle may be more successful than using pain 
relievers.
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A number of syndromes are distinguished by the 
location of pain and are seen more rarely than those enu-
merated. Pain in the proximal arm and pectoral area (22), 
“whole body’’ pain, proximal limb burning, burning of 
the nipples, and pain similar to that of trigeminal neural-
gia have all been seen as “off’’ phenomena (5). Abdominal 
pain is perhaps the most dramatic of these less common 
presentations. It occurs just as the “off’’ period begins, 
often doubling the patient over with an excruciating 
intra-abdominal cramp-like feeling. The patient reports 
the symptoms as if he or she were experiencing an acute 
abdomen without a sense of external cramping of the 
abdominal musculature. Inspection of the abdominal 
muscles reveals nothing unusual, and there is no visible 
bloating.

Pain with Dystonia. Pain may be associated with 
obvious dystonia (23). Since “off’’ dystonia commonly 
involves the leg and foot, this type of pain is usually asso-
ciated with a severe cramp in the dorsiflexors of the great 
toe, the gastrocnemius, anterior tibial, or posterior tibial, 
although any muscles of the leg or foot may be involved. 
Some patients experience “off” dystonia in other parts 
of the body and report pain in the back, abdominal mus-
cles, an arm, or even the head and neck. This is far less 
common than foot or leg involvement.

Akathisia. Two other sensory phenomena that occur 
with “off’’ periods are akathisia and sensory dyspnea. 
Akathisia has already been discussed as a peak-dose phe-
nomenon, but it is more commonly seen in the “off’’ state. 
“Off” akathisia can be so severe that bradykinetic patients 
may require passive movement of the extremities to keep 
the discomfort levels tolerable. Akathisia should not be 
related to immobility alone. One must also exclude other 
causes of a need to move—such as severe rigidity; positive 
sensory phenomena like itching, burning, or paresthe-
sias; restless legs syndrome; claustrophobia; anxiety or 
depression; and diphasic or end-of-dose dyskinesias—all
of which can mimic akathisia.

Sensory Dyspnea. Sensory dyspnea is the distressing 
feeling that one cannot take another breath (5). During 
such periods there is no observable abnormality of breath-
ing, which is in sharp contrast to dyspnea associated with 
peak-dose chorea, in which the respirations appear vis-
ibly chaotic (23). Because breathing patterns and rates 
are normal during these episodes, it is unlikely that chest 
muscle rigidity is responsible for the complaints. Despite 
the discomfort, most patients are not anxious. There is 
no evidence of autonomic or motor dysfunction during 
each episode other than the usual “off’’ phenomena char-
acteristic of each patient. In particular, there is no stridor 
or other evidence of upper airway obstruction and no 
dystonia or chorea. It is a sensation of dyspnea; therefore 

the symptoms have been classified as sensory in nature. 
The dyspneic feeling usually disappears within minutes 
after a levodopa dose begins to take effect. 

Internal Tremor

The term internal tremor describes an often encountered 
subjective complaint that patients with PD experience. 
This is a sensation of a tremor felt inside the limbs or 
axial regions with no associated observable tremor. A 
sensation of internal tremor has been reported in up 
to 44% of patients with PD. Internal tremor can be 
episodic, most often lasting between 5 and 30 minutes. 
It may occur on a daily basis or only 1 to 4 times per 
week. Eighty percent of patients who experience internal 
tremor report no predictable schedule to its occurrence. 
More than half of the patients report the sensation of 
internal tremor when they are feeling anxious. Internal 
tremor is described by patients as being unpleasant, 
uncomfortable, or painful. Internal tremor is most often 
experienced in the extremities. More than half of these 
patients are unaware of any association between the 
sensation of internal tremor and whether they are “on’’ 
or “off.’’ Those patients who note an association of 
internal tremor and fluctuations usually experience it 
during an “off’’ period. Internal tremor is not terribly 
responsive to antiparkinsonian medications but is often 
relieved by anxiolytic agents (25).

Autonomic Dysfunction

Drenching Sweats. Sweating abnormalities have been 
noted in PD patients since the early descriptions of 
Gowers and Charcot (26, 27). Excessive intermittent 
head and neck sweating and patchy impairment of 
thermoregulatory sweating suggests that abnormal 
sweating patterns are primarily disease-related. After 
the introduction of levodopa therapy in 1967, it also 
became clear that episodes of profuse sweating occurred 
in a fluctuating pattern, similar to motor dysfunc-
tion (10). Excessive whole-body sweating can accom-
pany severe peak-dose chorea and probably represents 
an impairment of thermoregulation during hard exer-
cise. The most severe drenching sweats, however, occur 
as part of the spectrum of “off’’-period levodopa-related 
fluctuations (28).

Profuse sweating during periods of subtherapeutic 
plasma levodopa concentrations suggests that this phe-
nomenon results from inadequate central dopaminergic 
stimulation. The sweating, usually involving the head 
and neck, begins as plasma levels of levodopa fall below 
the threshold necessary to maintain the “on’’ state and 
may last for an hour or more if the patient does not 
take another dose of levodopa. Most often these epi-
sodes occur during the night, several hours after the 
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last evening dose of levodopa. Patients may drench their 
clothing and the bedsheets, often necessitating a change 
of bedclothes and bed linen. Sweating, like diphasic 
dyskinesias, does not necessarily occur each time the 
levodopa level falls or even every night. Patients may 
experience night sweats for many months, only to have 
them disappear for no apparent reason.

That abnormal sweating is seen most often as an 
end-of-dose or nighttime-only pattern is probably related 
to the fact that most methods of levodopa administration 
produce rapid rises to peak levodopa concentrations fol-
lowed by a gradual return to baseline. The concentration 
window at which sweating occurs may be reached briefly 
as levodopa levels rise, just before the dose becomes effec-
tive. Diphasic events such as profuse sweats are usually 
too fleeting to be noticed or may not occur at all before 
most “on’’ states, developing only as the medication is 
wearing off.

Urinary Frequency and Urgency. Patients with PD often 
have detrusor hyperactivity, which leads to urinary fre-
quency, urgency, and nocturia (12, 29). Nocturia is the 
most common urinary complaint, followed by daytime 
symptoms. If daytime frequency or urgency occurs early, 
causes such as mechanical obstruction from prostatism 
should be considered. Significant problems with daytime 
frequency can be seen in the “off’’ state. Such patients 
are usually on a schedule of frequent levodopa doses 
and exhibit “wearing off’’ less than 3 hours after each 
dose. As a dose of medication wears off, patients develop 
urinary frequency and urgency that lasts until the next 
dose takes effect. The sense of urgency in these patients 
may be severe enough that they need to return to the 
bathroom every few minutes during an “off’’ period. In 
some patients, this sense of urgency recurs each time the 
levodopa wears off. This type of urgency and frequency 
may be seen in patients whose “off’’ symptoms are severe 
(marked bradykinesia, tremor, rigidity, and gait distur-
bance) but is also seen in patients with less severe “off’’ 
states.

Malignant Hyperthermia. Most reported cases of 
hyperthermia, tachycardia, tachypnea, sweating, and 
mental status deterioration occur in dopaminergic 
medication withdrawal and are thought to represent 
an abnormality of central dopaminergic thermoregu-
latory systems. The signs and symptoms occur within 
several days after discontinuation of therapy and may 
or may not be accompanied by elevations in serum 
creatine kinase. In rare patients, stupor, hyperthermia, 
and—to a variable extent—the other signs noted previ-
ously may occur repeatedly in association with “off’’ 
episodes in the context of severe motor fluctuations. A 
case has been reported in which this syndrome led to 
the patient’s death (30).

Gastrointestinal Tract Dysmotility. Autonomic pathol-
ogy and dysfunction in patients with PD is widespread 
and responsible for a number of problems related to dif-
ferent parts of the gastrointestinal tract. Some of these 
problems are exacerbated during “off’’ periods (31–35). 
Lewy bodies have been found within degenerating colonic 
neurons (myenteric plexus); the primary clinical cor-
relates are slowed stool transit time and constipation, 
related to impaired colonic muscle contraction. Some 
patients may even develop sigmoid volvulus and mega-
colon (36). Vagal dysfunction may delay gastric empty-
ing, especially of solids. Esophageal peristalsis, mediated 
by the dorsal motor nucleus of the vagus, is probably 
abnormal, with resultant segmental esophageal spasm 
and reflux in many cases. It has been noted that infusion 
of dopamine relaxes the gastroesophageal sphincter. Both 
parasympathetic and sympathetic inputs mediate small 
bowel motility, whereas salivation is primarily a para-
sympathetic phenomenon controlled by the cholinergic 
superior and inferior salivatory nuclei.

Dysphagia, in patients who do not normally com-
plain of swallowing difficulty, or exacerbation of existing 
dysphagia during “off’’ periods, has several causes (37, 
38). The most common cause of dysphagia during “offs’’ 
is a slowing down of the musculature that propels food 
from the mouth backward into the pharynx. This neural 
control system involves voluntary buccolingual striated 
muscle and is therefore a motor rather than a nonmotor 
phenomenon. Once food enters the esophagus, it is rap-
idly propelled via a complex reflex mechanism that carries 
food into the stomach. During “offs,’’ patients may com-
plain of a lump in the throat as food becomes lodged in 
the esophagus. This may occur only during an “off’’ or as 
an exacerbation of a complaint present to a lesser degree 
at other times as well. Transit of food is often slowed in 
the lower third of the esophagus, where peristalsis is most 
impaired. Some patients complain more of heartburn sec-
ondary to esophageal reflux during “off’’ periods. Two 
patients have been reported with paroxysmal belching 
associated with esophageal dysmotility and involuntary 
aerophagia during the “off’’ state.  Subcutaneous apo-
morphine improved esophageal motility in these patients 
(as shown by radiologic evaluation), with resolution of 
belching and aerophagia for the duration of dopamine 
agonist–induced “on’’ time.

Drooling is a common complaint in patients with 
PD. Some patients with drooling find that they appear to 
have a marked overproduction of saliva during their “off’’ 
periods. A few patients with little or no drooling during 
“on’’ experience a sudden onset of drooling with each 
“off.’’ These periodic increases in drooling often seem so 
excessive that it is hard not to infer a significant increase 
in saliva production as a dose of levodopa is wearing off, 
although no such increased production has ever been ade-
quately documented. An alternative explanation is that 
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increased drooling during “offs’’ reflects a decrease in the 
automatic, unconscious swallowing of saliva, with sub-
sequent pooling in the mouth and drooling. The author 
has witnessed several such episodes where it seemed that 
there was some role for excessive saliva production.

Abdominal pain during “off’’ is usually associated 
with dystonia. A number of patients with abdominal 
complaints associated with the “off’’ state have distur-
bances related to the sudden onset of “intestinal gas 
pain’’ (39). These symptoms can occur as each levodopa 
dose wears off, or they may sometimes develop during 
the night after the last daytime dose of medication has 
been given, often after awakening the patient from sleep. 
Some rare patients have visible abdominal bloating dur-
ing such episodes. Anismus has even been reported as a 
wearing-off phenomenon (40, 41).

There are a host of other infrequently reported 
symptoms and signs of autonomic dysfunction that can 
be seen during “off’’ periods (5); these include pupillary 
dilation, tachycardia, pallor, facial flushing, cough, hun-
ger, stridor, and changes in body temperature. Although 
nausea is usually related to the effect of peak levodopa 
concentrations on the central vomiting mechanism, the 
author has seen at least one patient with “off’’ state nau-
sea presumably associated with gastointestinal hypomo-
tility and increased intestinal gas. Limb edema, although 
usually due to poor mobility, can be seen as an “off’’ 
phenomenon. In one case, hand swelling occurred as a 
dose of levodopa wore off and disappeared within an 
hour after the next dose took effect. In this patient, poor 
mobility of the limb is an unlikely explanation for the 
rapid onset and clearing of “off’’-period edema, which 
was probably a result of autonomic dysfunction. 

Cognitive or Psychiatric

Panic or Anxiety. Panic attacks are the most debilitating 
nonmotor “off’’ symptoms. One study reported a fre-
quency of 24% in PD patients (42). It usually occurs 
when wearing off has been present for a few years. Panic 
begins abruptly, with many patients describing an uncon-
trolled feeling that death or some other terrible event is 
imminent. It is often associated with other symptoms, 
including shortness of breath, palpitations, trembling, 
sweating, abdominal distress, and chest pain. This fright-
ening sensation disappears just as suddenly with the onset 
of the next “on’’ state. Reports suggest that panic always 
occurs in the setting of generalized anxiety (43, 44). This 
is not necessarily true in all cases, since some personally 
observed patients with panic attacks were anxious only 
during “off’’ states.

Since these panic episodes can occur in the setting 
of severe bradykinesia, it is conceivable that the feeling 
of panic might be merely a consequence of the motor 
problem, with its associated fear and discomfort. This is 

probably not an adequate explanation for most patients. 
Many patients with end-of-dose panic have been seen 
whose “off’’ bradykinesia, rigidity, or other signs of par-
kinsonism were not that much more severe than in their 
“on’’ condition.

The distinction between panic and anxiety in these 
patients is somewhat arbitrary. Some patients for whom 
the word panic is not quite appropriate have severe anxi-
ety as an end-of-dose phenomenon. There is probably 
a continuum from mild “off’’-period anxiety to severe 
panic.

Depression. Depression is common in patients with PD, 
occurring in as many as 50% (45, 46). Some PD patients 
experience mood swings of a large amplitude, which go in 
tandem with their motor fluctuations (47). The symptoms 
of depression in these patients are often out of proportion 
to their motor dysfunction and can be the most disabling 
part of the disease. In one survey, as many as two-thirds of 
fluctuating patients reported some mood swings (44).

Depressive symptoms and signs are usually linked 
to “off’’ periods, appearing abruptly as a dose of medi-
cation wears off and ceasing just as quickly as the next 
dose takes effect. In some patients, depression has been 
associated both with “off’’-state bradykinesia and dur-
ing “on’’ periods with severe dyskinesias, suggesting a 
reactive process linked to motor impairment rather than 
a biochemical state of the brain (17). In the majority of 
patients with mood swings related to motor fluctuations, 
significant depression is seen in “off’’ states only. A study 
comparing fluctuating parkinsonian patients and those 
similarly immobile from rheumatoid arthritis showed 
increased “off’’-period depression in the PD patients (49). 
This suggests that the depressive symptoms are related 
to the underlying biochemical, molecular, and structural 
causes of fluctuations and are not psychological reactions 
to immobility.

Hallucinosis. The abrupt onset of hallucinations and 
confusion can occur in “off’’ periods (50). In some person-
ally observed cases, hallucinations began 30 to 60 minutes 
after levodopa wore off. The psychosis was accompanied 
by marked exacerbations of parkinsonism, both of which 
improved when the next dose began to take effect. A few 
cases of “off’’-period moaning and screaming accompa-
nying hallucinosis and pain have been reported (51). One 
case of “off’’-state moaning alone has been seen without 
confusion, hallucinations, or screaming.

Cognitive Changes. Cognitive function is difficult to 
assess accurately in fluctuating patients—a fact that may 
account for the differing opinions of various authors 
(52–56). Observations from the older studies are here 
described first. One such study finds that verbal recall 
ability is state-dependent; that is, when asked to recall a 
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verbal task, it is better if they are in the same motor state 
as they were the previous day, regardless of whether they 
were “on’’ or “off.’’ Some investigations report dimin-
ished mental ability in the “off’’ state. However, tests 
of high cortical function that depend on the integrity of 
motor systems skew results toward findings that sug-
gests worsening mental ability during “off’’ states. At 
least one report demonstrates a deterioration in intellec-
tual functioning during “off’’ states that was related to 
deterioration in affect and arousal scores. Another study 
suggests that some aspects of frontal lobe cognitive func-
tion may be improved in “off’’ states, while others are 
better during “on’’ periods. Most of the evidence and 
our own experience suggests that significant numbers of 
patients do have selective deficits in cognitive function 
during “off’’ states. These problems vary from patient 
to patient and are certainly not present in all patients 
with complaints of cognitive dysfunction during “off’’ 
periods. Delayed memory function, particularly for 
names, and perseveration or festination of speech are 
most frequently seen in these patients. Many complain 
of increased difficulty in concentrating, although this is 
difficult to measure. When there is a difference in cog-
nitive functioning between “on’’ and “off’’ states, it is 
usually mild, although it may be troublesome.

We have studied the role of dopamine in cognitive 
sequence learning in PD patients during the “on” and “off” 
states (57). These studies were based on electrophysiologic 
and computational work that suggested a role for nigros-
triatal dopamine in learning sequences of environmen-
tally important stimuli, especially when this learning is 
based on step-by-step associations between stimuli. The 
hypothesis was that such sequentially dependent learn-
ing would be disrupted during the “off” state in patients 
with PD. Patients were given a “chaining task” in which 
each additional link in a sequence of stimuli leading to 

a reward is trained step by step until the full sequence is 
learned. Parkinson’s patients tested during the “off” state 
performed as well as controls when required to learn a 
simple stimulus response association but were impaired at 
learning the full sequence. This deficit was repaired during 
the “on” state. The fact that specific learning but not all 
types of learning are deficient during the “off” state is sup-
ported by other studies (58). We have shown that patients 
with PD are impaired on a feedback-based task but not 
on a nonfeedback version of the same task. Furthermore, 
PD patients and controls use different learning strategies, 
depending on the feedback structure.

TREATMENT

Treatment of nonmotor fluctuations is not always possible 
but should be aimed at diminishing “off’’ time or peak-
dose effects, whichever is appropriate (see Chapter 40). 
There are a few special points worth noting. In several 
patients with severe “off’’ pain,’’ the benefit derived from 
tolcapone, a catechol-O-methyl transferase (COMT) 
inhibitor, has been particularly impressive. Some of 
the patients with “off’’-state depression who were not 
depressed during “on’’ periods and did not benefit from 
antidepressants were helped by pramipexole. Not much 
benefit has been found from botulinum toxin in patients 
with painful dystonia related to either “on’’ or “off.’’ 
Anismus seems to be helped in a number of patients by 
injections of apomorphine. Drenching sweats in many 
patients appear to have a limited time course, lasting 
for several months and diminishing in intensity or even 
disappearing for long periods for seemingly no reason. 
Recognition of the symptoms and signs of nonmotor 
fluctuations will prevent unnecessary investigations and 
useless treatments.
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Psychosis and 
Other Behaviors

ith the development of levodopa for 
the treatment of Parkinson’s disease 
(PD) in the late 1960s came great 
optimism that dopamine replace-

ment therapy might provide a cure or at least a lasting 
reversal of symptoms. It was soon realized, however, that 
levodopa therapy, though dramatically effective in con-
trolling symptoms, was not a cure and that a number of 
long-term disabling complications were associated with 
its use. Among these problems were drug-induced behav-
ioral and psychiatric syndromes. The most important of 
these is drug-induced psychosis (DIP) (1). Hallucinations 
in PD are a major risk factor for increased caregiver stress 
and strain (2) as well as nursing home placement (3). The 
occurrence of hallucinations and DIP heralds an alarm-
ingly high mortality, particularly in the nursing home set-
ting (4, 5). Psychosis in PD has received increased atten-
tion because of the demonstrated efficacy of clozapine 
(CLZ) in treating this problem (6, 7) and the availability 
of other alternative “atypical” antipsychotic medications 
that have been proposed as safe and effective alternative 
to CLZ. There has also been growing recognition that 
psychosis, its impact on the treatment of motor symp-
toms, and its interaction with cognitive dysfunction rep-
resent a major unmet need in the treatment of advanced 
PD. The history, clinical features, and mechanisms of DIP 
in PD, recent literature concerning the treatment of DIP, 
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and a practical approach to its treatment are reviewed 
below. Two other related behavioral syndromes in PD, 
mania and hypersexuality, are also discussed.

TERMINOLOGY AND HISTORY

The terms “levodopa psychosis,” “drug-induced psycho-
sis (DIP),” and “dopaminomimetic psychosis” have been 
used interchangeably to describe several different psychi-
atric syndromes in PD. The broad application of these 
terms has hindered our understanding of the frequency, 
pathophysiology, and treatment of these disorders. It is 
clear that there are several distinct psychiatric syndromes 
with psychotic features that occur in PD. Friedman (8) 
has pointed out that it is probably more accurate to refer 
to these syndromes as the levodopa psychoses. However, 
levodopa is not the only drug capable of causing psycho-
sis. There are also questions as to whether psychosis is 
purely a dopaminergic phenomenon, so that the terms 
dopaminomimetic or levodopa psychosis may not be accu-
rate. However, for the most part, psychosis does occur in 
treated patients. This chapter uses the term DIP.

These syndromes are divided into two broad catego-
ries: those associated with a clear sensorium and those 
occurring on a background of confusion. Patients with a 
clear sensorium may suffer from hallucinations, delusions, 
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or both. By the criteria of the Diagnostic and Statistical 
Manual of Mental Disorders (DSM-III-R, these corre-
spond to an organic delusional syndrome or an organic 
hallucinosis, respectively (9). The organic confusional psy-
chosis is seen in patients with a clouded sensorium and 
can vary in intensity from a mild confusional state to a 
frank delirium. Although these terms are no longer utilized 
in DSM-IV, they are still useful in the discussion of psy-
chosis in PD. There is agreement that, although all these 
syndromes can be induced by dopaminergic medications, 
they are distinct in their epidemiology and pathophysiol-
ogy, including association with dementia and response to 
treatment (8, 10–12). The term DIP is used here to refer to 
psychotic symptoms (hallucinations and delusions) occur-
ring on the background of a clear sensorium.

A historical review of psychosis in PD from the prel-
evodopa era indicates that not all psychotic symptoms 
are drug-related. Coexistent and premorbid psychiatric 
disease can occur, including schizophrenia (8). Psychiat-
ric symptoms including psychosis can also be a promi-
nent feature of secondary parkinsonism, particularly the 
postencephalitic form (13). In dementia with Lewy bod-
ies (DLB), psychosis can be the presenting feature (14). 
However, the occurrence of hallucinations, delusions, and 
other psychotic symptoms as part of the natural history 
of PD is controversial, especially since there is a clear 
overlap between PD and DLB, leading to speculation that 
these are the same disease (15, 16).

In James Parkinson’s original description of the dis-
ease, he concluded, “...by the absence of any injury to the 
senses and to the intellect, we are taught that the morbid 
state does not extend to the encephalon (17).” This view 
of PD as a process that spares the intellect and psychologi-
cal functioning was held for almost a century. In 1903, 
Regis (18) categorized the mental disorders associated 
with parkinsonism and specifically mentioned depression 
as an early phenomenon and hallucinations as a symp-
tom associated with advanced disease. In 1922, a total 
of 140 patients with PD were reviewed in an attempt to 
exclude those with postencephalitic parkinsonism (19). 
Depression was found in these patients and was thought 
to be reactive in nature, but there was no mention of 
psychotic symptoms. Another review in 1923 presented 
several patients with “paralysis agitans” and prominent 
symptoms of psychosis (20). Early features such as sleep 
disturbance, withdrawal from social situations, and sus-
piciousness were mentioned. Also discussed were more 
dramatic symptoms such as paranoid delusions and even 
hallucinations, which were “...generally limited to the 
organic sensations and tactile sense...” (20). In 1950, 
Schwab et al. (21) described a number of psychiatric 
symptoms in “Parkinson’s disease” including paroxysmal 
depression, paranoia, and schizoid reactions. However, it 
is clear from a review of the case histories in this paper 
that all the patients described had a history of encephali-

tis, oculogyric crisis, or both and likely had postencepha-
litic parkinsonism rather than PD.

Fenelon et al., who reviewed the historical literature 
on PD, found evidence that hallucinations may be a part 
of PD itself, in the absence of pharmacologic treatment, 
particularly in those with late dementia or depression (22). 
Iit appears, therefore, that psychosis may have occurred 
in PD prior to the levodopa era. It must have been rare, 
however, and a number of these cases might have had sec-
ondary forms, especially postencephalitic parkinsonism.

During the initial levodopa trials in the 1960s, it 
became apparent that various psychiatric syndromes 
were occurring with a much higher frequency in treated 
than in untreated PD patients. Unfortunately it is difficult 
to determine the incidence with which these problems 
occurred because the early studies varied with regard to 
inclusion criteria, the dosages of levodopa employed, and 
the classification of the psychiatric side effects reported. 
Studies that included patients with postencephalitic par-
kinsonism reported incidences of psychiatric symptoms 
as high as 55% (23). Most of the studies reporting a 
significant incidence of psychosis used levodopa dosages 
in excess of 4 g per day or did not specify the specific dos-
ages used (24–31). On the other hand, Cheifetz et al. (32) 
reported no incidence of psychosis in 34 patients treated 
with 4 g per day or less. In addition, some authors included 
patients with preexisting psychiatric symptoms in their 
data while others excluded such patients. In reporting side 
effects, confusional states were sometimes lumped with 
other forms of psychosis, while other studies attempted 
to be more specific in their definitions.

Despite these limitations, Goodwin, in 1971, 
attempted to review the psychiatric side effects that 
occurred in 908 PD patients treated in the early clinical 
trials using levodopa (33). He found an average inci-
dence of 20%, but the range was quite large, 10% to 
50%. Confusional states including delirium were most 
common, with an overall incidence of 4.4%. Psychosis, 
including delusions and hallucinations, occurred with a 
frequency of 3.6%. These numbers are low but include 
only patient reports where the psychiatric side effects 
were clearly defined.

CURRENT EPIDEMIOLOGY AND 
RISK FACTORS

In the last 15 years, several studies have looked at the 
prevalence of hallucinations and psychosis among PD 
patients. Unlike older reviews on this topic, these studies 
reflect the modern era of PD treatment and the impact 
of the several adjunctive medications now available and 
in common use. Table 48-1 summarizes the results of 
8 publications since 1990 (1322 patients) (34–41). The 
results are fairly consistent with the average incidence 
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of psychotic symptoms, being 30.8%. All of these stud-
ies except one are based on movement disorder clinic 
populations and possibly overestimate the incidence of 
these problems due to selection bias. Fenelon et al. (40) 
found a particularly high incidence of 46% but included 
so-called minor symptoms of psychosis such as illusions 
and presence hallucinations. To avoid the problem of 
selection bias, Aarsland et al. (39) performed the first 
extensive community-based survey of patients with PD 
and found that 15.8% had active symptoms of DIP at the 
time of the survey and 9.8% had hallucinations. When 
asked whether the patient had ever had symptoms of DIP 
after the diagnosis of PD was made (lifetime prevalence) 
the frequency increased to 25%.

Recent reviews have recognized that all of the antipar-
kinsonian drugs in current use and not just levodopa are 
capable of causing DIP (1, 8, 10, 12). Individual reports on 
bromocriptine and pergolide have shown these agents to 
cause hallucinations, delusions, and confusional states with 
a frequency comparable to that of levodopa (42–45). 
The newest dopamine agonists, pramipexole and rop-
inirole, which are now in widespread use, have a similar 
tendency in advanced PD (46). However, in studies in 
early PD patients, when pramipexole and ropinirole were 
compared to levodopa, the agonists were associated with 
a higher frequency of DIP (47, 48). DIP has also been 
reported with other dopamine agonists such as cabergo-
line (49), lisuride (50), apomorphine (51), lergotrile, and 
mesulergine (52). Selegiline may be particularly likely to 
cause psychotic symptoms in susceptible individuals. This 
is most common when it is given concurrently with other 
antiparkinsonian medications (53, 54).

Nondopaminergic drugs are also known to cause 
psychosis in PD. Propranolol, which is occasionally used 
in PD to treat tremor, has been reported to cause hallu-
cinations (55). Amantadine, an NMDA antagonist, and 
anticholinergic drugs have also been associated with con-
fusional and nonconfusional psychotic syndromes in PD. 
When these drugs are given in isolation, the frequency 
of such problems is low (56, 57). However, when they 
are given in combination with dopaminergic medications, 
they are much more likely to cause an acute confusional 
psychosis (10–12, 58). The acute confusional syndromes 
seen with anticholinergic medications are more common 
in older or demented patients and can result in a frank 
delirium (12). Paradoxically, acute delirium has also been 
described with amantadine withdrawal in patients who 
had been treated chronically with this agent (59). It appears 
that this is particularly true if patients are demented and 
have been on doses of 300 mg or more per day.

The COMT (catechol-O-methyltransferase) inhibi-
tors are a novel class of antiparkinsonian medication 
whose beneficial effect is achieved through increasing the 
bioavailability of concomitantly administered levodopa. 
Tolcapone was the first of these agents to be approved 
for use in PD. In clinical trials, tolcapone was shown to 
dramatically increase the duration of action and potency 
of levodopa, resulting in improvement of motor fluc-
tuations (60, 61). Not surprisingly, patients treated with 
tolcapone experienced an increase in dopaminergic side 
effects, including hallucinations. Sometimes dramatic 
reductions in levodopa dose were required to treat this 
complication of tolcapone treatment (60, 61). Clinical 
practice has confirmed that tolcapone must be used with 
caution in patients prone to cognitive side effects from 
levodopa, and some patients will experience DIP for the 
first time when started on this medication.

Entacapone, another COMT inhibitor, was approved 
for the adjunctive treatment of PD in 1999. In clinical 
trials, hallucinations and other dopaminergic side effects 
have been encountered with a frequency similar to that 
seen with tolcapone (62).

Despite the fact that DIP is common, it has been 
clear since the early days of levodopa therapy that most 
patients do not experience this problem. Even in early 
reviews, the assertion is made that psychiatric side effects 
were much more likely to occur in patients with certain 
predisposing characteristics. Specifically, several authors 
mentioned dementia as a risk factor (28, 29, 33, 63). 
A confusional psychosis was thought to be particularly 
common in these patients. Other important risk factors 
mentioned in these early reviews were advanced age (30), 
premorbid psychiatric illness (28, 32, 33), and exposure 
to high daily doses of levodopa (32).

Several recent publications have also looked at the 
issue of risk factors for DIP. There has been consistent 
agreement that cognitive impairment (35, 36, 39–41, 64) 

TABLE 48-1
Frequency of Psychosis in Parkinson’s Disease: 

Summary of Recent Studies

AUTHOR, PATIENT NO. OF PERCENT

YEAR POPULATION PATIENTS PSYCHOSIS*

Factor,1990 Clinic 78 22%
Sanchez- Clinic 214 26%

Ramos, 1996
Barclay, 1997 Clinic 227 31%
Graham, 1997 Clinic 129 25%
Inzelberg, 1998 Clinic 121 37%
Aarsland, 1999 Population- 235 25%

based
Fenelon, 2000 Clinic 216 46%†
Holroyd, 2001 Clinic 102 29%

Total  1322 30.8%

* Some studies included lifetime and recent occurrence. 
Lifetime numbers shown.

† Included minor symptoms.
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and depression (35, 36, 39, 41, 64) are strong predictors 
of the development of hallucinations. More advanced 
age was found to be a risk in some studies (35, 39, 64) 
but not others (36, 65). Similarly, duration or severity 
of PD was associated with the presence of DIP in some 
reports (36, 40, 41, 64) but not all (35, 41, 65). Interest-
ingly, none of these recent studies found a correlation 
between levodopa dose and DIP. There has also been 
growing interest in disorders of sleep, not only as a risk 
factor for hallucinations (35, 40, 64, 66) but also as a 
clue to the pathophysiology of hallucinations in PD (67). 
Similarly, visual loss has been found in three studies to 
be linked to hallucinations in PD (40, 41, 68). Combined 
with the fact that visual hallucinations that occur in the 
visually impaired (Charles Bonnet syndrome ) (69) clini-
cally resemble those experienced by PD patients, these 
findings have fostered speculation that visual impairment 
may contribute to the pathophysiology of DIP (40, 64, 
70). In a recent prospective evaluation, the factors pre-
dictive of new-onset hallucination over a 1-year period 
were severe sleep disorder, visual impairment, and axial 
motor symptoms suggesting that involvement of the brain 
outside the nigrostriatal system is likely to increase the 
risk of psychosis in PD (71).

Although hallucinations can occur at any time in the 
course of illness, it is most commonly seen as a late com-
plication of PD in susceptible individuals. Goetz et al. (72) 
suggested that early-onset hallucinations (within 3 months 
of starting levodopa therapy) are not typical of idiopathic 
PD. Rather, the occurrence of hallucinations early in the 
course of levodopa treatment suggests the presence of 
premorbid psychiatric illness or an atypical parkinsonian 
syndrome such as DLB or Alzheimer’s disease with extra-
pyramidal signs.

There have been several attempts to evaluate the 
occurrence of genetic risk factors for hallucinations. A 
recent paper analyzing dopamine transporter gene poly-
morphisms found that a particular variant allele was more 
frequent in levodopa-treated PD patients experiencing dys-
kinesia and psychosis (73). The authors warned that this 
was a preliminary finding and that they could not exclude 
the possibility that other determinants such as ethnicity 
might account for the differences observed. Another group 
looked at the cholecystokinin (CCK) promoter polymor-
phisms. They found a trend toward more frequent repre-
sentation of CCK-T in combination with the CCKAR-C 
polymorphism in hallucinators, but the differences com-
pared to nonhallucinators were not significant (74).

CLINICAL FEATURES

The clinical features of DIP in PD are well defined and 
have been described in numerous publications. Visual 
hallucinations are the most common symptom (10), with 

recent estimates approximating 30% in treated individu-
als (see Table 48-1). Hallucinations can be defined as 
spontaneously fabricated perceptions occurring while 
awake (perceptions without stimulus). In PD, halluci-
nations usually occur on a background of a clear sen-
sorium; however, a concomitant confusional state is 
not uncommon in older or demented patients (10, 11). 
Usually, hallucinations are fully formed, nonthreatening 
images of people, animals, or inanimate objects and tend 
to be recurrent, stereotyped, and reflecting each patient’s 
past experience (10, 11). For most, the imagined figures 
seem familiar and friendly, such as family members or 
friends who have died, while for others, they appear to 
be innocuous strangers or foggy shadows seen in dim 
light. Some patients will see adults sitting around their 
home as if they belonged there. Others describe children 
wandering around the house. Another common scenario 
occurs when patients peer outside through a window 
and see children playing in the yard or men working 
(so-called kinetic scenes). One patient reported seeing a 
parade passing in front of her home on several occasions. 
Visions of animals are common. Cats, dogs, and other 
benign furry creatures are typical, but small bugs and 
reptiles might also be seen. Occasionally, there will be an 
erotic overtone to the visions (35), and about 28% of the 
time hallucinations will have a threatening or frightening 
quality (57). While the literature indicates that hallucina-
tions are mostly nocturnal, they can occur at any time. 
Hallucinations are typically brief, lasting seconds to min-
utes, with variable frequency. They may be in color or black 
and white and figures may occasionally be miniature.

Oddly, many patients will claim to realize the fab-
ricated nature of these images and yet describe them to 
family members and physicians in such neutral terms that 
they seem to be no more extraordinary than a visit from 
a neighbor. More severely affected patients may insist 
they are real, and hence the hallucinations will affect 
their behavior. One patient was setting rat traps while 
another was spraying bug spray to ward off the insects. 
The patients will often argue with their spouses about 
the real nature of the hallucinations. In most patients, 
hallucinations are fleeting and may disappear if they look 
directly at the image, move toward it, blink their eyes 
or try to touch it (35). In most cases, visions of people 
are silent and relatively passive. Patients without insight 
sometimes become frustrated because the hallucination 
(person) does not respond to their queries.

Two other forms of visual hallucinations have been 
well described. The “passage” hallucination is one seen out 
of the corner of the eye and passes by quickly. When the 
patient looks in that direction, it is usually gone. Another 
is the “presence” hallucination (extracampine). The patient 
usually has a sense that someone standing behind or nearby. 
Although they don’t actually see anyone, they describe it 
as if they had (35, 40, 75).
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Pure auditory hallucinations are rare in PD, but a 
secondary auditory component has been reported in up to 
40% of patients with visual hallucinations (37, 40). The 
auditory hallucinations are usually unrelated to the visual 
hallucinations despite their simultaneous occurrence. 
Auditory hallucinations accompanied visions in 8% of 
patients (38) and were described as human voices, which 
were “nonimperative, nonparanoid, and often incom-
prehensible” like the background of voices at a party. 
In our clinic, two patients described hearing music peri-
odically, unconnected to their other hallucinations. Both 
claimed that the music was of a particular style but could 
not identify a specific tune. One of these patients heard 
music along with muffled voices that seemed to emanate 
from the air-conditioning ducts in her house. She actually 
attempted to tape-record the sounds and play them back 
for her husband, who could not hear them. In prior stud-
ies, music was heard in 14% of patients (38, 40).

Other hallucinations have been reported. Tactile 
and olfactory hallucinations can occur but are extremely 
rare. Friedman et al. reviewed the data collected on 
160 patients in two separate controlled clinical trials on 
the treatment of DIP in PD (76). In one study 9% of 
patients and in another 22% reported olfactory halluci-
nations; 21% and 24% reported tactile hallucinations, 
respectively. A patient with tactile hallucinations is often 
seen to be taking something out of his or her hand and 
putting it down. This is more likely to occur in those 
with dementia. In one report, a patient was described as 
“...feeling as if her bowels and bladder extruded from 
the distal parts of her upper limbs” (77). The authors 
interpreted this as a somatic hallucination of visceral 
origin (cenesthetic hallucination). True illusions, which 
are distortions or misperceptions of actual visual stimuli, 
can occur in some patients but are less common than true 
hallucinations (57). Typically, patients will report seeing 
faces in patterned fabric, misinterpret a curtain blown 
by the wind as a person moving or mistake crumbs on 
a tablecloth for small bugs. One patient intermittently 
reported that other people’s faces appeared to be distorted 
in grotesque ways. Illusions often occur in patients who 
also experience bona fide visual hallucinations (40).

Hallucinations in PD are quite different from the 
well-known hallucinatory syndromes seen with mind-
altering drugs. Absent are the flashing lights, elaborate 
shifting patterns, and bizarre distortions of time and space 
seen with illicit hallucinogenic drugs (78). Synesthesias 
such as seeing sounds as colors also do not occur in PD.

Abnormal dreaming and sleep disturbances seem 
to be closely related to the presence of hallucinations 
and other drug-induced psychiatric phenomena in PD 
patients. Nausieda et al. (79) showed that 98% of 
patients with psychiatric side effects from their medica-
tions also experienced sleep disturbance in the form of 
sleep fragmentation, excessive daytime sleepiness, altered 

dreams or parasomnias such as sleep talking, sleepwalk-
ing, and nocturnal myoclonus. They also found that 
hallucinations occurred in 39% of patients with sleep 
disturbance and only 4% of patients with normal sleep 
patterns. Indeed, it is not unusual for hallucinations to 
blend indistinguishably with dream phenomena possess-
ing similar themes (11).

Delusions are not as common as hallucinations in 
PD, but they usually constitute a more serious problem for 
the patient and physician because their occurrence carries 
a greater risk of injury, hospitalization, or even suicide. 
Delusions are false beliefs based on incorrect inference; 
they are held despite evidence to the contrary and are not 
ordinarily accepted by other members of one’s culture (9). 
In PD, delusions are usually paranoid in nature. They 
most often occur on a background of a clear sensorium 
without other elements of a thought disorder, as seen in 
schizophrenia (11). They can occur as a side effect of any 
of the currently used antiparkinsonian medications (10). 
Klawans (11) indicated that about 3% of patients treated 
with levodopa for 2 or more years experience this type of 
organic delusional syndrome. Friedman et al. (76) found 
that the most common delusional themes reported by 
patients with DIP participating in a clinical treatment trial 
involved stealing, spousal infidelity, abandonment, and 
the conviction that their spouse was an imposter or that 
they were not in their real home. Delusions of spousal 
infidelity and elaborate conspiracies on the part of family 
members and even physicians are particularly common. 
Other examples include fears of being injured, poisoned, 
filmed, and even delusions of grandeur.

Delusional misidentification syndromes are also 
described. The belief that family members or friends have 
been replaced by identical-appearing impostors (Capgras 
phenomenon) or a familiar person appearing in the guise 
of a stranger (Fregoli syndrome) has been reported (80). 
One patient, who was an artist, thought his paintings 
were being stolen and replaced by reproductions. Another 
delusional syndrome rarely described in PD is Cotards 
syndrome (81). It is a fixed and unshakable belief that 
the person does not exist. Another interpretation is that 
the person thinks that he or she is dead. Jenkins and 
Groh described one such case in 1970 (30). This patient 
became psychotic and had the delusion that her husband 
was dead. “It was pointed out to her that she had been 
speaking to him; thereupon she developed the delusion 
that she herself was dead.” Factor and Molho reported 
a similar case (82). The patient was admitted by ambu-
lance to the hospital because she was immobile. She had 
stopped taking her PD medications; when asked why, she 
claimed that she was dead and no longer had need for 
them. Her syndrome reversed with quetiapine therapy 
and PD medications were reinstituted.

Psychosis in PD is very different from that of schizo-
phrenia. Verbal commands and ego-dystonic critical 
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commentaries are usually not seen. Holroyd reported 
on 102 PD patients with DIP, none of whom had a 
schizophrenic-like syndrome (41); but this does occasion-
ally occur. Two such cases have been reported (82), both 
with advanced PD. One heard voices telling her that she 
would be punished by having her PD medications with-
drawn. This was very frightening to her, since her “off” 
times were characterized by severe immobility. The other 
patient was hearing the voice of God commanding her to 
stop all medications or she would be punished. Neither 
patient had typical visual hallucinations or was demented 
and neither had a history of premorbid psychotic disease. 
One was hospitalized. Both were treated successfully with 
atypical antipsychotics.

MECHANISMS OF PSYCHOSIS

The pathophysiology of DIP in PD is poorly understood. 
In some patients, medications precipitate acute psychi-
atric symptoms by unmasking a premorbid psychiatric 
state. This has been shown to occur in schizophrenics (83) 
and patients with manic-depressive illness (33) who were 
exposed to levodopa. For the majority of PD patients, 
however, there is no premorbid psychiatric disorder. 
Thus, other characteristics peculiar to PD patients, PD 
medications, or both must be important.

It has been known for many years that drugs that 
are structurally similar to dopamine, such as lysergic acid 
diethylamide (LSD), mescaline, and amphetamine, can 
cause elaborate hallucinations and other psychotic symp-
toms in otherwise healthy individuals (83). The discovery 
that levodopa could also precipitate psychiatric symptoms 
in animals and humans coupled with the dramatic efficacy 
of dopamine receptor blockers (neuroleptics) in treating 
endogenous psychosis has formed the basis for the dopa-
mine theory of psychosis (83). Clinical evidence that sup-
ports this hypothesis includes the de novo, dose-related 
appearance of hallucinations in PD patients treated with 
levodopa, the reliable disappearance of these symptoms 
with dose reduction. and the efficacy of traditional neu-
roleptics in treating this problem.

More recent theories have been based on the altered 
dopamine receptor physiology associated with PD and 
the varied effects of dopaminergic drugs on different 
dopamine-mediated systems in the brain. It is well known 
that dysfunction of the nigrostriatal dopamine system and 
the resulting insufficiency of dopamine at the receptor 
sites of otherwise normal striatal neurons is responsible 
for the motor symptoms of PD. This process also results 
in denervation hypersensitivity of striatal dopamine 
receptors. The early appearance of psychotic symptoms 
in patients treated with dopaminergic medications has 
been attributed to stimulation of these hypersensitive 
receptors (57).

In order to explain the late appearance of psycho-
sis in PD, Klawans et al. (84) introduced the concept of 
levodopa-induced dopamine receptor hypersensitivity. 
They demonstrated in animal models that chronic stimu-
lation of dopamine receptors can cause stereotyped behav-
ior to appear with subthreshold doses and with a shorter 
latency than in animals not chronically exposed to dopa-
minergic stimulation. Chronic exposure to dopamine ago-
nists causes hypersensitivity of dopamine receptors rather 
than the expected result, downregulation. In applying this 
model to levodopa-induced psychosis, Moskovitz et al. 
(57) proposed that two populations of dopamine-sensitive 
neurons exist in the striatum and limbic cortex. These 
are the dopamine-facilitated and dopamine- inhibited 
neuronal populations. Dopamine-inhibited neurons pre-
dominate in the striatum and exhibit downregulation and 
hyposensitivity with chronic dopaminergic stimulation. 
On the other hand, dopamine-facilitated neurons respond 
to chronic stimulation by becoming hypersensitive. These 
observations suggest that this dopamine-facilitated neu-
ronal population might predominate in limbic cortex and 
thus be responsible for the psychotic symptoms seen with 
chronic levodopa treatment.

Although the literature supporting the central role 
of dopamine in DIP seems compelling, Goetz et al. cast 
doubt on this concept (85). They gave 5 nondemented 
PD patients with daily visual hallucinations high-dose 
intravenous infusions of levodopa utilizing both steady 
and pulse infusions paradigms. None of the patients 
experienced hallucinations in response to the infusions, 
but some did experience an increase in dyskinesia. The 
investigators concluded that “Visual hallucinations do 
not relate simply to high levels of levodopa or to sudden 
changes in plasma levels.” This conclusion is enhanced by 
epidemiologic studies showing no relationship between 
daily dose of levodopa and hallucinations (35, 40)

Dysfunction of central serotonergic pathways has 
also been explored as a cause of DIP. Postmortem stud-
ies have shown that patients with this complication have 
lower brainstem levels of serotonin (79). In addition, 
acute administration of levodopa reduces brain sero-
tonin levels by several possible mechanisms. Including 
interference with the transport of L-tryptophan across 
the gut and blood-brain barrier, inhibiting tryptophan 
hydroxylase, and replacing serotonin in presynaptic 
storage sites, leading to increased dopamine formation 
(33, 79). In animals, levodopa caused a decrease in 5HT 
levels but increase in 5HIAA, suggesting an increase in 
release and turnover of serotonin that, in turn, leads to 
increased receptor stimulation (86). Dysfunction of sero-
tonergic systems is also suggested by the frequent associa-
tion of DIP with sleep disturbance and altered dreaming, 
both of which are thought to have a serotonergic basis 
(35, 66, 79). Comella et al. (87) compared PD patients 
with and without hallucinations using polysomnogaphy 
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and found that hallucinators had reduced sleep effi-
ciency, reduced total rapid-eye-movement (REM) sleep, 
and reduced percentage REM sleep. In another study, 
24-hour ambulatory polysomnography was performed 
on 20 PD patients experiencing visual hallucinations (67). 
A close temporal link between 33% of the hallucinations 
and the occurrence of non-REM sleep during the day or 
REM sleep patterns at night was found. These findings 
suggest that serotonergic neural mechanisms involved in 
generating sleep and dream phenomena may play a role 
in the occurrence of DIP in PD. The serotonin hypothesis 
is further strengthened by data showing that ondansetron, 
a selective 5HT3 receptor antagonist, markedly improved 
psychotic symptoms in PD patients (86).

Cholinergic pathways have also been implicated. Older 
studies (88) suggested this possibility because of the occur-
rence of hallucinations as an adverse event to anticholiner-
gic drugs, implying that anticholinergic drug therapy was 
a risk factor for the occurrence of psychosis, additionally, 
cholinergic deficiency was described in the brains of such 
patients. The recent finding that cholinesterase inhibitors 
provide relief of psychosis in PD also supports this pos-
sibility (89). Perry and Perry (90) advocated a more com-
prehensive appreciation of the role of cholinergic pathways 
in the organization and maintenance of normal conscious-
ness. Based on findings in DLB, they propose that decreased 
cortical acetylcholine leads to breakdown of the boundaries 
maintaining the clarity of normal conscious thought. This, in 
turn, results in intrusion of subconscious intrinsic thoughts 
and sensory phenomena into consciousness, i.e., hallucina-
tions and delusions.

Further insights into the pathophysiology of halluci-
nations have come from studies that suggest that halluci-
nations occurring in PD are similar to those of the Charles 
Bonnett syndrome (40). This syndrome, first described 
in 1769, describes fully formed hallucinations in patients 
who are blind from macular degeneration or other causes. 
Hallucinations occur in 21% of blind patients (68). It is 
thought to result from denervation hypersensitivity of 
the visual cortex (69). PD patients may be prone to this 
phenomenon because they develop retinal disorders with 
abnormalities of contrast-sensitivity measures and have a 
number of age-related problems such as macular degen-
eration. Fenelon et al. found that ocular pathology in PD 
was an independent risk factor for hallucinations (40). 
Functional neuroimaging in hallucinating PD patients has 
also demonstrated decreased activation in occipital, pari-
etal, and temporoparietal regions and increased activity 
in the region of the frontal eye fields, suggesting more 
widespread dysfunction of the visual axis (91).

There has been some success in elucidating the func-
tional neuroanatomy of hallucinations in parkinsonian 
disorders, although results have varied. Harding et al. 
(92) systematically reviewed the clinical features and neu-
ropathologic findings in 63 patients with DLB or PD with 

dementia. They found a striking association between the 
density of Lewy bodies in the temporal lobe and the pres-
ence of hallucinations in patients with DLB. The density 
of Lewy bodies was particularly high in the amygdala 
and the parahippocampus. These regions are also impor-
tant for dementia and the overlap is obvious. This paper 
looked specifically at DLB, a disorder of dementia, and 
parkinsonism. The fact that psychosis is so much a part 
of this disorder brings up the question of what the rela-
tionship is between dementia and its associated pathol-
ogy and the occurrence of hallucinations. Dementia is 
the most robust risk factor for onset of hallucinations 
in PD, and hallucinations represent a possible risk fac-
tor for dementia (5, 35). Dementia may be a necessary 
comorbidity because it may promote misinterpretation of 
visual stimuli. In DLB, hallucinations often occur without 
medications, but otherwise the hallucinations are similar 
in both diseases. Indeed, it may be that Lewy body pathol-
ogy itself is specifically associated with hallucinations in 
parkinsonian disorders. Strongly supporting this is a large 
retrospective autopsy study showing visual hallucinations 
to be specific to Lewy body parkinsonism as opposed to 
other pathologic forms of parkinsonism (93).

Other regions may play an important role in the 
onset of hallucinations in PD. In one report, visual hallu-
cinations were reliably induced by deep brain stimulation 
of the subthalamic nucleus (STN-DBS) in a postsurgi-
cal PD patient who was off medications (94), suggest-
ing a role of the STN. There is increasing evidence that 
altered occipital lobe function may also be important. 
Using functional magnetic resonance imaging (fMRI), 
Goetz et al. (91) found that PD patients with chronic 
hallucinations respond to visual stimuli with prominent 
cingulate cortex activation and loss of the expected 
visual cortex activation seen in normal individuals. The 
decreased occipital activity is also shown in positron 
emission tomography (PET) studies of PD dementia 
and DLB (95, 96) and with MRI spectroscopy, showing 
a diminished N-acetylaspartate peak in PD dementia (97). 
One study with fMRI suggested that different regions are 
abnormal depending on the type of hallucinations. For 
instance, facial hallucinations were associated with tem-
poral lobe abnormalities, while objects and kinetic scenes 
were associated with occipital lobe changes (98).

The task of assimilating the various neurochemi-
cal, neuroanatomic, and treatment-related factors pre-
sented here into a single coherent explanation of the 
pathophysiology of psychosis in PD seems daunting. 
However,  Diederich et al. (70) have made an attempt by 
incorporating these disparate findings into the theories 
of consciousness developed by Hobson (99). They sug-
gest that visual hallucinations result from the dysfunction 
of cortical and subcortical systems responsible for the 
proper gating and filtering between external conscious 
perception and internal image production. Additionally, 
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neurochemical changes in the brainstem are postulated 
to enhance the emergence of internally generated images 
via the ponto-geniculo-occipital system (cholinergic) and 
the intrusion of REM dream imaging into wakefulness 
(serotonergic). Finally, impaired modulation and separa-
tion of these external and internal stimuli result from the 
effects of the cortical dysfunction associated with dementia 
and exogenous dopaminergic overactivation of mesolimbic 
systems.

TREATMENT OF PSYCHOSIS

General Considerations

There are some PD patients with psychotic symptoms 
who do not require antipsychotic therapy. Those patients 
with hallucinosis on the background of a clear sensorium 
may not need or want therapeutic intervention, especially 
when the hallucinations are intermittent, brief, nonthreat-
ening, and the patient has preserved insight. In fact, some 
patients actually claim to gain pleasure from the symp-
toms. These patients should be watched carefully, how-
ever, since escalation of psychotic symptoms may occur.

In patients with a sudden onset of psychotic symp-
toms, it is important to investigate for triggering events, 
such as urinary and pulmonary infections, metabolic 
disturbance, cerebrovascular events, or traumatic brain 
injury. Treatment of these underlying conditions is para-
mount and may be sufficient. Postoperative psychosis is 
another situation that may not require specific therapy. In 
one study (100), psychosis occurred in 60% of PD patients 
who had surgical intervention. Other possible causes of 
postoperative psychosis include the effects of anesthetics, 
pain medications, alteration in environment, and super-
imposed metabolic encephalopathy or infection.

If the patient has DIP and requires intervention, the 
first step is to decrease PD medications; this remains stan-
dard practice. It is clear that lowering medication dosages 
can be helpful and is usually well tolerated. Marsden 
and Fahn (101) suggested decreasing and then removing 
adjunctive medications before lowering levodopa. How-
ever, as medications are stripped away one by one and 
psychosis persists, eventually the patient will experience 
intolerable worsening of motor symptoms. It is at this 
point that the addition of antipsychotic medication is 
usually considered.

In the 1970s and early 1980s, some physicians uti-
lized the “drug holiday” to treat PD patients with vari-
ous late complications including psychosis. Medications 
were typically withdrawn for 5 to 14 days, and this led to 
significant physical disability (102–103). Many patients 
became bedridden, unable to move or even swallow. As 
Friedman noted (106) this was “not a holiday in the 
usual sense.” It is now well recognized that there are 

major drawbacks to the drug holiday. First, it requires 
long-term hospitalization, which is costly. More impor-
tantly, patients have the terrifying experience of becoming 
profoundly immobile. Nursing care must be meticulous 
to prevent complications, which may include decubitus 
ulcers, compression neuropathies, contractures, aspira-
tion pneumonia, deep venous thrombosis, pulmonary 
embolism, and depression (102). In addition, the sud-
den cessation of dopaminergic medications can lead to 
a potentially lethal syndrome similar to the neuroleptic 
malignant syndrome (102). Considering the gravity of 
these complications, such a drug holiday should not be 
promoted as a routine therapeutic measure and, in fact, 
has been abandoned in most medical centers.

Drug therapy for DIP in the past also included stan-
dard neuroleptics, particularly low-potency agents (101). 
Marsden and Fahn (102) indicated that although the use 
of these agents was “illogical,” the addition of a small 
dose of thioridazine could allow a compromise between 
the relative disability imposed by psychosis or immobility. 
However, in most cases neuroleptics, including thiorida-
zine, cause marked exacerbation of PD symptoms (103).

Treatment with Clozapine

Clozapine (CLZ) is a unique drug for the treatment of DIP 
in PD patients. It is an “atypical” antipsychotic because 
it does not cause increased in muscle tone and postural 
abnormalities in laboratory animals (104) and is associated 
with minimal risk of drug-induced parkinsonism, dystonia, 
and akathisia (103, 104). CLZ can effectively treat psycho-
sis without causing parkinsonism, which led to the initial 
attempts to use this drug in PD. The safety and efficacy 
of CLZ in PD patients with DIP has been demonstrated 
in numerous open-label studies (105). This accumulated 
experience with CLZ has been remarkably uniform and 
has shown that it can be used in small, well-tolerated doses 
to rapidly reverse symptoms of psychosis.

In 1999, the results of two multicenter, 4-week, 
double-blind, placebo-controlled trials were published; 
these confirmed the results seen in previous open-label 
trials. The first was a North American trial organized by 
the Parkinson Study Group (6, 7). In this study, 30 patients 
with DIP were treated with CLZ and 30 were randomized 
to placebo. CLZ was started at a low dose of 6.25 mg at 
bedtime and increased as needed according to a standard-
ized schedule to a maximum dose of 50 mg. Psychotic 
symptoms were measured with (a) a 7-point clinical global 
impression scale (CGI); (b) the Brief Psychiatric Rating 
Scale (BPRS); (c) a modified form of the BPRS to remove 
4 items thought to be more reflective of parkinsonism than 
psychosis; and (d) the Survey Assessment of Positive Symp-
toms (SAPS). The motor subscale of the Unified PD Rating 
Scale (UPDRS) was used to assess worsening of parkinson-
ism. Psychotic symptoms were significantly improved in 
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the CLZ group compared to placebo at a mean dose of 
27 mg per day without worsening of motor function. The 
double-blind study was followed by a 3-month open-label 
extension that confirmed this effect (7). These results were 
confirmed in a second double blind, placebo-controlled 
study organized by the French Parkinson Study Group 
(106), which used a similar methodology and found very 
similar results. This drug remains the only one proven 
with controlled trials to improve DIP without worsening 
motor symptoms. Sedation is the most common side effect 
with CLZ, but its occurrence should be used to therapeutic 
advantage. Frequently, patients with DIP also have sleep 
disruption and some degree of reversal of their normal 
sleep-wake cycle. These patients often spend nights awake, 
agitated, hallucinating, and engaged in paranoid behav-
iors. As a result, they will be sleepy and more disoriented 
the next day. Caregivers also become sleep deprived, emo-
tionally stressed, and physically exhausted. When CLZ 
therapy is started as a bedtime dose, the most dramatic 
initial benefit is usually restored sleep and normalization 
of the sleep-wake cycle. This is greatly appreciated by all 
involved and is generally also a sign that the CLZ dose is at 
or very near an effective antipsychotic dose. Dosing should 
begin at 6.25 mg at bedtime and increase every few days by 
6.25 to12.5 mg. Most patients will obtain benefits with 50 
mg or less. Occasionally acutely psychotic patients need to 
be given doses as high as 150 to 200 mg per day until their 
symptoms are under control. Then, a smaller maintenance 
dose can be used to prevent recurrence. Some patients on a 
single bedtime dose will experience breakthrough symptoms 
the next day, in the late afternoon or early evening. In this 
situation, a small additional daytime dose (usually  12.5 
mg) is sufficient. If sedation is a problem in the morning, 
the bedtime dose can be lowered or moved 1 to 2 hours 
earlier in the evening.

Once psychotic symptoms are adequately controlled 
and the patient is sleeping through the night, it is usu-
ally possible to carefully increase the dosage of antipar-
kinsonian medications to improve motor functioning. 
Small increases in daytime levodopa doses are possible, 
but it is best to keep nighttime doses to a minimum. 
Adjunctive medications such as dopamine agonists or 
MAO or COMT inhibitors will usually have been dra-
matically reduced in dose or eliminated prior to starting 
CLZ. These medications need to be used with caution in 
patients requiring antipsychotic therapy; they should be 
avoided in those with a significant dementia.

The adverse effect of most concern with CLZ is 
agranulocytosis. In 1975, the occurrence of 8 deaths from 
septicemia out of 16 patients who developed agranulo-
cytosis in Europe (103, 107) delayed the marketing of 
CLZ in the United States. The estimated risk of agranu-
locytosis in schizophrenic patients treated with CLZ is 
1% to 2% (108), which is higher than that associated 
with standard psychotropic medications. This figure is 

about the same in PD (7), indicating that this adverse 
effect is idiosyncratic and not dose-related. An apparent 
prodrome of 29 days characterized by a gradual decrease 
in white blood cell (WBC) count has been observed (108). 
However, precipitous drops in the WBC count from the 
normal range can also occur.

Current guidelines in the United States require 
weekly monitoring of WBCs for the first 6 months of 
CLZ therapy, every other week monitoring for the next 
6 months, and monthly monitoring thereafter. It is rec-
ommended that therapy be interrupted when the WBC 
count drops to less than 3000/mm3 or the absolute neu-
trophil count drops to less than 1500/mm3. These patients 
may be rechallenged with CLZ but must undergo weekly 
blood testing for the first 12 months. Permanent discon-
tinuation is recommended if the WBC count drops below 
2000/mm3 or the absolute neutrophil count declines to 
less than 1000/mm3. Also, patients with a baseline WBC 
count of less than 3500/mm3, a neutrophil count of less 
than 2000/mm3, or a history of immune deficiency should 
not be treated.

Apparently, these guidelines have been effective in 
reducing the risk of agranulocytosis. Honigfeld et al. 
(109) reviewed the incidence of agranulocytosis in 
99,502 patients treated with CLZ according to these 
guidelines between 1990 and 1994. They found that 
382 cases of this condition (0.38%) and 12 deaths had 
occurred; this was dramatically reduced from the 995 
cases of agranulocytosis and 149 deaths that would have 
been predicted based on the preguideline incidence of 
1% to 2%.

Other hematologic side effects that may occur with 
CLZ include mild asymptomatic eosinophilia, chronic leu-
kocytosis that may be associated with a low-grade fever, 
and lymphopenia (less than 600 lymphocytes/mm3), which 
is usually asymptomatic or may be associated with diar-
rhea and fever (104). The etiology of these problems is 
unknown (110). One other adverse event of concern is 
neuroleptic malignant syndrome. Although CLZ causes 
few extrapyramidal side effects, neuroleptic malig-
nant syndrome has rarely been reported. One case was 
described in a patient with CLZ who was receiving car-
bamazepine therapy and the other in a patient with CLZ 
who was on lithium therapy (111).

CLZ can cause several other adverse effects in PD. 
Sialorrhea and delirium are the most frequent after seda-
tion (8, 104). These appear to be dose-related adverse 
events and are a common cause of dose limitation. Ortho-
static hypotension can also be a problem with PD patients, 
since many already suffer from this problem, caused either 
by PD medications or autonomic dysfunction. Seizures are 
of concern in schizophrenics, occurring in up to 4% of 
these patients (104, 112, 113); this is related to electro-
encephalographic (EEG) changes, which have been well 
described. Both seizures and EEG changes are dose-related 
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phenomena. This would explain why no seizures have 
thus far been reported with the low doses used in PD. The 
incidence of seizures is less than 1% at doses under 300 
mg per day, 2.7% at daily doses of 300 to 600 mg, and 
4.4% at doses greater than 600 mg per day (112).

Serious but rare medical complications associated 
with CLZ use include venous thromboembolism (114), 
myocarditis (115, 116), and possibly sudden death (117). 
There have also been several reports of poor blood sugar 
control in diabetics and the increased risk of new-onset 
type 2 diabetes (118, 119). These reports involved schizo-
phrenics treated with high doses. The same increases in 
blood glucose were not seen in a study of PD patients 
treated with much lower doses (120). Olanzapine and 
other neuroleptic medications have also been implicated, 
indicating that this may be a class effect (121–123).

The main obstacle to long-term success with CLZ 
therapy in PD is progression of underlying disease, par-
ticularly dementia. Greene et al. (124) found that of 
4 patients with marked dementia treated with CLZ, 
only 1 improved and the rest experienced adverse events. 
Factor et al. (125), in a long-term trial, showed that as 
dementia progressed [indicated by a decreased score on 
the in mini-mental state examination (MMSE)], psychosis 
began to reemerge and adverse effects became more of a 
dose-limiting problem. It is believed that nondemented 
patients can tolerate long-term therapy well.

Treatment with Other Atypical Antipsychotics

Safe and effective alternatives for the treatment of DIP in 
PD have been sought because of the small but significant 
risk of agranulocytosis associated with CLZ and the need 
for mandatory blood monitoring. Six additional antipsy-
chotic medications are now available that have “atypi-
cal” pharmacologic profiles and do not carry the risk of 

agranulocytosis. Four have been utilized in the treatment 
of PD; risperidone (RSP), olanzapine (OLZ), quetiapine 
(QTP), and aripiprazole (ARI). It is their atypical phar-
macology that makes these drugs potential alternatives 
for PD patients. But, what is the definition of “atypical”? 
This has not been clearly defined pharmacologically. CLZ 
remains the prototype of this class of drugs and is the drug 
to which all others are compared. It is distinguished from 
typical antipsychotic drugs by its strong antipsychotic 
effect coupled with freedom from extrapyramidal syn-
dromes. That is the clinical definition of “atypical.”

The features most often discussed as defining the 
atypical classification of drugs, based on the unique phar-
macology of CLZ, are listed in Table 48-2, along with an 
indication of how all currently available atypical agents ful-
fill these standards (126). It should be noted from this table 
that although RSP and OLZ share some features considered 
to define atypicality, it is QTP that is the most similar in 
these respects. However, at this point there does not appear 
to be a single pharmacologic trait that strictly defines this 
class of agents.

A compelling theory of the neurophysiologic basis 
of atypicality has been derived from studies examining 
the way in which CLZ interacts with dopamine recep-
tors. In vitro experiments using cloned human dopa-
mine D2 receptors have shown that CLZ and QTP are 
loosely bound and easily displaced from these receptors 
(127). All other antipsychotic drugs tested with this 
method—including RSP, OLZ, and traditional neurolep-
tics—show prolonged and tighter binding to D2 receptors 
(see Table 48-2). A second study utilizing in vivo PET 
scanning in 12 patients treated with QTP (128) demon-
strated only transiently high occupancy of dopamine D2 
receptors. It has been speculated that the atypical clinical 
and pharmacologic features seen most prominently in 
CLZ and QTP are due to this “loose” binding and fast 

TABLE 48-2
Summary of Distinguishing Characteristics of Atypical Antipsychotics

CHARACTERISTICS CLZ RSP OLZ QTP ZIP ARI

Fails to induce catalepsy
or antagonize amphetamine
stereotypies � � � � � �

Inc. 5HT/D-2 binding � � � � � �
No prolactin elevation � � � � � �
Mesolimbic selectivity � � � � ? �
Loose D2 binding  � � � � � �*
Improves negative symptoms � � � � � �
Decreased EPS � � � � � �
Not associated with TD � � � � ? ?

EPS � extrapyramidal side effects; TD � tardive dyskinesia; CLZ � clozapine; RSP � risperidone; OLZ � olanzapine; QTP � quetiapine; 
ZIP � ziprasidone; ARI � aripiprazole; * � has partial dopamine agonist effects as well as antagonist effects, Inc. � increased.
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dissociation from D2 receptors. In addition, it is thought 
that loose binding allows for a more physiologic response 
to surges in endogenous dopamine, thus preventing the 
usual neuroleptic side effects, such as drug-induced par-
kinsonism (129). This feature may also contribute to 
mesolimbic selectivity and may be the reason for a faster 
relapse of psychosis in schizophrenia when the drugs are 
discontinued.

Risperidone A summary of open-label studies published 
on the treatment of DIP in PD with RSP is shown in 
Table 48-3 (130–138). The first report of its effect in PD 
psychosis was an open-label trial in 6 patients reported in 
1994, the year it was approved for use in schizophrenia 
(130). The results were promising, as all patients dem-
onstrated improvement in psychosis, with total elimina-
tion in 3. No change in the UPDRS scores or levodopa 
dose was reported. Two subsequent publications reported 
contrasting results (131, 132). Both studies also treated 6 
patients and found that RSP had effective antipsychotic 
properties in PD, but parkinsonism worsened in 11 of 
the 12, even at low doses. Some patients became more 
confused. Meco et al. followed up their initial report, 
with longer-term experience (133). This time 7 out of 
10 subjects stopped using the drug within a year, despite 
improved psychosis in 9. Of the 3 patients had worsening 
of motor features, 2 dropped out. There have also been 
2 reports of RSP treatment for psychosis in DLB. A total 
of 6 patients were treated in the 2 studies; 3 experienced 
severe worsening of motor symptoms (134, 135).

Based on these reports and clinical experience, most 
PD specialists were in agreement that the use of RSP was 
not appropriate in this setting. Surprisingly however, 3 
recently published papers indicate positive experiences. 
Unfortunately each report has limitations that make 
the results difficult to interpret. Workman et al. (136) 

reported that 9 demented, agitated, psychotic PD patients 
in a psychiatric hospital did well on RSP when followed 
for a mean of 37 days. Since 3 of these had been on typi-
cal neuroleptics at entry into the study and none of the 
patients had their motor examinations rated formally, 
the authors’ conclusion that RSP did not worsen extra-
pyramidal symptoms could be questioned. In another 
report, Leopold (137) treated 39 parkinsonian patients 
(32 PD and 6 DLB) with a mean dose of 1.1 mg per day 
of RSP. Significant improvement in psychosis was seen 
in 23 patients and modest improvement in 10. Only 16 
patients completed the 6-month trial; among these, no 
worsening was seen in the UPDRS motor scores at 3 or 6 
months. However, of the other 23 patients, 6 were clini-
cally diagnosed as having DLB and experienced severe 
worsening of motor function. No information regarding 
the motor examination was provided for the remaining 
17 patients. In the most recent report, Mohr et al. (138) 
treated 17 patients with 0.5 to 2.0 mg per day over 12 
weeks and found a substantial improvement in psychotic 
symptoms and no statistical worsening in the UPDRS 
motor subscale. However, since 10 of the 17 patients 
reported “hypokinesia” as an adverse event, the conclu-
sion that RSP does not adversely affect the symptoms of 
PD is suspect.

In the only double-blind trial published on the 
use RSP in PD, by Ellis et al., compared RSP to CLZ in 
10 patients with PD and DIP (139). Both medications 
improved psychosis, but RSP worsened motor features, 
while there was an improvement with CLZ. Although 
these changes did not reach statistical significance, the 
authors advised caution in using RSP in this setting, indi-
cating that RSP is not well suited for use in PD.

Olanzapine The next “atypical” antipsychotic medica-
tion that became available for use in PD patients was 

TABLE 48-3
Summary of Open-Label Reports with Risperidone in the Treatment of Psychosis in Parkinson’s Disease

AUTHOR, YEAR NO. OF PATIENTS DOSAGE* PSYCHOSIS IMPROVED PD WORSENED

Meco, 1994 6 0.67 mg/day  6 0
Ford, 1994 6 1.5 mg/day  6 6
Rich, 1995 6 0.5–4 mg/day  4 5
Allen, 1995 3 0.5–1 mg/day 3 0
McKeith, 1995 3 1 mg/day 0 3
Meco, 1997 10 0.73 mg/day 9 3
Workman, 1997 9 1.9 mg/day 8 0 (est)
Leopold, 2000 39 1.1 mg/day 33 6
Mohr 2000 17 .5–3 mg/day 16 0†

* � dosage is given as a mean or a range.
est � estimated number based on available information in the publication.
† Of 17 patients, 10 reported “hypokinesia” as an adverse event and 1 withdrew due to worsening of gait.



VIII • TREATMENT ISSUES604

OLZ, which was approved for use in schizophrenia in 
1996. A summary of published open-label studies on 
the use OLZ in PD is shown in Table 48-4 (140–147). 
As with RSP, the initial report on the use of OLZ for 
DIP in PD was encouraging. Wolters et al. (140) found 
that OLZ was effective in 15 nondemented PD patients. 
No worsening of motor functioning was reported in this 
open-label prospective study. Unfortunately the subse-
quent literature concerning the use of OLZ in this setting 
has, once again, been less impressive. Several open-label 
studies found that disabling motor deterioration can be 
seen in some PD patients (141–143, 145–147). Our own 
experience with OLZ has also been disappointing. In a 
retrospective analysis of 12 patients we had treated with 
OLZ, symptoms of psychosis were improved in 9 patients 
(75%), but 9 patients (75%) also experienced significant 
motor deterioration (144). Only 1 of the original 12 sub-
jects was still using OLZ successfully after a year, but even 
that patient stopped the drug soon thereafter because of 
symptom worsening and recurrence of psychosis.

The reason for the disparity between the initial favor-
able results and subsequent studies is unclear but may relate 
to the differences in patient population and the method 
of dose titration used in these studies. Wolters et al. (148) 
suggested that the poor results reported in subsequent stud-
ies were related to the inclusion of patients with atypical 
parkinsonian syndromes and dementia. In addition, the 
starting dose of OLZ in Wolters’ report was 1 mg per day, 
which is less than half the initial dose of 2.5 to 5.0 mg per 
day used in subsequent studies (the lowest dose currently 
available in the United States is a 2.5-mg tablet).

Three well-designed double-blind trials using OLZ 
to treat DIP have been published, which resolved this 
confusion. In the first trial, Goetz et al. (149) compared 
OLZ to CLZ in blinded fashion. A total of 15 patients 
were randomized to one of the two drugs. Motor func-
tion was measured with the UPDRS at baseline and then 

weekly. After 15 patients completed the study (the study 
was powered for 28), an independent interim safety 
analysis was performed and safety-stopping rules were 
invoked because of significant worsening of parkinsonism 
in the OLZ group, where 6 of 7 patients withdrew. In 
the CLZ group there was actually a small improvement 
in UPDRS scores with no dropouts. The poor results in 
the OLZ group occurred despite the fact that patients 
with dementia were excluded. CLZ was more effective 
in improving psychosis. In the second trial, Ondo et al. 
(150) compared OLZ to placebo in 30 patients with PD 
and DIP. Psychosis did not significantly improve in the 
OLZ-treated patients compared to placebo. In addition, 
there was significant worsening of motor function (gait 
and bradykinesia) in the active treatment group. Most 
recently, the results of two large multicenter, randomized, 
placebo-controlled trials of OLZ in DIP were published 
together and reported strikingly similar results to the 
previous placebo-controlled trial (151). A total of 160 
patients were randomized between the two trials. There 
was no significant improvement in psychosis in the OLZ 
group when compared to placebo. Motor worsening was 
seen in both studies on several different measures of PD 
functioning, and these differences did reach significance. 
OLZ is not well suited for use in PD.

Quetiapine Perhaps the most promising “atypical” anti-
psychotic medication introduced as an alternative to CLZ 
for PD is QTP, which was approved for schizophrenia 
in 1998. A summary of published open-label studies is 
shown in Table 48-5 (152–162). Several open-label stud-
ies show that it appears to be effective in treating DIP 
in PD at doses of 50 to 400 mg per day, with minimal 
impact on motor features.

Fernandez et al. (158) reported the results of an open 
trial of QTP in 35 PD patients; of these. 24 were neuroleptic-
naive, while 11 switched from OLZ (3 patients) and CLZ 

TABLE 48-4
Summary of Open-Label Reports with Olanzapine in the Treatment of Parkinson’s Disease with Psychosis

AUTHOR, YEAR NO. OF PATIENTS  DOSAGE*  PSYCHOSIS IMPROVED  PD WORSENED

Wolters, 1996 15 6.5 mg/day 15 (est)  0
Jimenez, 1998  2 5 mg/day 1 2
Friedman, 1998 19 N/A 7 10
Friedman, 1998 12 4.4 mg/day 12 7
Weiner, 1998 21 5 mg/day 13 9
Graham, 1998 5 5 mg/day 5 4
Molho, 1999 12 6.3 mg/day 9 10
Stover, 1999 22 N/A 12 8

* Dosage is given as a mean or a range.
est � estimated number based on available information in the publication;
N/A� data not available.
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(8 patients). Of the neuroleptic-naive patients, 20 had a 
marked improvement or complete amelioration of psy-
chosis at 4 weeks that was maintained through 8 weeks. 
Ten patients had baseline and week 4 BPRS measures 
and significant improvement was observed. There was 
no worsening of parkinsonism. Of the 11 switched to 
QTP, only 5 made the transition easily. In the other 6, 
there was an increase in erratic behavior, confusion, and 
hallucinations. These patients had to be switched back 
to their prior therapeutic agent. The authors concluded 
that the drug was a good antipsychotic agent for PD 
but that transition from another antipsychotic may be 
difficult. In a follow-up study (159), 15 patients were 
gradually switched from CLZ to QTP over an 8-week 
period. Patients tolerated this slower change more easily, 
and 12 made the transition successfully and stayed on 
QTP. Motor features did not worsen except for a transient 
worsening of tremor in 4 patients.

In a larger cohort, Fernandez et al. also provided 
long-term data in 106 PD patients treated with QTP 
(161). The mean duration of therapy was 15 months, 
and the average dose of QTP was 60 mg per day. Psycho-
sis partially or completely remitted in 82%, while 18% 
did not improve. Some degree of motor worsening was 
seen in 32% of patients, but only 9% discontinued QTP 
because of this problem. The presence of dementia was 
associated with an increased likelihood of motor worsen-
ing as well as nonresponse in terms of psychosis.

In an open-label evaluation by Reddy et al. (160), 
43 consecutive PD patients with DIP (mean duration 13 
months) were treated with QTP at a mean dose of 54 mg. 
per day for a mean duration of 10 months. Of the total, 
81% (35 patients) had improvement of psychotic symp-
toms (23 complete amelioration and 12 partial); 5 patients 

(12.5%) experienced mild worsening of motor symptoms 
and 2 had to stop therapy. Twenty of the patients were 
demented and the rest were not. There was no difference in 
antipsychotic effect in both groups but mild worsening of 
motor symptoms was seen only in the demented group as 
measured by UPDRS. All five of the patients with definite 
worsening had some degree of dementia. None of the non-
demented patients had worsening of motor symptoms.

Unfortunately, much as with other potential alterna-
tives to CLZ, placebo-controlled clinical trials with QTP 
have been less positive. In one double-blind trial (163), 
31 patients were followed for 12 weeks and treated with 
up to 200 mg per day of QTP or placebo. No significant 
improvements were seen with QTP treatment on measures 
of hallucinations or psychosis. There was no significant 
worsening of UPDRS motor scores. In another double-
blind study, 58 patients were randomized and followed 
for 3 months (164). Again, no significant differences were 
seen between the two groups in measure of psychosis or 
PD motor function. Treatment had to be interrupted in 
15 of the original 30 patients randomized to QTP largely 
due to lack of perceived benefit (10 subjects) and because 
of side effects (3 subjects). In both reports, the authors 
concluded that larger controlled trials were needed to see 
whether these disappointing results are confirmed.

QTP appears to be less potent than CLZ in relieving 
psychosis. The dose may need to be pushed aggressively into 
the range normally used to treat schizophrenia (400 mg per 
day or higher) in some patients. Even then, some patients 
with DIP may not respond to QTP. An occasional patiently 
a patient has experienced a paradoxical worsening of agi-
tation and psychosis when QTP was added at the usual 
starting dose of 25 mg at bedtime. Increasing the dose only 
exacerbated the problem in these rare patients.

TABLE 48-5
Summary of Open Label Reports with Quetiapine in the Treatment of PD with Psychosis.

AUTHOR/REFERENCE YR # PATIENTS DOSAGE* # PSYCHOSIS IMP # PD WORSENED

Evatt 1996 10 50 mg/day 10 (est) 0
Parsa 1998 2 200,400 mg/day 2 1
Juncos 1998 15 70 mg/day 15 (est) 0
Juncos 1999 40 25-800 mg/day 40 (est) 8 (est)
Samanta 1998 10 37.5 mg/day 6 7
Fernandez 1999 35 40.6 mg/day 25 0
Friedman 1999 15 62.5 mg/day 12 4
Targum 2000 11 25-300 mg/day 6 0
Reddy 2002 43 54 mg/day 35 5
Fernandez 2003 106 60 mg/day 87 34
Juncos 2004 29 12.5-400 mg/day 18 NS

* dosage is given as a mean or a range
est � estimated number based on available information in the publication
NS � no significant worsening overall. Individual results not reported.
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The two newest “atypical” antipsychotic medications 
available are aripiprazole (ARI) and ziprasidone. The lit-
erature on the use of ziprasidone for DIP in PD is scarce; 
however, it has dopamine receptor binding similar to that 
of RSP and other typical antipsychotics and thus may have 
a similar impact on PD (127). One open-label 12-week trial 
of ziprasidone was reported in 12 patients with PD and 
psychosis. Ten patients reported a significant improvement 
in psychiatric symptoms, 2 patients withdrew because of 
adverse events, 2 patients had a 20% decline in UPDRS 
(part III), and 1 had gait deterioration (128). ARI has been 
viewed as promising because of its pharmacology as a 
partial dopamine agonist. However, the one large-scale 
controlled clinical trial using low-dose ARI for DIP in PD 
was ended early due to a high dropout rate and worsening 
of PD motor symptoms in some patients (165).

An experimental antipsychotic agent, ACP-103, is 
currently in phase 2 clinical trials and is being tested specifi-
cally in PD patients with DIP. This agent is an inverse ago-
nist without any dopamine receptor–blocking properties. 
In a small double-blind preliminary safety study, ACP-103 
was found to be safe and well tolerated in 12 PD patients 
(166). No worsening of motor symptoms was seen.

In April 2005, on the basis of the results of clinical 
drug trial adverse-event reporting (much of which was 
unpublished), the U.S. Food and Drug Administration 
issued a health advisory warning of an increased risk of 
death with the use of atypical neuroleptics in patients with 
dementia. In a published meta-analysis of randomized tri-
als, Schneider et al. (167) also found a small but signifi-
cantly increased mortality risk with atypical neuroleptics 
and no apparent distinction between the various agents. 
The authors recommended that this risk be considered in 
the context of medical need, efficacy evidence, medical 
comorbidity, and the relative lack of alternative treatments. 
Conventional neuroleptics are not safer in this regard when 
compared to atypicals (168). There are as yet no adequate 
data specifically for the PD population. However, in this 
special population a well-documented morbidity is asso-
ciated with the occurrence of psychosis in PD, including 
hospitalization and nursing home placement (3, 4). There 
are also substantial risks associated with the alternative 
approach of reducing PD medication to the point of immo-
bility, such as deep venous thrombosis, aspiration pneumo-
nia, falls, and loss of independence. At this point, a rational 
weighing of these risks still would seem to favor the careful 
use of CLZ or QTP in the treatment of DIP in PD.

Nonneuroleptic Therapies

Approaches to the treatment of DIP, other than atypi-
cal antipsychotic medications, have been used with some 
success. Ondansetron is one of these agents. It is a sero-
tonin (5HT3) receptor antagonist that was approved 
by the Food and Drug Administration in 1991 for 

chemotherapy-induced emesis. This drug has been uti-
lized successfully in the treatment of schizophrenia (169) 
and has only rarely caused dystonia or akathisia (170). 
It does not have significant dopamine receptor–blocking 
properties; presumably as a result of this, there have been 
no reports of ondansetron-induced parkinsonism. These 
features make this drug an appropriate candidate for use 
in PD and have led to early trials. Zoldan et al. (86) 
treated 16 PD patients with psychosis with ondansetron 
12 to 24 mg per day in open-label fashion. All but one 
patient experienced a moderate to marked improvement 
in psychiatric symptoms and the drug was well tolerated. 
In one additional study, these optimistic findings were not 
fully reproduced (171). Further studies of this drug are 
needed. However, a major obstacle to more widespread 
testing and use of this medication is its high cost.

The cholinesterase inhibitors have been investigated 
for their potential to treat cognitive and psychiatric symp-
toms in PD. Donepezil (DPZ), rivastigmine (RVS), and 
galantamine (GLN) have all been shown to be beneficial 
in mild to moderate Alzheimer’s disease in large double 
blind, placebo-controlled trials (172–174). The rationale 
for using these agents in parkinsonian disorders is based 
on the finding that more severe cholinergic deficits are 
seen in the neocortex of patients with DLB than are seen 
in Alzheimer’s disease (175). It is also thought that these 
agents might be better tolerated in PD than antipsychotic 
medications, since they do not block dopamine receptors. 
A theoretical concern has been that these agents might 
worsen motor features of parkinsonism by increasing 
cholinergic tone and upsetting the balance between ace-
tylcholine and dopamine in the brain.

The results of preliminary studies have been 
encouraging. Rivastigmine has been the most thor-
oughly studied of these agents. Initially, McKeith et al. 
(89) investigated the utility of RVS in DLB and reported 
improvements in delusions and hallucinations in a 
double blind, placebo-controlled trial involving 120 
patients. Patients were treated with up to 12 mg per day 
of rivastigmine for 20 weeks. The improvements were 
noted from subscores of the neuropsychiatric inventory 
(NPI) scale. In PD, 3 open-label trials examining psy-
chotic symptoms found similar improvements in a small 
number of patients (176–178). Significant worsening of 
motor symptoms was not seen in any of these studies. 
In the only large controlled clinical trial on the use of 
a cholinesterase inhibitor in PD dementia, Emre et al. 
reported the results of blinded, placebo-controlled treat-
ment with RVS in 541 patients over 24 weeks (179). 
Modest but significant improvements were found in 
cognitive function and psychiatric symptoms as mea-
sured by the NPI. An increase in tremor was seen in the 
active treatment group, but this was not reflected in any 
change in the UPDRS motor score. These benefits were 
sustained over an additional 24 weeks of open-label 
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treatment, but the meaningfulness of this is difficult to 
assess, since the number of patients with psychosis was 
small (2.1%) and the NPI was reported only as a total 
score and individual items reflecting hallucinations and 
delusions were not reported (180).

Donepezil was used to treat DIP in PD in 2 small open-
label studies (181, 182). Bergman and Lerner reported on 6 
patients with PD who were treated with 10 mg per day of 
donepezil for 6 weeks (181). Of these 6 patients, 5 experi-
enced “clinically significant” improvement in symptoms of 
psychosis. No worsening of motor symptoms was observed. 
Fabbrini et al. reported similar results in 8 nondemented 
PD patients with DIP. However, in this study 2 of the 8 
patients experienced worsening of motor function (40% 
and 60% respectively) as measured by the UPDRS (182). 
A single open-label trial has looked at the use of GLN in 
PD with dementia and DIP (183). Aarsland et al. treated 
16 patients for 8 weeks with 8 mg twice daily and found 
that hallucinations improved in 7 of 9 patients. Here too, 
some worsening of parkinsonism was seen in 3 patients, but 
a formal motor scale was not used, and it is unclear how 
significant the worsening was. Clearly larger, well-designed 
trials are needed to fully assess the utility and safety of these 
medications in this setting.

It has also been suggested that electroconvulsive ther-
apy (ECT) may be useful in the treatment of DIP (8,184). 
Hurwitz et al. (184) treated two PD patients suffering from 
chronic nonconfusional psychosis with bilateral ECT (1 
received 6 treatments and the other 3). This not only cleared 
the psychosis but also allowed for the use of higher doses of 
dopaminergic medications. After 5 months, 1 patient had no 
recurrence; at 6 months, the other had only occasional visual 
illusions. It is likely that patients with confusional states will 
not achieve the same benefit; in fact, confusion is considered 
a contraindication for ECT (8, 185). There also seems to 
be interest in using ECT to treat PD patients because of its 
ability to improve motor symptoms (186–188). It is believed 
that this improvement is due to an enhancement of dopa-
mine transmission caused by the ECT (189). It is hard to 
explain the antipsychotic effect of ECT on the background 
of increased responsiveness of dopamine receptors; Hurwitz 
et al. (184) suggest that improvement in psychosis may be 
due to nondopaminergic mechanisms.

The improvement of motor features of PD by ECT 
is most likely transient (186, 187). In addition, the anti-
depressant effects of ECT are also temporary; patients 
should be treated with antidepressant agents for long-
term maintenance. This would not make ECT a primary 
agent in the treatment of DIP in PD. The adverse effects 
of memory loss and delirium are also of concern. How-
ever, in those situations where CLZ does not improve 
psychosis or when significant side effects occur at dose 
levels that are otherwise ineffective, ECT can be used as 
an adjunct; then low-dose CLZ may help to maintain 
the benefit (190).

Treatment Summary

The treatment of DIP in PD can be approached in a 
stepwise fashion. First, it is necessary to search for and 
treat any triggering factors, such as infection, that may 
have precipitated decompensation in an otherwise stable 
patient. If no such triggers are present and the symptoms 
are mild, a modest reduction in antiparkinsonian medi-
cation dose will usually be sufficient. In more severely 
affected patients, the next step is to decrease or stop 
adjunctive medications. This should be done one drug at 
a time in order of decreasing risk-to- benefit ratio. If psy-
chosis continues, an attempt should be made to decrease 
the dose of levodopa. If there is an increase in disability, 
an antipsychotic medication will be required.

CLZ is the only antipsychotic medication that has 
been proven in controlled clinical trials to effectively 
control DIP without worsening parkinsonism. However, 
based on clinical practice and ease of use, QTP is a rea-
sonable alternative first-choice agent. It is usually started 
with a bedtime dose, and then daytime doses are added if 
necessary. If QTP is not effective or if side effects prevent 
further increases in dose, we recommend CLZ. Patients 
treated in our clinic have been given up to 400 mg/day 
of QTP without benefit and then responded to as little 
as 6.25 mg of CLZ. It is important to remember that 
PD patients are particularly prone to sedation with these 
medications, and therapy should be initiated with a low 
dose and increased in small increments. Frequent commu-
nication between physician and the patient’s caretakers 
is paramount during this difficult period. Once DIP is 
controlled, a smaller maintenance dose is usually possible 
and a careful optimization of antiparkinsonian medica-
tions can be attempted.

In the rare patient who does not respond to either 
of these medications, a trial of one of the other atypical 
agents may be justified, but the patient should be care-
fully monitored for worsening of parkinsonism. In PD 
patients with dementia, cholinesterase inhibitors may 
be a useful adjunct by helping to control both symp-
toms of psychosis and dementia. Occasional patients 
will not respond to the above measures and more drastic 
reductions in levodopa will be necessary. This will usu-
ally be associated with severe worsening of parkinson-
ism and should be done in a hospital setting under the 
supervision of a movement disorder specialist. Finally, 
in nondemented patients, a course of ECT can be used 
as a last resort.

LONG-TERM OUTCOMES

It has been suggested that, with the onset of hallucina-
tions, the prognosis of PD declines significantly. Several 
studies have examined the long-term outcome of patients 
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who have DIP. In addition, the question of whether treat-
ment with atypical antipsychotics alters the outcome of 
hallucinating patients has been addressed in a limited 
way. Two studies examined the outcomes of such patients 
prior to the availability of atypical agents. The first study, 
by Sweet et al. in 1976, looked at the outcome of 18 
PD patients followed for about 6 years (191). Of these, 
5 (27%) were placed in nursing homes, 5 (27%) died, 
6x (33%) were incapacitated but living at home, and 
only 2 (11%) were at home and semi-independent. In 
1993, Goetz et al. (3) performed a case-controlled study 
to specifically examine the most frequent reason for nurs-
ing home placement in PD. They studied 11 patients who 
had been placed and compared them to 22 who were still 
living at home. Hallucinations were significantly more 
common in patients placed in a nursing home and motor 
impairment and dementia did not differentiate between 
the 2 groups, indicating that hallucinations were an inde-
pendent cause of nursing home placement. This study 
was followed by a 2-year follow-up to examine outcome. 
All (100%) of the nursing home patients had died, with 
a mean duration of survival of 15.6 months (4). It was 
found that nursing home placement in these patients was 
permanent. These studies focused on hallucinations in 
relation to nursing home placement and likely involved 
the most severely affected cases.

Two studies have since examined outcome after the 
availability of atypical antipsychotics. In the first, Juncos 
et al. examined the long-term outcome of 27 PD patients 
treated with either quetiapine or clozapine for hallucina-
tions (192). Over the 36-month observation period, 50% 
were placed in nursing homes. Mortality of patients in 
nursing homes was 62%, compared with 52% in those 
still living at home. Finally, Factor et al. (5) evaluated 59 
patients who were originally enrolled in a double blind, 
placebo-controlled clinical trial examining CLZ therapy 
for DIP in PD. Long-term outcome data were collected a 
mean of 22 months after enrollment. These patients were 
more typical of those seen in practice, with most living at 
home, requiring antipsychotic therapy, and receiving clo-
zapine. Over the follow-up period, many switched to other 
agents or discontinued antipsychotics. They were not the 
most severe of these cases because enrollment included 
those who could withstand a month of placebo therapy. 
At baseline, 12% were living in a nursing home, 95% 
had hallucinations, and 60% had paranoia. On follow-
up, 25% were dead, nursing home placement occurred in 
42%, psychosis was persistent in 69%, and dementia was 
diagnosed in 68%. Of those in a nursing home, 28% had 
died over the 2-year period, including 2 of the 7 in a nurs-
ing home at baseline. Of those with persistent psychosis, 
97% had hallucinations and 27% had paranoia.

Comparison of the studies before and after the 
availability of atypical agents is limited, but there are 
data suggesting that they do have a positive effect on 

long-term outcome. The death rate in nursing home 
patients is clearly diminished, suggesting an improve-
ment in survival. In addition, the study by Factor et al. 
(5) demonstrated a significant decrease in the percentage 
of patients with paranoia, a symptom complex associated 
with increased nursing home placement. It is interesting 
that persistence (or lack) of psychosis at follow-up did not 
have an impact on the final outcome of these patients. A 
similar percentage of psychotic and nonpsychotic patients 
died, were placed in a nursing facility, were treated with 
antipsychotics, and became demented. This may suggest 
that the hallucinations themselves are not necessarily 
associated with a poor outcome but may be indicators 
of the development of a high-risk stage of the disease.

Factor et al. (5) also examined possible risk factors 
(from baseline data) that might predict poor outcome in 
PD patients with DIP. Older age and the presence of para-
noia were risk factors for nursing home placement, while 
older age and age of onset and lower baseline MMSE 
scores conferred greater risk for developing dementia. On 
the other hand, younger age of onset and longer duration 
of disease were risk factors for persistent psychosis.

In combination, the data indicated that older patients 
tend to end up in nursing homes with paranoia or to develop 
dementia with poor survival, while younger-onset patients 
tend to continue to have hallucinations and remain in the 
community. Our goal should be to alter the outcome of PD 
patients with DIP; the examination of predictors for the indi-
vidual outcome measures might lead to improved treatment 
approaches. This was the first study to determine modifiable 
risk factors that could lead to such an alteration.

MANIA

Mania (53, 193–198), hypomania (27, 33, 199), and 
euphoria (24, 193) have all been reported as side effects of 
dopaminergic medications. Goodwin (33) reported that 
the incidence of hypomania was 1.5% in 908 patients 
treated with levodopa. In 1972, the same group (200) 
treated 11 depressed non-PD patients with levodopa to 
evaluate its possible effects on depression. Six patients, all 
with a history of previous manic or cyclothymic behav-
ior, developed acute mania or hypomania when treated 
with 4 to 10 g per day. O’Brien and colleagues (201) 
reported an interesting man who developed episodes 
of inappropriate laughter and grandiosity occurring in 
cycles, approximately 90 minutes after each 6-gm dose of 
levodopa. Jouvent et al. (202) reported 2 of 10 patients 
with PD who developed hypomania on high doses of bro-
mocriptine. Mania also occurred in two non-PD patients 
treated with bromocriptine for postpartum suppression 
of lactation (196, 197). Both patients were taking bro-
mocriptine for approximately a week before developing 
manic symptoms. After the withdrawal of bromocriptine 
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and treatment with haloperidol for 3 to 7 days, all signs 
of mania were resolved. Euphoria developed in a single 
patient after pergolide was added to their previous medi-
cation regimen (193). Recently, acute mania was reported 
in PD patients taking selegiline (53, 198). Boyson (53) 
described 5 women with PD who developed acute mania 
when selegiline was added to their anti-PD medications. 
Two of these patients had previous symptoms of cyclo-
thymia but had not been diagnosed with this disorder. 
Mendez (203) described a single patient who became 
hypomanic on selegiline after adrenal cell transplantation. 
Other authors (198, 204) warned against the concomitant 
use of selegiline and antidepressants (especially fluoxetine) 
because of the possibility of precipitating acute mania. 
Recently, pramipexole has been noted to result in mood 
elevation in PD patients (205).

Mania, hypomania, and euphoria do not occur 
in untreated PD (12). These are rare, treatment-related 
adverse effects and have occurred in PD and non-PD 
patients treated with dopaminergic agents. Patients with 
previous signs of mania or hypomania may experience an 
acute exacerbation if given these medications.

HYPERSEXUALITY

Increased libido and return of penile erection after years 
of impotence have been reported in PD patients treated 
in early levodopa trials (25, 201). However, these cases 
were not associated with aberrant sexual behavior. Sub-
sequently, other investigators confirmed a renewed inter-
est in sex among patients treated with levodopa; in rare 
cases, this led to sexual desires out of proportion to their 
premorbid sexual profile and sexual activities outside per-
sonal and social norms (206). Some patients were reported 
to become voyeuristic or to experience a disinhibition of 
long-suppressed erotic fantasies involving public indecent 
exposure or sadomasochism (207). Some of these patients 
acted to fulfill their desires, causing great embarrassment to 
themselves and their families. In many of these patients, the 
increased sexual desire and preoccupation is not accompa-
nied by a return of sexual function, and impotence remains 
common among these individuals (206). This has led to 
compulsive self-stimulation in some patients, although 
others made constant requests of the spouse for genital 
stimulation even if orgasm could not be achieved.

Hypersexuality seems to be a rare complication of PD 
therapy and is estimated to occur in 0.9% to 3% of patients 
(33, 208). It is more common in men and has been reported 
to occur with all dopaminergic medications (10, 206), 
including recent reports on apomorphine (209), pramipex-
ole, and ropinirole (210). Uitti et al. (206) reported 2 cases 
of hypersexuality occurring in PD patients after thalamot-
omy. Some authors have reported an association between 
hypersexuality and psychosis or hypomania (33). However, 

patients without signs of either disorder have developed this 
problem (207). In addition, premorbid sexual behavior does 
not always predict the presence or absence of drug-induced 
hypersexuality (206).

Preoccupation with sex and erotic fantasy usually 
resolves when PD medications are reduced, but they are likely 
to resume if the patient is rechallenged with similar doses 
(206, 207). Low-potency neuroleptics have been helpful in 
treating some PD patients with this complication. However, 
as expected, their use has been limited by worsening of motor 
functioning (207). Experience suggests that CLZ or QTP 
can be used successfully in patients with problematic sexual 
behavior, many of whom also have some degree of DIP. 
Fernandez et al. reported a case of zoophilia (sexual contact 
with the family dog) precipitated by dopaminergic medica-
tions that responded to CLZ therapy (211). Cyproterone, 
an antitestosterone agent, was mildly beneficial in one male 
patient, but additional medications were ultimately required 
to control the uncharacteristic behavior (207).

The exact mechanism of how antiparkinsonian 
medications cause hypersexuality is not known. It would 
be reasonable to think that dopaminergic mechanisms 
are responsible, but there is no direct evidence for this. 
One recent report found fluctuating penile erection cor-
responding to peak-dose effects of levodopa (212), but 
this does not directly relate to aberrant sexual behav-
ior, particularly in patients who remain impotent. Uitti 
and colleagues (206) speculated that prolactin may play 
a role. They based this on the clinical observation that 
patients with prolactin-secreting tumors, who suffer a 
decline in sexual drive, can experience a reversal of this 
problem when given bromocriptine. Although hypersexu-
ality remains a rare psychiatric complication of the treat-
ment of PD, it can potentially limit therapy.

Impotence is reported in 40% to 60% of male PD 
patients, and sildenafil (Viagra) is used frequently by male 
PD patients with sexual dysfunction. There has been a 
report of 22 PD patients treated effectively with sildenafil 
without significant side effects (213). However, this medi-
cation needs to be prescribed with caution in PD because 
of the possibility that patients with impotence may also 
have some degree of DIP, hypersexuality, or deviant sexual 
behavior. The patient is unlikely to volunteer this informa-
tion in asking for sildenafil. Any PD patient considering 
treatment with sildenafil should be carefully screened for 
the presence of DIP or hypersexuality. Further, the patient’s 
sexual partner should be interviewed separately to be sure 
that he or she is also in favor of this treatment.
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Treatment of Dementia

diopathic Parkinson’s disease (PD) 
is a progressive, neurodegenerative 
condition characterized clinically 
by the motor features of bradyki-

nesia, tremor, rigidity, and postural abnormalities (1). 
As cognitive symptoms of PD gained wider recognition 
by clinicians, patients, and their families over the past 
2 decades, treatment of cognitive change has become a 
part of comprehensive care for the disorder. Unfortu-
nately, recognition of cognitive symptoms has outpaced 
the development of treatment options. However, the work 
done to date on the treatment of cognitive impairment in 
PD has laid the foundation for much needed future study 
in this area. Since the work thus far has focused on PD 
patients with dementia, treatment options are discussed 
in relation to this feature unless otherwise specified. The 
treatment of PD patients with early and mild cognitive 
changes will likely become an important area of research 
in the coming years, as the cause and character of these 
symptoms are better understood.

Understanding the relationship between neuropatho-
logical changes in PD and cognitive decline is an important 
guide to the development of rational treatment strategies. 
The neuropathology is characterized by loss of dopaminer-
gic cells in the pigmented nuclei of the brainstem. Cognitive 
deficits in PD are likely due to both degeneration of subcor-
tical ascending systems—involving loss of dopaminergic, 
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noradrenergic, serotonergic, and cholinergic function—
and the direct impact of disease on the cortex, indicated by 
the presence of Lewy bodies and degeneration of synapses 
and neurons leading to limbic and cortical Alzheimer dis-
ease (AD)-like changes (2–4). Parkinson’s disease dementia 
(PDD) may be part of a continuum including dementia
with Lewy bodies (DLB) and dementia due to AD (4–6).
Thus, agents found to be efficacious in DLB and AD are 
also studied for use in PDD.

Cognitive changes in PD include a broad spectrum 
of symptoms such as attentional, executive, and memory 
deficits and visuospatial dysfunction; these may result in 
widespread cognitive impairment in the absence of demen-
tia or may evolve into PDD. Many of the subtle deficits 
are similar to those seen in patients with damage to the 
prefrontal cortex: a failure of executive systems, leading to 
impairment of anticipation, planning, initiation, and moni-
toring, which are all behaviors required in the performance 
of goal-oriented tasks (7, 8). Deficits in memory, attention, 
and visuospatial processing may also occur in the absence 
of dementia (9–13). These deficits are strongly linked to 
dysfunction of the dopamine system in PD and may be seen 
quite early in the illness in both young- and old-onset PD 
(14–17). PDD is characterized by progressive loss of execu-
tive function, with memory deficits more severe than those 
described in patients who develop mild cognitive dysfunc-
tion affecting social activities. Decline of attentional systems 
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may play a particular role in PDD (17–19). Other associated 
behavioral changes, such as hallucinations, delusions, and 
apathy, often complicate management. The incidence and 
prevalence of PDD have been reported with widely varying 
frequencies; however, the average prevalence is approxi-
mately 30% (20). Some groups report that this prevalence 
rises to 70% in PD patients above age 80 (21–23).

The importance of educating both patients and fam-
ily members regarding the occurrence of cognitive symp-
toms in PD must be stressed, since many laypersons and 
even some health care professionals do not fully appreciate 
that cognitive impairment can accompany this disorder. 
This is especially important when the issue is mild cog-
nitive impairment rather than dementia, since executive 
deficits may lead the family to feel that the patient is not 
fully participating in his or her care or is “uncooperative” 
or “unhelpful” with household or other tasks.

TREATMENT OPTIONS

Effects of Medications used to Treat Motor 
Symptoms on Cognition

Levodopa has been reported to have varying effects on 
cognition, including improvement, impairment, or little 
effect. This may be due in part to the varying stages of dis-
ease at which patients were evaluated in various studies, 
since responsiveness of the dopaminergic system varies 
greatly throughout the course of the illness (see Chapter 24 
for a comprehensive review). It is recognized that in addi-
tion to levodopa, all of the medications used to treat the 
motor symptoms of PD may have a deleterious effect on 
cognition. Confusion and hallucinations, both common 
side effects of many agents used to treat motor symptoms 
in PD, may also worsen overall cognitive status. Clinicians 
should consider reducing PD medications in patients with 
worsening cognition, recognizing that there may well be 
a trade-off of motor symptom exacerbation in return for 
improved cognitive status. Since many individuals with PD 
are elderly, a review of all medications is often warranted, 
with particular attention to possible interactions among 
medications that could contribute to cognitive deficits.

Cholinesterase Inhibitors

PDD has been associated with cortical cholinergic dener-
vation (25); the severity of this cholinergic dysfunction 
has been shown to correlate with the severity of demen-
tia (26). Functional imaging studies have shown defi-
cits in the cholinergic system in PD and PDD (27, 28). 
A recent small functional imaging study suggested that 
treatment of PDD with a cholinesterase inhibitor resulted 
in increased cingulate and frontal perfusion, in addition 
to significant improvement on the ADAS-cog (29). Thus, 

several of the cholinesterase inhibitors approved for the 
treatment of memory loss in AD have been evaluated in 
patients with PDD. These include tacrine, a reversible, 
noncompetitive inhibitor of both acetylcholinesterase and 
butyrocholinesterease; galantamine, an allosteric modu-
lator of nicotinic acetylcholine receptors; donepezil, a 
reversible, noncompetitive cholinesterase inhibitor; and 
rivastigmine, an inhibitor of both acetylcholinesterase and 
butyrocholinesterease. Tacrine was the first cholinesterase 
inhibitor approved for use in the treatment of AD; its current 
use is limited due to side effects, including gastrointestinal 
symptoms, bradycardia, worsening of chronic obstructive 
pulmonary disease, and association with asymptomatic, 
reversible hepatic enzyme elevations. All of the cholinester-
ase inhibitors may also cause gastrointestinal side effects. 
Case series and small open-label studies have shown efficacy 
in both improving cognitive status and other behavioral 
symptoms such as agitation and psychosis using tacrine, 
donepezil, rivastigmine, and galantamine (30–35).

Aarsland and colleagues (36) performed the first 
double-blind, randomized, placebo-controlled crossover 
study of donepezil for PDD. Fourteen patients with PD 
and cognitive impairment [scores between 16 and 26 out 
of 30 points total on the Mini Mental State Examina-
tion (MMSE)] received donepezil (5 or 10 mg per day) 
or matching placebo during 2 sequential periods lasting 
10 weeks each. After 10 weeks of treatment, the mean 
MMSE score was increased by 2.1(SD 2.7) points on 
donepezil and 0.3 (SD 3.2) points on placebo, and the 
CIBIC� score was 3.3 (SD 0.9) on donepezil and 4.1 
(SD 0.8) on placebo, both of which demonstrated sig-
nificant effects of donepezil. Two patients on donepezil 
(14%) dropped out because of peripheral cholinergic 
side effects; otherwise the adverse effects were minimal. 
Neuropsychiatric Inventory (NPI) and motor scores on 
the United Parkinson’s Disease Rating Scale (UPDRS) 
did not differ significantly between the 2 groups. The 
authors concluded that donepezil improves cognition, is 
well tolerated, and does not to worsen parkinsonism in 
patients with cognitive impairment.

A second double-blind, placebo-controlled, ran-
domized study of donepezil was conducted by Leroi and 
colleagues (37). Donepezil was found to improve memory 
subscales of the Dementia Rating Scale in PDD, with a 
trend toward improvement of psychomotor speed and 
attentional performance. Psychiatric symptoms, motor 
functions, and activities of daily living (ADLs) did not 
differ between the donepezil and placebo groups before 
or after treatment. Four patients in the donepezil group 
withdrew early due to adverse events, including two with 
cholinergic side effects and one with worsening of motor 
symptoms. Side effects were noted to occur in conjunction 
with dosage increases.

A large, randomized, placebo-controlled trial of 
rivastigmine for PDD was conducted by Emre and 
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colleagues (38). Only patients in whom dementia devel-
oped at least 2 years after they received a clinical diagnosis 
of PD were accepted into this trial in an attempt to exclude 
those with DLB. Patients received placebo or 3 to 12 mg of 
rivastigmine per day for 24 weeks. A total of 541 patients 
were enrolled, and 410 completed the study. Rivastigmine-
treated patients had a mean improvement of 2.1 points in 
the score for the 70-point ADAS-cog as compared with 
a 0.7-point worsening in the placebo group, a significant 
difference on this primary outcome measure. Small but 
statistically significant differences were also seen on the 
Alzheimer’s Disease Cooperative Study-Clinical Global 
Impression of Change (ADCS-CGIS) scores, with the 
rivastigmine-treated group showing improvement. Signifi-
cantly better outcomes were seen for rivastigmine with 
respect to all secondary efficacy variables, including changes 
from baseline in scores for the NPI, MMSE, and ADLS-
ADL (Alzheimer’s Disease Cooperative Study–Activities of 
Daily Living). The most common side effects—nausea and 
vomiting—occurred with significantly higher frequency in 
the rivastigmine group compared with the placebo group. 
UPDRS motor scores did not differ significantly between 
groups, but more patients in the rivastigmine-treated group 
reported tremor as an adverse event than did those in the 
placebo group (10% versus 4%). Effect sizes were some-
what modest, which is similar to what has been reported 
in studies of rivastigmine for the treatment of AD.

These results suggest that there is definitely a role for 
cholinesterase inhibitors in treatment of PDD but that the 
effects are modest. More data are needed regarding long-
term efficacy of these agents in slowing cognitive decline 
and on outcomes such as nursing home placement.

Glutamatergic Antagonists

As a result of the loss of dopaminergic modulation in PD, 
the glutamatergic system is no longer inhibited and therefore 
shows a relative increase in activity. N-methyl-D-aspartic 
acid (NMDA) receptor antagonists, which block glutama-
tergic input to the striatum, improve motor symptoms of PD 
and can be helpful in the treatment of dyskinesias (39, 40). 
Amantadine, an NMDA receptor antagonist, is used to treat 
motor symptoms of PD. No studies have examined its use 
to treat cognitive deficits in PD. However, precipitation of 
worsening cognitive status and confusion have been reported 
with amantadine withdrawal (41). Amantadine may cause 
other behavioral changes, especially with dose escalation, 
including restlessness and psychotic symptoms.

Memantine is a noncompetitive NMDA antagonist 
that has been shown to be efficacious in treatment of 
AD (42). It has also been shown to be well tolerated in 
PD, but studies to date have focused on assessment of 
its effects for the treatment of motor symptoms (43, 44). 
A case series of 3 PDD patients reported improvement 
in MMSE scores following memantine treatment (45). 

Further work is needed to assess whether memantine will 
prove efficacious for PDD.

Neuroprotective Agents

Early treatment studies for PDD focused on the nootropics 
piracetam and phosphatidylserine, neither of which was 
found to be efficacious in controlled trials (46, 47) Sele-
giline, a selective inhibitor of MAO-B, which was shown 
to delay functional impairment in AD, was not found to 
be effective in delaying, improving, or preventing PDD 
in the DATATOP study (48). Tocopherol (vitamin E) at 
2000 IU also did not improve performance on cognitive 
tests in the same analysis of DATATOP.

The development of neuroprotective agents continues 
to be an active area of research in all neurodegenerative 
disorders, and studies are in progress to look at potential 
neuroprotective agents that may slow PD in general and 
prevent cognitive impairment in particular. A large neuropro-
tection futility trial funded by the National Institute of Neu-
rological Disorders and Stroke (NINDS), Neuroprotection 
Exploratory Trials in Parkinson’s Disease (NET-PD), has 
completed testing of CoQ10 (also known as ubiquinone) 
and GPI-1485 (49). Data are currently being analyzed to 
determine whether either or both are safe, well tolerated, 
and have possible neuroprotective potential in the treat-
ment of PD. In animal models of PD, both CoQ10 and 
GPI-1485 have been shown to protect the neurons, and 
GPI-1485 shows the ability to help these cells regenerate. 
Both agents are generally well tolerated and side effects are 
usually mild. CoQ10 is widely used as a dietary supplement. 
It can cause abdominal discomfort, decreased appetite, and 
gastrointestinal symptoms. GPI-1485 is an investigational 
drug that may promote regeneration following neurodegen-
eration. Its main side effects are also gastrointestinal. Two 
other compounds—minocycline and creatine—are also being 
evaluated in NET-PD. Creatine may counteract oxidative 
stress and mitochondrial dysfunction in PD. It is generally 
well tolerated; occasional side effects include weight gain, 
edema, nausea, vomiting, and diarrhea. Minocycline is an 
antibiotic with anti-inflammatory effects and may also pre-
vent apoptosis. Side effects associated with minocycline are 
gastrointesintal upset, dizziness, rash, hypersensitivity reac-
tions, and headache.

Nicotine

Postmortem studies have demonstrated a substantial loss 
of nicotinic receptors in PD, which may contribute to some 
of the motoric and behavioral symptoms seen in the disor-
der. Epidemiologic studies suggest that cigarette smoking is 
protective against development of PD (see Chapter 5). Two 
studies to date have looked specifically at the effects of nico-
tine on both cognitive and motor function in PD. Kelton 
and colleagues (50) administered nicotine by transdermal 
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patch for 2 weeks to nondemented patients with early PD.
Improvements after acute nicotine administration were 
reported in reaction time, central processing speed, and 
decreased tracking errors. Improvements were also seen in 
measures of motor function. Since a control group was not 
used, practice effects may explain the cognitive gains seen 
in this study. Lemay and others (51) administered transder-
mal nicotine patches to 22 nonsmoking, nondemented PD 
patients over 25 days in increasing titrated doses. Patients 
tolerated nicotine poorly; approximately 60% withdrew 
because of acute side effects. Compared to a control group, 
no improvement was seen in cognitive or motor symptoms 
in the 9 patients who remained in the study. It is possible 
that nicotine lacks specificity for the critical nicotinic recep-
tors that might be involved in PD pathophysiology; use of 
more selective nicotinic agents may provide greater toler-
ability and show efficacy in future work.

Estrogen

Estrogen has been purported to increase cerebral blood flow, 
act as an anti-inflammatory agent, enhance activity at neu-
ronal synapses, and exert direct neuroprotective and neuro-
trophic effects on brain tissue. Given the interest in estrogen 
for the prevention of cognitive decline in normal aging and 
in the treatment of AD, it was a logical agent to examine in 
women with PD. Observational work has thus far been used 
to address this issue. Marder et al. (52) examined the effects 
of estrogen replacement therapy on the risk of develop-
ment of dementia in 87 women with PD without dementia, 
80 women with PD with dementia, and 989 nondemented 
healthy women in a community study. Estrogen replacement 
therapy was found to be protective for the development of 
PDD but not for PD. Fernandez and Laplane (53) exam-
ined the role of estrogen in motor, cognitive, and behavioral 
functions in 10, 145 elderly women with PD using the Sys-
tematic Assessment in Geriatric drug use via Epidemiology 
(SAGE) database, which contains cross-sectional informa-
tion on nursing home residents. Independent of age, estrogen 
users were found to be less cognitively impaired and more 
independent in ADLs. Estrogen users were also more likely 
to be depressed and to be receiving antidepressant therapy 
than nonusers. Based on these 2 studies, further work is 
needed to determine the role of estrogen in the prevention 
and treatment of cognitive decline associated with PD. An 8-
week, double-blind pilot trial of estrogen including 23 post-
menopausal women with fluctuating PD has demonstrated 
short-term safety. In addition, there was a trend toward 
improvement in the motor features of PD (54). This could 
set the stage for a long-term large-scale trial.

Noradrenergic Agents

Reduced levels of norepinephrine have been found in 
PDD patients compared to those with PD and no demen-

tia (55). Bradyphrenia in PD, measured by impairment of 
performance on attentional and vigilance tasks, may be 
associated with an alteration in norepinephrine metabo-
lism (56). The selective noradrenergic alpha-1 antagonist 
naphtoxazine partially ameliorated attentional deficits in 
PD in a small trial of 9 patients (57). In addition, specific 
evoked potentials thought to reflect attentional processes 
were improved by naphtoxazine. Based on these stud-
ies, it has been proposed that atomoxetine, a selective 
norepinephrine reuptake inhibitor, may be useful for the 
treatment of executive dysfunction in patients with PD. 
Atomoxetine has been shown to be helpful in reduction of 
impulsivity and attentional deficits in patients with adult 
attention deficit disorder (58). However, studies assessing 
its safety and efficacy in PD are pending at this time.

Modafinil

Modafinil is an atypical stimulant that does not promote 
feelings of euphoria and is often described as a “wakefulness-
promoting agent.” It has been found to be modestly helpful 
for reducing fatigue in PD in some but not all of the limited 
studies available and may prove useful for the treatment of 
cognitive deficits in PD (59–61). Further study is required to 
evaluate this agent for use in patients with PDD.

Deep Brain Stimulation

The reported effects of deep brain stimulation (DBS) on 
cognition are variable. It is generally agreed that patients 
should be screened preoperatively to exclude those with 
actual dementia; there have even been reports of patients 
with borderline cognitive function becoming irreversibly 
demented following DBS (62–64). In addition, STN-DBS 
may be particularly likely to cause cognitive deteriora-
tion in patients above age 69 (65). An extensive review 
by Fields and Troster (66) examined prior work on the 
cognitive effects of DBS. It suggested that DBS did not 
have a negative impact on cognitive function with the 
exception of small but consistent declines in verbal flu-
ency. Milder and less consistent changes in executive 
function and memory were also noted. Although the 
motor benefits of DBS tend to outweigh the fairly mini-
mal cognitive decline, the authors suggested caution, in 
that the number of patients evaluated postoperatively 
has been small, so that data are limited. Comparisons 
are generally with stimulators “on” versus “off” rather 
than pre- and postoperative. Some of the other notable 
problems with studies of cognitive changes following 
DBS include small sample sizes and follow-up times 
limited to a year at most.

Smeding and colleagues (67) recently evaluated the 
cognitive and behavioral effects of bilateral subthalamic 
nucleus (STN) stimulation in 99 PD patients and a con-
trol group of 36. Patients were evaluated presurgically 
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and 6 months after surgery, while nonsurgical con-
trols were evaluated after 6 months. At baseline and 
follow-up, neuropsychological tests of language, memory, 
visuospatial function, mental speed, and executive func-
tions were administered. Six months after surgery, the 
STN group showed a larger decline than the control 
group on measures of verbal fluency, color naming, 
selective attention, and verbal memory. On the other 
hand, the STN group showed an increase in quality 
of life and a slight decrease in depressive symptoms. 
The authors concluded that bilateral STN stimulation 
adversely affects executive function in PD. It will be 
important for future studies to look at larger numbers 
of patients and longer postsurgical periods. At this 
time, DBS does not have a role in treatment of cogni-
tive decline in PD and can worsen cognition in patients 
with preexisting impairments.

Cognitive Rehabilitation

Programs to strengthen existing cognitive ability and 
teach strategies to counteract memory loss are used in 
some neurological conditions, such as stroke, but have 
received little formal study in PD. A small study involv-
ing a rehabilitation program of 6 weeks, with both 
motor and cognitive training, was conducted with 20 
early PD patients who had mild cognitive deficits but 
no dementia. Patients showed significant improvement 
in verbal fluency, logic memory, and Raven’s matrices 
tests as compared to baseline. Results were stable over 
the study. The authors propose that particular benefits 
for PD may involve enhancement of executive func-
tion (68). More work is needed to show how cognitive 
rehabilitation should be designed to meet the specific 
needs of PD patients and whether it could provide an 
alternative to pharamacological treatment in some 
PD patients.

Antidepressant Therapy

Given that cognitive impairment in PD is thought to be asso-
ciated with depression (69–71), it has been proposed that 
antidepressant therapy may have a role in the treatment of 
cognitive deficits in PD. Boggio and colleagues compared 
the selective serotonin reuptake inhibitor (SSRI) fluoxetine 
to repetitive magnetic transcranial stimulation (rTMS) of 
the left dorsolateral prefrontal cortex in a randomized, 
double-blind study of 25 PD patients with depression (72). 
Neuropsychological assessment by a blinded rater found 
that patients in both groups showed improvement in per-
formance of the Stroop, Hooper, and Wisconsin Card Sort 
tests after treatment. These results suggest that treatment 
of depression in PD may improve cognition, particularly 
with respect to executive function.

SUMMARY

Despite the increasing identification of cognitive deficits 
and dementia as a part of the clinical picture in PD, effec-
tive treatments for these symptoms are lacking. Reduction 
of medications used to treat motor symptoms and general 
avoidance of polypharmacy are the judicious first steps in 
the treatment of cognitive change in PD. The addition of 
cholinesterase inhibitors has proven helpful, although the 
effect is modest; one such agent, rivastigmine, has recently 
gained FDA approval for the treatment of PDD. There 
is a need to tailor treatments to fit the specific picture, 
such as treating depressive or psychotic symptoms with 
the hope that they too will of improve overall cognition. 
More specific agents are needed to target receptor sys-
tems and reduce the side effects of current treatments. 
Alternative strategies to medications, including cognitive 
remediation, may prove useful but need to be adapted for 
the specific picture of deficits seen in PD. Neuroprotec-
tion offers the future hope that, if PD progression can be 
slowed, cognitive decline can be prevented.
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Status of Neuroprotective 
Therapies

herapies for Parkinson’s disease 
(PD) may be divided into three 
main categories: (a) symptomatic, 
(b) restorative, and (c) neuroprotec-

tive. Effective symptomatic therapy for PD has existed 
since the demonstration by Cotzias (1) that dopamine 
replacement with exogenous levodopa could reverse 
most of the clinical manifestations of PD. More recently, 
therapies such as neural transplantation, (2) have shown 
the potential to restore the capacity to produce dopamine 
in PD patients. However, therapy that actually alters the 
underlying process of neurodegeneration in PD remains 
a largely unattained goal in spite of a number of areas of 
active research. This chapter reviews the status of currently 
available and emerging therapies with potential neuro-
protective activity (Table 50-1) and addresses some of the 
issues related to evaluating these agents in clinical trials.

DEFINITION OF NEUROPROTECTION AND 
RELEVANCE TO PARKINSON’S DISEASE

Neuroprotection is a therapeutic strategy intended to 
slow or halt the progression of neuronal loss (3) and 
thereby alter the natural history of disease. As contrasted 
with symptomatic therapy, neuroprotective therapies act 

Andrew D. Siderowf
Matthew B. Stern

on the pathogenic mechanisms underlying cell death. A 
partially neuroprotective therapy slows the course of dis-
ease, while a therapy that is fully neuroprotective com-
pletely arrests disease progression. Other terms have been 
used to address concepts related to neuroprotection. For 
example, “disease-modifying” or “course-modifying” has 
been used to refer to therapies that may alter the clinical 
course of PD in some way—such as reducing the inci-
dence of motor complications—without having a direct 
impact on the survival of dopaminergic neurons in the 
substantia nigra.

The term “neurorescue” has recently been used to 
describe a distinct type of neuroprotection. Neurores-
cue is based on the concept that a population of cells is 
dysfunctional but not irreversibly injured and may be 
restored to normal function (4). In contrast to traditional 
neuroprotective therapies, which would be expected to 
have no immediate effect on symptoms, neurorescue 
therapies may improve clinical manifestations of disease 
while also slowing or stopping disease progression.

The concept of neuroprotection obviously has great 
relevance to PD. Since the rate of disease progression in 
PD is relatively slow and little disability is associated with 
the early stages of disease (5), therapies that slow but do 
not entirely arrest disease progression would result in 
significant reduction in the burdens of PD.

T
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One interpretation of the problem of multiple primary 
etiologies is that patients with the clinical syndrome of PD 
will need specific identification of their individual cause 
and therapy tailored to that cause. Alternatively, some 
etiologies may be thematically related, allowing for neu-
roprotective therapies that would be of benefit to larger 
numbers of patients. Furthermore, the varied etiologies 
may lead up to a final common pathway of cell death 
which would also benefit a majority of PD patients.

One such theme emphasizes the pathogenic role 
of abnormal protein accumulation and aggregation. In 
several forms of hereditary PD (6–9), either the gene 
product accumulates pathologically in PD patients, or 
the function of the gene product appears to be related 
to protein degradation and clearance. Abnormal protein 
clearance also appears to be highly relevant to at least 
one experimental model of PD.(10) Another possible 
mechanism is that of oxidative stress and excitotoxicity. 
Perhaps the strongest evidence for oxidative stress comes 
from experiments showing impaired mitochondrial elec-
tron transport chain function, particularly in complex I, 
resulting in increased free radical production and cellu-
lar injury.(11–13) Another important pathophysiological 
mechanism, excitotoxicity, is closely related to oxida-
tive stress. Excitotoxic injury results from a cascade of 
events initiated by pathologically high levels of excitatory 
neurotransmitters, particularly glutamate.(14) In particu-
lar, stimulation of the ionotropic N-methyl D-aspartate 
(NMDA) glutamate receptor allows the intracellular 
entry of large amounts of calcium that in turn may trig-
ger the production of reactive oxygen species as well as 
a variety of other pathological processes.(15)

Other potential mechanisms of injury in PD include 
inflammatory injury and glial cell dysfunction. A possible 
role of inflammation in the pathogenesis of PD has been 
suggested by the finding that the substantia nigra pars com-
pacta (SNc) from parkinsonian patients contains increased 
levels of inflammatory mediators such as interluken-1 beta, 
interferon-gamma, and tumor necrosis factor-alpha and 
microglia.(16) Glial involvement in PD has been sug-
gested by studies showing that the concentration of 
reduced glutathione (GSH) and mitochondrial complex 
I activity are decreased by about 30% in SN homogenates 
from patients with PD. This result can not be explained 
by neuronal loss alone, because dopaminergic neurons 
probably account for no more than about 2% of tissue 
in such samples.(17) These mechanisms are additional 
rational targets for neuroprotective therapies.

NEUROPROTECTIVE THERAPY FOR PD

A broad range of compounds have been considered as 
possible neuroprotective agents for PD. In an effort to 
prioritize these compounds, the National Institute for 

TABLE 50-1
Current Status of Agents with Possible 

Neuroprotective Activity in PD

COMPOUND STAGE OF DEVELOPMENT

MAO-B inhibitors
Selegiline Approved by FDA
Lazabemide Finished phase III trials*
Rasagiline Finished phase III trials
TCH-346 Trials stopped due to lack 

of efficacy

Dopamine Agonists
Bromocriptine Approved by FDA
Pergolide Approved by FDA
Pramipexole Approved by FDA
Ropinirole Approved by FDA

Glutamate antagonists
Remacemide Trials failed to show efficacy
Amantadine Approved by FDA
Dextromethorphan Approved by FDA
Riluzole Trials stopped due to lack 

of efficacy

Vitamins/Nutritional
supplements
Coenzyme Q10 Available
Vitamin C Available

(ascorbic acid)
Vitamin E  Available

(alpha tocopherol)
Creatine Available
Caffeine Available
Nicotine Available

Emerging therapies
Immunophillins Clinical trials in progress
GDNF Trials stopped due to safety 

concerns
CEP-1347 Trials stopped due to lack of 

efficacy

*Not currently marketed in the United States.

MECHANISMS OF NEURONAL INJURY IN PD 
(SEE CHAPTERS 29 TO 31)

Development of rational neuroprotective therapies is 
predicated on understanding the underlying causes of 
neuronal injury in PD. Although these causes remain 
largely unknown, several theoretical models to explain 
the degenerative process in PD have been put forward. 
These will be covered briefly here. One of the major 
results of recent scientific investigations, particularly 
genetic linkage studies, has been to emphasize that the 
syndrome of PD is likely to have multiple primary causes. 
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remains regarding whether it possesses a neuroprotective 
effect, and, if present, the mechanism of action by which 
it is neuroprotective.

A substantial body of research suggests several 
potential mechanisms by which selegiline may protect 
degenerating neurons from oxidative injury, and thus 
alter the underlying course of disease in PD. First, it may 
protect against the effects of oxidative environmental tox-
ins that act via a mechanism similar to the neurotoxin 
1-methyl-4 phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)(22) 
(see Chapter 34). The conversion of MPTP, which is a 
protoxin, to the active toxin 1-methyl-4-phenylpyridium 
(MPP�) is catalyzed by MAO-B and treatment with sele-
giline can block the conversion, protecting dopaminergic 
neurons from MPTP-mediated injury (23, 24). In addition, 
animal experiments (25–27) have shown that selegiline 
induces the expression of the free radical scavenger super-
oxide dismutase (SOD), and may thus improve the ability 
of cells to buffer against reactive oxygen species.

It has recently been proposed that the protective 
effects of selegiline could result from novel actions includ-
ing inhibition of apoptosis. Tatton and Greenwood (28) 
reported that selegiline protects dopaminergic neurons 
against the neurotoxic action of MPTP even when it is 
given 3 days after MPTP treatment. Furthermore, these 
investigators showed that the drug can rescue dopami-
nergic neurons from cell death induced by MPP� when
the active toxin is administered directly (28). These find-
ings suggest that the mechanism of protection is inde-
pendent of MAO-B inhibition. Subsequently, Tatton and 
colleagues demonstrated that treatment with selegiline 
promotes the expression of genes known to prevent apop-
tosis (29). These findings suggest an alternative neuro-
protective mechanism for selegiline.

Two large-scale prospective monotherapy studies 
have attempted specifically to assess the neuroprotective 
effect of selegiline in PD patients. Tetrud and Langston (30) 
studied 54 subjects with early PD who were random-
ized to receive either selegiline 10 mg per day or placebo 
and then followed until they either reached the study 
endpoint, requiring additional symptomatic therapy 
(levodopa), or had completed 3 years of evaluations. 
In this study, there was a delay in reaching endpoint of 
approximately 9 months, and clinical disease progression 
was slowed by 40% to 83% per year in the selegiline-
treated group.

The DATATOP study (Deprenyl and Tocopherol 
Antioxidative Therapy of Parkinsonism) (31) randomized 
800 subjects to receive selegiline or tocopherol (vitamin E) 
alone, in combination, or placebo in a 2 x 2 factorial 
design. During interim analysis of this study, a substan-
tially reduced likelihood of reaching endpoint (need for 
levodopa therapy) was found in the selegiline but not in 
the tocopherol treated group, and the selegiline random-
ization was terminated prematurely. The hazard ratio 

TABLE 50-2
Compounds Identified as Priority Agents for 

Future Trials by the CINAPS Committee

Caffeine Minocycline
Coenzyme Q10 Nicotine
Creatine Pramipexole
Estrogen Rasagiline
Neuroimmunophillin-1 Ropinirole
GM-1 ganglioside Selegiline

Neurological Disease and Stroke (NINDS) initiated a 
process to evaluate the available evidence. The purpose 
of this process, as defined by the Committee to Identify 
Neuroprotective Agents in Parkinson’s (CINAPS) (18), 
is to identify agents that could be tested in a large-scale, 
simple clinical trial. The CINAPS process identified a 
total of 59 compounds. Of these 12 were felt to have 
sufficient merit to be tested in further studies. The list of 
compounds evaluated by the CINAPS process is shown 
in Table 50-2. We will address the 12 target compounds 
as well as a selection of others.

Levodopa

Although the benefits of levodopa on the clinical symp-
toms of PD are unquestionable, pre-clinical studies have 
suggested that levodopa may be neurotoxic through 
the capacity to generate reactive oxygen species.(19) 
To address this issue the ELLDOPA study random-
ized subjects to receive either placebo or three doses of 
levodopa.(20) This study demonstrated that subjects who 
received levodopa ended up with better motor perfor-
mance, even after a two week washout, than subjects 
receiving placebo. This might actually suggest a neuro-
protective effect. However, [123I] 	-CIT imaging, which 
was a secondary outcome measure, showed less decline 
in dopamine transporter density in subject receiving 
placebo than in those receiving levodopa. Because of 
these conflicting results, the ELLDOPA study has not 
resolved whether levodopa treatment has an effect on 
the status of neurodegeneration in PD, and the ques-
tion remains whether levodopa is protective, toxic or 
neither. (For more detail on the impact of levodopa on 
PD, see Chapter 38).

Selegiline

Selegiline, at doses of 5 to 10 mg per day, is a selective 
MAO-B inhibitor and is thus devoid of the hyperten-
sive “cheese effect” associated with non-selective MAO 
inhibition.(21) Selegiline has been the subject of more 
intensive study than any other potentially neuroprotective 
compound for PD. However, a great deal of controversy 
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for reaching endpoint was 0.43, and, due to the large 
sample size, the P value for this result was 10�10. The 
initial conclusion from both the Tetrud and Langston 
study and DATATOP was of an apparent protective effect 
of selegiline on the progression of PD.

However, the validity of the results of both stud-
ies has been questioned over concern that the delay in 
need for additional therapy was due to a symptomatic
effect rather than a neuroprotective effect (32). Tetrud 
and Langston noted no symptomatic wash-in or washout 
effect in their relatively small group of patients, suggest-
ing no meaningful symptomatic effect of selegiline. The 
DATATOP investigators found a small but statistically 
significant wash-in effect after 1 and 3 months of treat-
ment. Similarly, a small washout effect was noted in the 
final staggered blinded washout in DATATOP (33), rais-
ing the possibility that symptomatic effects were at least 
partly responsible for the differences in reaching endpoint. 
In addition, several short-term studies have noted a symp-
tomatic effect of selegiline (34, 35). Given the long phar-
macodynamic effect of selegiline, it has been suggested 
that a longer washout would have shown an even greater 
symptomatic effect (36) in the DATATOP study. Thus the 
question of whether selegiline is indeed protective has not 
been adequately resolved by these 2 studies.

More recently, Palhagen et al. (37) studied the effect 
of selegiline in 157 patients with early, untreated PD in 
a design that included an 8-week washout period. These 
investigators found a significant delay in progression 
of Unified Parkinson’s Disease Rating Scale (UPDRS) 
scores and delay in the time until the emergence of dis-
ability significant enough to require levodopa therapy. 
Selegiline was noted to have a small initial symptomatic 
effect. However, after the 8-week washout period, no 
significant differences in the deterioration of disability 
between the groups was noted in any of the clinical rat-
ing scales. The authors interpreted their results as sug-
gesting that, beside having a slight symptomatic effect, 
selegiline may have a neuroprotective effect as well.

Olanow and coworkers (38) used a different study 
design to address the issue of neuroprotection with sele-
giline. They carried out a 14-month prospective ran-
domized double-blind, placebo-controlled study of 100 
patients with early PD. Subjects were randomized to 1 of 
4 groups: selegiline plus carbidopa/levodopa, placebo plus 
carbidopa/levodopa, selegiline plus bromocriptine, or pla-
cebo plus bromocriptine. To avoid confounding effects of 
treatment, at the end of the study subjects were washed 
out from selegiline for 20 months and from levodopa 
or bromocriptine for 1 week. The final evaluation, per-
formed off all treatments, showed a statistically signifi-
cant increase in the rate of progression of disease in the 
patients who had not received selegiline. Because of the 
long washout from selegiline, these results are more likely 
to be due to a neuroprotective rather than symptomatic

effect. However, because of the adjunct treatment design, 
it is difficult to compare results from this trial to the 
monotherapy trials; thus this study did not clarify the 
issue of a neuroprotective effect of selegiline.

More controversial still are the findings of the Par-
kinson’s Disease Research Group of the United Kingdom 
(PDRG-UK) (39). This group found that patients ran-
domized to receive levodopa plus selegiline in their long-
term open study had a 60% increase in mortality when 
compared to those receiving levodopa alone. This is the 
only report of increased mortality with selegiline and is 
not consistent with previous studies in animals (40) and 
PD patients (41), suggesting that selegiline may prolong 
life expectancy. Analysis of other long-term studies of 
early PD and a meta-analysis have not shown a simi-
lar increase in mortality in association with selegiline 
(36, 42, 43). Several concerns have been raised (32) regard-
ing the design of the PDRG-UK study. One concern is that 
mortality in this study was unusually high in both the 
group receiving selegiline (28%) and in the nonselegiline 
group (18%). Other problems include a large proportion of 
subjects who failed to complete the study in their original 
treatment assignment and relatively poor documentation 
of the causes of death. In spite of these concerns, the data 
from the PDRG-UK study must not be entirely dismissed, 
and further information regarding potentially increased 
mortality during selegiline therapy should be sought.

Other MAO-B Inhibitors

Lazabemide is a selective, reversible inhibitor of MAO-B 
(44) that is not currently available for use in the 
United States. Lazabemide has approximately 100-fold 
greater selectivity in inhibiting MAO-B compared with 
MAO-A, making the possibility of a tyramine reaction 
very unlikely. Unlike selegiline, it is not metabolized to 
potentially active compounds such as methamphetamine 
and amphetamine (45). Lazabemide has been the subject 
of 3 placebo-controlled clinical trials in patients with 
early PD (46, 47). These studies showed that lazabemide 
has barely detectable symptomatic effects and the ability 
to delay the need to introduce levodopa by about 50% 
compared to placebo, effects that are very similar to those 
obtained in clinical trials of selegiline.

Rasagiline (R(�)-N-propargyl-1-aminoindane) is a 
selective, irreversible inhibitor of MAO-B that is also 
not metabolized into amphetamine derivatives (48). It 
was approved by the FDA for use in the United States 
in 2006. Rasagiline has been shown to have neuropro-
tective effects in a variety of experimental systems (49). 
In clinical trials, rasagiline has been shown to have a 
symptomatic effect in early, untreated PD (50) and in 
advanced PD patients with motor fluctuations (51, 52). 
The clinical evidence most relevant to a neuroprotective 
effect of rasagiline is a “delayed-start” analysis of subjects 
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with early PD. This study showed that subjects treated 
with rasagiline for a year had better long-term motor 
performance than those treated for placebo for 6 months 
followed by rasagiline for 6 months (53), suggesting that 
earlier or more prolonged treatment with rasagiline may 
be beneficial to patients with early PD. Further studies 
are warranted to determine whether the observed effect 
is due to neuroprotection or another mechanism. A new 
trial, referred to as ADAGIO, is under way to further 
examine rasagiline’s potential for neuroprotection. In this 
delayed-start study, each portion is 9 months instead of 
6 and 1100 patients will be studied.

TCH346 is a compound related to selegiline and rasa-
giline in that it belongs to the propargylamine family of 
molecules. However, TCH346 does not possess MAO-B 
inhibitory properties. In animal models, TCH346 may 
exert its neuroprotective properties by reducing mito-
chondrial membrane permeability, resulting in reduced 
release of cytochrome c and thus inhibiting apoptosis 
(54, 55). In spite of promising preclinical data, human 
trials of TCH346 failed to show an effect on progression 
of PD.

Dopamine Agonists Dopamine agonists have been 
used to treat PD since the early 1970s. Initially they were 
used as an adjunct to levodopa in patients who had devel-
oped motor fluctuations (56–58). More recently dopa-
mine agonists have been used as monotherapy in the early 
stages of PD (59, 60) based on the idea that delaying the 
introduction of levodopa may delay the emergence of 
levodopa-related complications, including motor fluctua-
tions and dyskinesias (see Chapter 40). Attention has 
also focused on the possibility that dopamine agonists 
may have neuroprotective effects. Several potential neu-
roprotective mechanisms have been proposed, including 
(a) reduction of the need for exogenous levodopa, result-
ing in reduced production of free radicals; (b) stimulation 
of autoreceptors, resulting in reduced dopamine turnover 
and catabolism; (c) direct antioxidant or neuroprotec-
tive properties; and (d) reduction of glutamatergic out-
put by the subthalamic nucleus, resulting in reduced 
excitotoxicity.

Studies of dopamine agonists as adjunctive therapy 
have consistently demonstrated that combining a dopa-
mine agonist with levodopa produces a comparable 
level of antiparkinsonian control but with a reduced 
levodopa dose requirement (61, 62). Initiating therapy 
with a dopamine agonist in patients with mild symptoms 
also permits a substantial delay before the introduction of 
levodopa (60). If it is true that higher cumulative exposure
to levodopa accelerates the degenerative process in PD, then 
these levodopa-sparing effects may be neuroprotective. 
Dopamine agonists may also reduce the rate of dopa-
mine metabolism. Carter (63) has shown that the addition 
of the dopamine agonist pramipexole to a cell culture 
of dopaminergic neurons reduces the concentration of 

dopamine in the medium. Similarly, in vivo studies have 
shown that several dopamine agonists may reduce the 
firing rates of dopaminergic neurons (64). Slowed dopa-
minergic metabolism may translate into reduced produc-
tion of reactive oxygen species.

Evidence for direct neuroprotective effects has been 
produced for many dopamine agonists in excitotoxic 
and oxidative stress models of neurodegeneration. For 
example, bromocriptine has been shown to mitigate exci-
totoxic injury in several ways: by enhancing the ability of 
cells to buffer extracellular glutamate (65, 66), by reducing 
the susceptibility of cultured neurons to MPTP-mediated 
toxicity (67), and by acting as a free radical scavenger 
(68). Pramipexole has been shown to reduce cell loss in 
toxic and ischemic models of neuronal injury (69). In 
addition, pramipexole has been shown to attenuate the 
generation of oxygen radicals and to inhibit the opening 
of mitochondrial transition pores in a dose-dependent 
fashion (70). Felten (71) showed that low doses of per-
golide protected against age-related loss of dopaminergic 
neurons in Fisher rats.

Clinical studies have indicated that initial treatment 
with dopamine agonists rather than levodopa may be 
associated with a reduced frequency of motor complica-
tions (72, 73). In two large-scale multicenter, randomized 
clinical trials, pramipexole (Mirapex) (74) and ropinirole 
(Requip) (75) were associated with a significantly lower 
incidence of motor complications over a 4- to 5-year 
period than levodopa. These results have been inter-
preted as “disease-modifying,” since the normal course 
of events in PD was affected differentially by therapy. 
However, motor performance, based on UPDRS mea-
sures, was somewhat better over time in both trials in 
subjects receiving levodopa, which would be inconsistent 
with an increase in neuronal survival.

These findings are consistent with preclinical data 
from Pearce et al. (76) showing that MPTP-treated non-
human primates are less likely to develop dyskinesias 
when treated with dopamine agonists such as ropinirole 
or bromocriptine than when treated with levodopa. It 
has been hypothesized that reduction in motor complica-
tions observed with dopamine agonists may be related to 
constant rather than pulsatile stimulation of dopamine 
receptors (77); however, the delay in the development of 
motor complications may also be evidence of a neuro-
protective effect.

Few clinical studies have directly addressed the 
neuroprotective effects of dopamine agonists. Olanow 
et al. (38) evaluated the rate of deterioration in UPDRS over 
14 months in patients randomized to receive either 
levodopa or bromocriptine with or without selegiline. 
At the end of the study, there was no significant dif-
ference in the degree of deterioration in UPDRS scores 
between the levodopa- and bromocriptine-treated groups, 
suggesting no substantial protective effect. In another 
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prospective, double-blind study, Przuntek et al. (78) ran-
domized patients to receive treatment with bromocriptine 
plus levodopa when necessary vs. levodopa monotherapy. 
This trial was suspended prematurely due to the obser-
vation of lower mortality in the bromocriptine-treated 
group. These results had not been observed previously 
and remain to be confirmed in other trials.

Two studies have used functional imaging of the 
dopaminergic system to evaluate the relative effects of 
dopamine agonists compared to levodopa on the integrity 
of nigrostriatal neurons (75, 79). In one study, subjects 
were randomized to either pramipexole or levodopa and 
imaged repeatedly for up to 4 years with [123I] 	-CIT sin-
gle photon emission computed tomography (SPECT). In 
the other study, subjects were randomized to either rop-
inirole or levodopa and imaged with fluorodopa positron 
emission tomography (PET) at baseline and at 2 years. 
Both of these studies showed an approximately 30% 
relative reduction in the loss of dopaminergic signal on 
the imaging measure in subjects receiving the dopamine 
agonists compared to those receiving levodopa. The large 
effects seen in these studies have prompted substantial 
debate. One interpretation suggests a significant neuro-
protective effect of dopamine agonists relative to levodopa. 
Another interpretation has been to question the validity 
of the imaging biomarkers as a measure of dopamine cell 
counts in the substantia nigra. Current studies are attempt-
ing to address the validity of the imaging biomarkers.

In summary, several lines of reasoning suggest that 
dopamine agonists may have neuroprotective activity. A 
substantial body of preclinical evidence from studies in 
animal models of parkinsonism as well as in vitro sys-
tems shows that dopamine agonists have neuroprotective 
potential. Preliminary clinical studies show that early use 
of dopamine agonists may delay the emergence of motor 
complications. Definitive studies of the effect of early 
use of dopamine agonists on the emergence of motor 
complications as well as studies to assess the effect of 
these agents on disease progression using the delayed-
start protocol are in progress.

Potential Protective Effects of 
Stereotactic Surgery

It has been suggested (80) that stereotactic surgical proce-
dures which reduce outflow from the subthalamic nucleus 
(STN) may have neuroprotective as well as symptomatic 
effects. The STN is the principal source of glutamatergic 
output in the basal ganglia. In pathophysiologic mod-
els of PD, loss of dopaminergic input results in loss of 
inhibition of the STN. The result of this disinhibition 
may be excessive excitatory outflow with the potential 
for glutamate-mediated excitotoxic injury. There is pre-
clinical evidence to support this line of reasoning. In rat 
and primate models, STN ablation induces reductions 

in mitochondrial enzyme activity, glutamic acid decar-
boxylase (GAD) mRNA expression, and 2-deoxyglucose 
uptake in the ipsilateral SNr and globus pallidus (81–84). 
These metabolic changes may reflect a reduction in the 
potential for excitotoxic injury.

More direct experimental evidence for a protec-
tive effect of STN ablation is emerging but remains 
inconclusive. In a rodent model, STN ablation protected 
dopaminergic neurons from 6-OHDA toxicity (85). 
In a primate model, however, no protective effect of 
STN lesioning was observed. In this experiment, lesions 
were created in the STN prior to treatment with MPTP. 
Postmortem counting of dopaminergic neurons did not 
show differences in cell loss between the lesioned and 
unlesioned sides (83). However, large doses of MPTP 
were employed, and neuroprotection was not the primary 
aim of this study. Studies of nonhuman primates designed 
to evaluate the protective effects of STN ablation as well 
as clinical evaluation of parkinsonian patients who have 
undergone stereotactic ablation or stimulation of the STN 
may clarify the potential neuroprotective effects of STN 
ablation or stimulation.

Glutamatergic Agents

Based on the hypothesis that even slightly excessive glu-
tamatergic activity may be neurotoxic (15), a number 
of agents that inhibit glutamatergic transmission by 
antagonizing the action of glutamate at NMDA recep-
tors or by interfering with glutamate release would 
have neuroprotective potential. Some of these agents 
include dextromethorphan, amantadine, remacemide, 
and riluzole. Because glutamatergic transmission is an 
important part of basal ganglia physiology, these agents 
may have symptomatic effects as well. Although the 
conduct of trials with these agents had been supported 
by substantial preclinical data, the results have been 
uniformly disappointing.

Amantadine is a tricyclic amine that has been used as 
a treatment for PD for decades. Its mechanism of action 
is not certain, but anticholinergic and dopamine release 
and reuptake inhibition have been suggested (86). How-
ever, amantadine has recently been shown to be a weak 
NMDA antagonist as well (87), and it has been demon-
strated that it to reduces levodopa-induced involuntary 
movements in advanced PD (88). In a retrospective study, 
Uitti et al. (89) found that treatment with amantadine 
was an independent predictor of survival in patients with 
PD. This has not been confirmed in a prospective trial.

The commonly available cough medication dextro-
methorphan has also been shown to be a weak NMDA 
antagonist. It has been shown to have effects similar to 
those of amantadine on levodopa-induced dyskinesia (90).
Because of their antiglutamatergic activity, benign or ben-
eficial clinical profile in PD, and history of safe use, both 
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amantadine and dextromethorphan are logical candi-
dates to be tested as neuroprotective agents, but they have 
not been subjected to scrutiny in well-designed clinical 
trials.

There were promising preclinical data for both 
remacemide and riluzole (91–96). Riluzole had also been 
shown to delay the progression of amyotrophic lateral 
sclerosis (ALS) in two placebo-controlled clinical trials 
(97, 98). However, both compounds failed to show effi-
cacy in large-scale randomized, placebo-controlled clini-
cal trials in PD patients (99, 100).

Antioxidants: Vitamins C and E

Vitamin E (alpha-tocopherol) has long been viewed as a 
therapeutic answer to the oxidative stress hypothesis in 
PD. It acts as an antioxidant by blocking lipid peroxidation 
and trapping peroxyl radicals (101) and has been shown 
to have neuroprotective effects in several experimental
systems (102). A case-controlled, community-based study 
(103) suggested that high dietary intake of vitamin E may 
protect against the development of PD. However, other 
epidemologic studies (104, 105) have failed to find an 
association between vitamin E intake and PD. The effect 
of vitamin E at a dose of 2000 IU per day was evaluated 
in the DATATOP trial. After a mean of 14 months of 
treatment, no effect was observed in patients receiving 
vitamin E compared to placebo (33). This adequately 
powered negative trial suggests that vitamin E is not a 
neuroprotective agent at the dosages used in DATATOP. 
Nonetheless, proponents of vitamin E suggest that the 
negative results of this trial can be explained by the poor 
penetration of vitamin E into the central nervous system. 
One study (68) found no increase in vitamin E levels in 
cerebrospinal fluid despite dosing of 4000 IU per day. 
Therefore the possibility that it may have a mild effect 
cannot be entirely excluded, especially at high doses or 
over sustained periods of time.

Vitamin C (ascorbic acid) is another compound 
with antioxidant properties that has been considered 
as a potential neuroprotective agent in PD. Vitamin C 
protects against dopamine autooxidation in cell culture 
(106) and may act synergistically with selegiline (107) to 
protect against oxidative injury. Several epidemiologic 
studies have failed to find a relationship between intake 
of vitamin C and the risk of PD (105, 108). However, in 
an open trial, Fahn (109) found that the need to intro-
duce levodopa therapy was delayed by up to 2.5 years 
in patients treated with high-dose combination therapy 
with vitamins C and E compared to concurrent controls 
not treated with antioxidants. This result has not been 
confirmed in a randomized, placebo-controlled trial. 
Based on current evidence, the neuroprotective effects 
of vitamin C, like those of vitamin E, are probably quite 
modest.

Coenzyme Q10

Coenzyme Q10 (CoQ), which is known as ubiquinone, is 
a lipid-soluble compound that acts as an electron acceptor 
in complexes I and II in mitochondria (110). CoQ has 
antioxidant properties and has been shown to scavenge 
free radicals generated within microsomal membranes 
more effectively than vitamin E (111). Brain levels of CoQ 
decline with age; they are about 50% greater in young 
adults than in the elderly (112, 113) and have been shown 
to be lower in PD patients compared to age-matched 
controls (114, 115). Favit et al. (116) found that CoQ 
protected against markers of neuronal death in two in vitro
models. Treatment with CoQ has also been shown to 
be neuroprotective in rodent models (117). It has been 
studied in a number of human diseases in which mito-
chondrial defects are considered to be present and has 
been shown to improve myocardial function and exercise 
duration in congestive heart failure (118), It has also 
been shown to be safe in pilot studies in Huntington’s 
disease (119) and mitochondrial encephalopathies (120). 
In a pilot study in PD (121), patients treated with CoQ 
showed normalization of mitochondrial complex I activ-
ity. However, because of the small sample size, the results 
did not reach statistical significance.

A subsequent randomized, placebo-controlled phase II 
study of 3 dosages of CoQ (300, 600, and 1200 mg/day) 
in early untreated patients found a statistically significant 
difference in change of UPDRS scores between the highest 
dosage of CoQ and placebo after 16 months of treatment 
and a statistically significant dose-response trend among 
the 3 dosages and placebo (122). This pilot study suggests 
that CoQ may have a beneficial effect in PD patients. 
However, additional studies are needed to confirm the 
results of this study and to determine whether the effects 
of CoQ are due to a symptomatic or neuroprotective 
mechanism.

Other Agents

The CINAPS committee identified several other com-
pounds as attractive agents to study in future trials. Two 
of these, nicotine and caffeine, are readily available and 
widely consumed by the general public. The best evi-
dence for these agents as “antiparkinsonian” comes from 
epidemiologic studies that consistently show an inverse 
relationship between use of caffeine and nicotine and the 
risk of acquiring PD (123–125). Caffeine is thought to act 
on the central nervous system through adenosine recep-
tor antagonism (126), although the downstream mecha-
nisms of remain unclear. Animal data support protective 
effects for caffeine and the more specific A2A receptor 
antagonist KW-6002 (127, 128). Nicotine has also been 
shown to prevent MPTP toxicity in animals. Although 
the putative neuroprotective mechanism of nicotine are 
not known, there is evidence that nicotine may act as an 
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antioxidant (46) or prevent excitoxicity (129). Epidemio-
logic evidence showing a consistent male predominance 
for PD also supports the use of estrogen (17B estradiol) 
as a possible neuroprotectant.

Creatine is a widely available nutritional supplement 
that may have beneficial properties in a number of neu-
rodegenerative and mitochondrial disorders. Creatine is 
converted to phosphocreatine, which in turn can function 
as an energy buffer by transferring a phosphoryl group to 
ADP. It may act as an indirect antioxidant by enhancing 
energy transduction and may inhibit the transition to 
mitochondrial permeability (130). In doses of 1% to 2% 
of diet by weight, creatine appears protective in MPTP 
rodent models (131). In a phase II “futility” study, cre-
atine was found not to be substantially non-inferior to 
a historical benchmark of progression of PD (132). It is 
to be studied in a long-term trial as part of the NET-PD 
program.

In this same study, minocycline was also not 
inferior to historical benchmarks, but not to the same 
extent as creatine. Minocycline may have a protective 
effect through inhibition of microglial activation (133). 
However, preclinical data have not consistently shown a 
neuroprotective effect (69, 134). Because of these mixed 
preclinical data and modest clinical effects, there is prob-
ably a limited role for minocycline as a neuroprotective 
agent in PD.

GM-1 ganglioside has been shown to be both neu-
roprotective and neurorestorative in animal models. It 
is a component of neuronal membranes that has been 
proposed to facilitate the neurotrophic actions of brain 
and glial-derived neurotrophic factors (135, 136). There 
are data in PD patients showing that GM-1 ganglioside 
is well tolerated and may have short-term symptomatic 
benefits (137). The main limitation of GM-1 ganglioside 
is the requirement for parenteral administration. Con-
cerns about the immunogenicity of bovine-derived gan-
gliosides and the relationship to Guillain-Barré syndrome 
(138) may not be relevant to current preparations. Orally 
active, synthetic derivatives are being explored by U.S.-
based pharmaceutical companies.

Immunophilins are a group of molecules related 
to cyclosporine, including FK 506 and rapamycin. The 
principal clinical role of immunophilins is as immunosup-
pressive agents in patients who have undergone organ 
transplantation (139). Many immunophilins are small, 
orally active molecules that have the ability to cross the 
blood-brain barrier (140). Nonimmunosuppressive deriv-
atives of immunophilins have been developed that retain 
their effects on neurons. The notion that immunophilins 
may be neuroprotective came from studies showing that 
they could inhibit nitric oxide synthase (NOS) and thus 
prevent excitotoxic injury. Subsequently, FK 506 has been 
shown to reduce neuronal injury in animal models of 
cerebral ischemia (141).

Nonimmunosuppressive derivatives have been 
shown to protect against MPTP and 6-OHDA–mediated 
injury to dopaminergic neurons in experimental models 
(142). Based on these preclinical data, immunophilins 
appear to be promising potential neuroprotective agents. 
Clinical studies are currently on going to evaluate the 
potential effectiveness of immunophilins particularly GPI 
1485 as neuroprotective agents in PD.

Neurotrophic factors are a group of naturally occur-
ring molecules, many of which are not structurally related 
to each other, that are required for the survival and devel-
opment of neurons (143). In theory, these molecules may 
possess both neuroprotective and restorative properties. 
The neurotrophic factor that has been of greatest inter-
est in PD is glial cell line–derived neurotrophic factor 
(GDNF). It belongs to a distinct family of trophic factors 
distantly related to the transforming growth factor-beta 
superfamily (144). GDNF has been shown to protect 
from 6-OHDA–mediated injury in rodents (145) and 
to mediate recovery from such injury (146). In nonhu-
man primates, Gash et al. (147) demonstrated a marked 
increase in tyrosine hydroxylase staining and increased 
numbers of dopaminergic fibers in MPTP-treated rhesus 
monkeys following GDNF administration. These pri-
mates also showed marked behavioral improvement as 
a result of GDNF treatment.

Based on these results, a pilot study of direct infu-
sion of GDNF into the striatum in 5 human subjects 
was conducted; it showed a 39% improvement of motor 
symptoms and 64% reduction of antiparkinsonian medi-
cations as well as increased uptake of [18F]-dopa (148). 
Based on these data, a randomized, controlled trial of 
intrastriatal GDNF infusion was conducted. However, 
in spite of substantial enthusiasm based on preclinical 
and pilot data, no difference was found between placebo 
and active treatment in this randomized, controlled trial 
(149). Furthermore, several patients developed antibodies 
to GDNF, raising significant safety concerns.

Several studies have explored novel delivery sys-
tems for neurotrophic factors. Tseng and colleagues(150) 
implanted genetically engineered hamster kidney cells 
adjacent to the midbrain of Wistar rats and demonstrated 
preservation of tyrosine hydroxylase–positive neurons 
following midbrain transsection. Choi-Lundberg and 
colleagues (151) utilized adenovirus vectors to transfect 
cells in adult rats to produce GDNF. These genetically 
engineered animals showed markedly reduced suscepti-
bility to 6-OHDA toxicity compared to nontransfected 
animals. This study illustrates the potential to apply gene 
therapy techniques in PD. Other gene therapy strate-
gies that have been explored include engineering cells 
to express antiapoptosis gene products or free radical 
scavengers such as superoxide dismutase (SOD) (152). 
Strategies such as these, in which both the therapeutic 
agent and the delivery system are products of advances 
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in molecular biology, may be an important paradigm for 
the future (Table 50-3).

Issues in the Design of Neuroprotective Trials

Convincingly demonstrating a neuroprotective effect 
in clinical trials has proved to be as challenging and as 
crucial as identifying neuroprotective compounds in the 
laboratory. Because of the slow rate of disease progres-
sion, neuroprotective trials are necessarily of long dura-
tion, involve large numbers of subjects, and are relatively 
costly. Identifying methods for testing promising com-
pounds in more efficient trials has been one challenge 
for clinical investigators. A second major challenge has 
been to separate symptomatic effects from neuropro-
tective effects. Suggested approaches to this problem 
have included novel experimental designs and the use 
of functional imaging as a biological marker for disease 
progression.

Although the DATATOP trial established many of 
the standard procedures for neuroprotective trials in PD, 
it is unlikely that resources will be available to carry out 
trials as large as this for more than a few very promis-
ing compounds. In order to evaluate the relatively large 
number of potential compounds, more efficient clinical 
trials methods must be found. One response (153) to 
this challenge is to identify subsets of patients who may 
be more likely to respond to a given intervention and 
to carry out small trials in these populations. It is pos-
sible to take advantage of recent advances in genetics, 
molecular biology, and imaging to identify such popula-
tions. For example, the discovery of a mutation in the 

�-synuclein gene on chromosome 4 that is responsible 
for autosomally dominant inherited parkinsonism (7) in 
several Mediterranean kindreds and investigations with 
PET (154) and SPECT (155) have suggested that it is 
possible to identify asymptomatic at-risk individuals for 
trials of neuroprotective agents. Trials in such individu-
als offer the possibility of preventing the emergence of 
parkinsonian symptoms. In addition, Morrish et al. (156), 
using PET techniques, have suggested that the rate of 
neuronal loss may be more rapid in early PD than later 
in the course of disease. Therefore it may be easier to 
detect a neuroprotective effect in asymptomatic at-risk 
individuals or in patients with very early rather than well-
established disease.

Certain interventions may be more likely to be neu-
roprotective in distinct subpopulations of PD patients. For 
example, as noted above (121), the mechanism of action 
of CoQ appears to be to normalize the mitochondrial 
activity of complexes I and II. With the use of platelet-
mitochondrial cybrids and platelet samples obtained from 
peripheral blood (157), patients with defects in mitochon-
drial function can be identified. It may be reasonable to 
preferentially select patients with clearly defined defects 
in complex I and II activity for early clinical trials. The 
limitation of using enriched subgroups is that such studies 
do not necessarily generalize to all patients with clinically 
defined PD. Nonetheless, studies in subgroups could be 
used to screen potential agents before embarking on long 
and costly definitive trials.

Separating neuroprotective effects from symptom-
atic effects has proved to be a very difficult methodo-
logic issue in designing neuroprotective trials. Clearly 

TABLE 50-3
Status of Evidence for Classes of Neuroprotective Therapies

CLASS OF COMPOUND EVIDENCE FOR  PRE-CLINICAL  CLINICAL

 RATIONALE* EVIDENCE† EVIDENCE‡

MAO-B inhibitors �� ��� �
Dopamine agonists �� ��� �
Antiglutamate agents �� �� �
Antioxidant vitamins �� �� �
Coenzyme Q ��� �� �
Neurotrophic factors �� ��� �
Immunophilins �� �� N/A
Creatine �� � �

*Two plus signs (��) indicate evidence for rationale from nonhuman primate models, three 
plus signs (���) indicate evidence for rationale from human studies (e.g., pathologic studies or 
studies using tissue samples from PD patients).

†Two plus signs (��) indicate supportive evidence in animal models other than nonhuman 
primates. Three plus signs (���) indicate supportive evidence in nonhuman primates.

‡Evidence for protective effect of MAO-B inhibitors (specifically selegiline) is controversial in 
spite of large-scale trials designed to detect neuroprotective effect. §Preliminary evidence suggests 
that dopamine agonists may delay the emergence motor complications (dyskinesia and motor 
fluctuations). A large-scale trial (25) showed no effect of vitamin E on the progression of PD. N/A 
indicates that no evidence is currently available.
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the DATATOP experience is the most prominent example 
of this challenge. However, many other potentially neu-
roprotective compounds—including dopamine agonists, 
glutamate antagonists, and surgical interventions—have 
established effects on parkinsonian symptoms that may 
interfere with the detection of small but clinically mean-
ingful changes in the natural history of disease.

One approach to this problem has been to discon-
tinue or “wash out” the study drug for a period of time 
prior to the final clinical evaluation. The rationale for this 
strategy is that protective effects are likely to remain after 
washout while symptomatic effects should dissipate. Sev-
eral washout strategies have been employed in clinical tri-
als. Olanow et al. (38) combined a long-term washout of 
selegiline with a short-term washout of levodopa and bro-
mocriptine symptomatic therapy in an effort to improve 
patient compliance with the long duration of withdrawal 
of selegiline required by that compound’s long pharmaco-
dynamic half-life. In another study, a blinded, staggered 
washout strategy was devised (33) to prevent unblinding 
or a reverse placebo effect during washout.

A second proposed option to distinguish between 
symptomatic and neuroprotective effects is the “random-
ized start” trial (see Figure 50-1) (158). In this design, 
patients are randomized to begin active treatment either 
right away or after a specified time interval. Symptomatic 
effects will lead the group that started later to “catch up” 
in clinical performance to the first group, and no differ-
ence between the groups will be detectable. However, if 
there is a true neuroprotective effect and the separation 
in starting time is sufficient, the performance of the two 
groups will remain distinct even if a symptomatic effect 

is present. Because all patients receive treatment at some 
time in this trial design, there is likely to be good patient 
acceptance while the essential elements of randomization, 
placebo-control, and blinding are retained. The random-
ized start design has been employed in neuroprotective 
trials of Alzheimer’s disease (159). Although there is only 
one published report of a randomized start analysis in 
PD (53), this paradigm is increasingly being incorporated 
into trials intending to show results consistent with a 
neuroprotective action.

The Neuroprotection Exploratory Trials in Parkin-
son’s Disease (NET-PD) program has taken the approach 
of conducting two phases of clinical trials (160). The 
first phase consists of “futility trials” in which poten-
tial agents are compared to a historical benchmark of 
disease progression. Agents that do not outperform the 
historical progression rate are considered futile and are 
not considered for future studies. The proposed second 
phase of the NET-PD program is a large, simple trial in 
which some or all of the nonfutile agents will be admin-
istered in a long-term (5 or more years in duration) trial 
in which mixtures of concomitant therapy are permitted. 
The concept behind this approach is that neuroprotective 
effects will become more prominent than symptomatic 
effects over longer periods of clinical follow-up.

The use of biological markers including PET and 
SPECT imaging represents another approach to dem-
onstrating neuroprotection with compounds that may 
also have symptomatic effects. PET and SPECT have 
been refined to the point where they possess sufficient 
precision to be used as biological markers of nigral cell 
degeneration in clinical trials. Fluorodopa PET was the 
first functional imaging modality used to assess the integ-
rity of dopamine terminal function in vivo. The loss of 
uptake observed with this technique appears to reflect 
dopaminergic terminal density and correlates with nigral 
cell counts obtained at autopsy (161). It is related to 
disease progression as measured by UPDRS and Hoehn 
and Yahr scales (162). Morrish et al. (154) estimated the 
rate of striatal dopamine loss at about 9% to 12% per 
year. Control patients showed no loss of dopaminergic 
uptake over 3 years.

SPECT imaging of the dopamine transporter may 
provide a more convenient and less expensive alternative 
to PET imaging. The dopamine transporter is located on 
the presynaptic membrane of dopaminergic terminals and 
provides a marker of dopaminergic innervation of the 
striatum (163). Imaging with radiolabeled compounds 
that bind to the dopamine transporter protein, including 
[123I] 	-CIT, have demonstrated dopamine transporter 
loss in patients with early PD compared to controls (164) 
and that transporter loss in PD patients is correlated with 
disease severity (165). One disadvantage to [123I] 	-CIT
imaging is that the ligand must be administered 24 hours 
before imaging. As a result, other SPECT tracers with 

FIGURE 50-1

Schematic representation of randomized-start trial showing 
effects of symptomatic and neuroprotective therapies. Note 
that protective effects can be detected even in the presence 
of symptomatic effects. (From Koller, Ann Neurol 1998, with 
permission).
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similar affinities for the dopamine transporter are being 
developed (166). As discussed above, these tracers have 
been used as outcome measures in clinical trials compar-
ing dopamine agonists to levodopa and levodopa to pla-
cebo and have shown significant differences between the 
treatment groups. However, the interpretation of imaging 
measures remains controversial.

CONCLUSION

Neuroprotection remains a highly desirable but elusive 
goal in the treatment of PD. A number of potentially 

neuroprotective compounds are available, but none have 
been convincingly demonstrated to confer neuroprotec-
tion for PD patients. Significant advances in understand-
ing the pathophysiologic processes underlying in PD and 
a body of preclinical evidence demonstrating neuropro-
tection in model systems for a number of candidate com-
pounds raise the hope that neuroprotective therapy for 
PD is achievable. The challenges for the future will be 
to continue to develop promising compounds, to select 
the compounds that should be brought from the bench 
to the clinic, and to develop a sound and standardized 
clinical method to evaluate these compounds in PD 
patients.
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Symptomatic Treatment 
Approaches for Early 
Parkinson’s Disease

here is no treatment proven to slow 
the progression of Parkinson’s dis-
ease (PD); thus medical therapy is 
directed at treating the symptoms. 

In fact, symptomatic drugs typically produce gratifying 
responses, enabling people to remain in the mainstream of 
life for years. This chapter addresses the issues of when to 
start a medication, choice of the first drug, and appropri-
ate doses, focusing on drugs approved by the U.S. Food 
& Drug Administration (FDA).

WHEN TO START TREATMENT

The treatment goal is to keep those patients with PD 
active and engaged in all the activities appropriate to their 
age: social, occupational, and recreational. If there are 
no limitations due to PD, as seen in very early disease, 
medical treatment may be deferred. The need for treat-
ment varies not only with symptoms and severity but also 
with the social and occupational situation. For example, 
a prominent rest tremor may be of no consequence to a 
retiree but embarrassing and a source of distraction for a 
high school teacher lecturing to a class. That retiree may 
choose to take no medication but the teacher may elect 
to start a drug, even if other aspects of PD do not pose 
substantial problems. On the other hand, the decision is 
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straightforward when PD begins to limit physical activity 
or compromise gait. Patients who are becoming sedentary 
because of PD should be treated.

MEDICATION OPTIONS FOR EARLY 
PARKINSON’S DISEASE

Several chapters in this book addressed the different 
classes of medications used to treat PD. The reader is 
referred to them for detailed descriptions. The discus-
sion here is subdivided into minor drugs vs. the primary 
medications.

Minor Drugs for Early Parkinson’s Disease

Some clinicians start with a medication that is easy to 
dose when symptoms are mild. The usual drugs in this 
category are selegiline, rasagiline, and amantadine. None 
are highly efficacious, but when used as monotherapy 
they do not require complex dosing schemes and cause 
few side effects, making them reasonable first choices. 
The expectation is to maintain these for a few months or 
longer, with a more potent drug added when necessary.

Selegiline is a monoamine oxidase-B (MAO-B) 
inhibitor that is initiated and maintained at a dose of 5 mg 
in the morning and again at noon (it is not administered

T
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later in the day to avoid insomnia). Some clinicians sim-
ply prescribe a single 5-mg morning dose; this may be 
sufficient to fully inhibit brain MAO-B (1), which has a 
long half-life (40 days) (2).

Rasagiline is a newer MAO-B inhibitor that was 
recently approved for use by the FDA. In contrast to sele-
giline, it has no amphetamine metabolites, which poten-
tially contribute to side effects such as insomnia. Indirect 
evidence suggests that it might slow PD progression (3), 
but this is controversial and unproven. Monotherapy 
with rasagiline modestly improves PD symptoms (3) and 
hence may be considered as initial treatment of PD. The 
standard dose is 0.5 to 1.0 mg in the morning.

Amantadine has been available to treat PD for 
approximately as long as levodopa. The mechanism of 
action was debated for many years; it is now attributed to 
inhibition of glutamate NMDA receptors (4–6). As mono-
therapy, it is modestly beneficial, but has some side effects 
(most notably mottling and swelling of the legs). It is typi-
cally started as a single 100-mg tablet taken once or twice 
daily, often escalated later to 100 mg 3 times daily.

Anticholinergic medications such as trihexyphe-
nidyl and benztropine have a long track record in PD 
and previously were advocated as an initial treatment. 
However, they have limited efficacy (primarily against 
PD tremor and dystonia) plus numerous side effects (con-
stipation, urinary hesitancy, mild memory impairment, 
blurred vision), especially in patients above age 60. With 
so many other better medication choices, they are now 
rarely prescribed as initial therapy.

Primary Medications for Early 
Parkinson’s Disease

For parkinsonism that is compromising lifestyle, more 
potent medications are appropriate, specifically a dopa-
mine agonist or levodopa (carbidopa/levodopa). Since 
the minor drugs discussed above typically provide only 
modest and transient symptomatic improvement, many 
clinicians simply start with an agonist or levodopa.

Levodopa is the most potent medication for the 
treatment of PD. With the availability of levodopa since 
1970, the life span of PD patients has improved sub-
stantially (7–13). Levodopa will eventually be required 
for symptomatic treatment in nearly every PD patient, 
although it does not necessarily need to be started early 
in the course.

Levodopa is formulated with carbidopa, which blocks 
the premature conversion of levodopa to dopamine in the 
periphery; this prevents nausea, attenuates orthostatic 
hypotension and reduces the amount of levodopa that is 
required for benefit. The standard immediate-release for-
mulation of carbidopa/levodopa is appropriate for initial 
therapy, but this agent also comes in a controlled-release 
formulation (Sinemet CR), which is the choice of some

clinicians. Carbidopa/levodopa is additionally formu-
lated with the catechol-O-methyltransferase (COMT) 
inhibitor entacapone (Stalevo). As discussed in Chapter 42, 
the addition of entacapone prolongs the half-life of 
unmetabolized levodopa in the bloodstream by about an 
hour (14).

A dopamine agonist is the primary alternative 
to levodopa therapy in early PD; those available and 
most frequently used are pramipexole (Mirapex) and 
ropinirole (Requip). Bromocriptine (Parlodel) and per-
golide (Permax) are also in the agonist class but carry 
a greater risk of side effects (see below); pergolide was 
recently removed from the market for this reason. Unlike 
levodopa, the agonists require no metabolic conversion 
and pass directly into the brain, where they bind to dopa-
mine receptors.

Carbidopa/levodopa is the most effective drug for 
PD; moreover, it is among the least expensive. Why not 
simply start with that? In fact, many clinicians prescribe 
this as the initial medication; however, others argue that 
it should be deferred or limited. Some patients carry this 
to the extreme, caught up in what has been characterized 
as “levodopa phobia” (15). Since controversies relating 
to levodopa are central to the choice of drugs for early 
PD, we should examine the evidence.

IS LEVODOPA TOXIC?

The dopamine oxidant stress hypothesis of PD (16, 17) 
argues that oxidative metabolism of dopamine gener-
ates toxic free radical products, which cause neuronal 
degeneration of the substantia nigra. Evidence in favor 
of this theory is detailed in Chapter 30. Importantly, this 
hypothesis predicts that levodopa therapy fuels nigral 
neuronal death. Numerous lines of evidence, however, 
argue against substantial levodopa toxicity, as summa-
rized below.

1. Coinciding with the introduction of levodopa ther-
apy about 35 years ago was significant improvement 
in PD mortality rates (7–12); longevity remained 
significantly better when potential confounding 
variables were statistically controlled (13). Although 
one subsequent clinical trial suggested that levodopa 
increased mortality (compared to bromocriptine) 
(18), the outcome was uninterpretable due to con-
founding factors and has not been replicated (19).

2. The neuropathologic appearance of PD did not change 
with the introduction of levodopa therapy (20).

3. PD patients from the 1960s, whose levodopa ther-
apy was delayed because of unavailability gained 
no advantage over post–levodopa era patients start-
ing levodopa therapy early (matched for symptom 
duration) (21).
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4. In two separate 9- to 12-month clinical trials, the 
rate of clinical progression on levodopa was the 
same as with bromocriptine monotherapy (22) and 
perhaps less than with placebo (23) (clinical scoring 
after drug washout, compared to baseline).

5. Levodopa treatment of other conditions has not 
been associated with evidence of clinical deterio-
ration, the development of parkinsonism, or neu-
ropathologic findings of substantia nigra toxicity 
(24–27).

6. Mice administered huge doses of levodopa daily for 
up to 18 months did not develop substantia nigra 
pathology (28–30).

7. Lipid peroxidation products (malondialdehyde) do 
not increase in the circulation with levodopa ther-
apy, in contrast to diabetes mellitus, which is known 
to be associated with oxidant stress (31).

It should additionally be noted that the dopamine 
oxidant stress hypothesis is based on the presumption 
that substantia nigra degeneration and PD are essentially 
synonymous. Rather, it now appears that the dopaminer-
gic substantia nigra is involved as an intermediate stage in 
the PD degenerative process (32, 33). Moreover, multiple 
predictions from the oxidant stress hypothesis are incon-
sistent with observations in PD (34). A consensus panel 
recently concluded that there is no compelling evidence 
for levodopa toxicity (35).

SHOULD LEVODOPA BE DELAYED?

Some argue that levodopa therapy should be deferred for 
as long as possible. This argument lost credibility with 
the growing consensus that levodopa is unlikely to be 
toxic. However, this admonition is also based on the pre-
sumption that delaying levodopa will forestall levodopa 
complications, dyskinesias, and motor fluctuations.

Deferring Levodopa Therapy to Delay 
Fluctuations or Dyskinesias: 

Retrospective Studies

Two early retrospective studies suggested that early levodopa 
initiation predisposes to wearing off and “on-off” phe-
nomena (36, 37), but they were criticized due to patient 
selection bias (patients presenting with more severe and 
progressive disease are more likely to initiate levodopa) 
(38). Four subsequent retrospective studies failed to link 
early levodopa treatment to an increased frequency of 
wearing off and “on-off” phenomena (38–41); another 
study found only a transient effect, with similar frequen-
cies after 5 years (42). One prospective well-designed 
study had similar results and concluded that there was 
no need to delay levodopa therapy (41). In the aggregate, 

these trials fail to support delaying levodopa as a strategy 
to forestall short-duration motor responses.

Several retrospective clinical series have also failed 
to document a link between levodopa-dyskinesias and 
early initiation of levodopa therapy. Two studies actually 
suggested that delaying levodopa therapy increased the 
risk of dyskinesia (38, 39). Thus, dyskinesia frequency 
was not increased among patients starting levodopa early 
vs. later (38, 40, 42), nor was it associated with the dura-
tion of levodopa therapy (36).

Early Levodopa Trials

The retrospective studies cited above may be criticized for 
selection bias: enrollment of clinic patients with milder 
disease who are more likely to defer levodopa treatment. 
Studies from the early levodopa era, however, are not 
subject to that criticism; levodopa was delayed because 
it was not available. In an aggregate analysis of all the 
early levodopa trials (including many patients with long 
parkinsonism durations before levodopa treatment), half 
of the patients developed dyskinesias by 6 months; in 
contrast, only 7% of modern-era patients (short dura-
tions of parkinsonism) experienced dyskinesias by 
1 treatment year (43). A study of patients beginning 
treatment in the 1969 Mayo Clinic levodopa trial doc-
umented similar results (44). In that series, the mean 
parkinsonism duration before levodopa was 7 years; dys-
kinesias occurred in nearly all patients by 1 treatment year 
and about 70% developed motor fluctuations by 2 years. 
Contrast that to the aggregate analysis of all modern-
era levodopa trials through September 2000, where after 
4 to 6 treatment years about 40% of all patients devel-
oped dyskinesias and 40% motor fluctuations (43).

These findings suggest that PD duration rather than 
levodopa treatment duration is the crucial factor; delay-
ing levodopa may not substantially reduce the risk of 
dyskinesias or fluctuations once therapy is initiated. In 
practice, only a tiny minority of PD patients can defer 
levodopa treatment beyond several years unless they are 
willing to accept substantial disability.

SHOULD THE LEVODOPA DOSE BE LIMITED?

The rationale for limiting the levodopa dose is similar to 
that suggesting a delay in its initiation: concerns about tox-
icity and levodopa complications. There is no doubt that 
higher levodopa doses are more likely to elicit dyskine-
sias and allow motor fluctuations to become apparent. 
However, there is no compelling evidence to suggest that 
this is an irreversible event. Rather, it may simply repre-
sent a reversible threshold phenomenon (e.g., levodopa 
doses above the dyskinesia-threshold provoke dyskinesias, 
whereas dose reduction to below threshold does not). 
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Thus, a sensible general strategy is to administer levodopa 
doses that provide the greatest efficacy, but short of dys-
kinesias. However, this general strategy of dosage reduc-
tion is impractical for treating motor fluctuations, since 
lowering the dose sufficiently to abolish fluctuations will 
essentially abolish the short-duration response, with loss 
of efficacy.

Some argue that the doses should be kept low from 
the inception of levodopa therapy. Only a single prospec-
tive study has evaluated levodopa dosage ceilings as a 
means of limiting levodopa-related motor complications 
(45). In this 6-year trial, “low dose” therapy was ulti-
mately associated with only a slightly lower frequency 
of clinical fluctuations and dyskinesias compared to 
“maximum tolerated dose” therapy. On balance, the 
slight reduction of these levodopa motor complications 
failed to offset the poor control of parkinsonian symp-
toms associated with low-dose therapy. Thus, low-dose 
levodopa monotherapy is not an acceptable longer-term 
strategy for most patients.

Summary: Levodopa Treatment

The available evidence suggests that levodopa therapy is 
not toxic. Ultimately, nearly all PD patients will require 
levodopa treatment, and when that time arrives, the risk 
of levodopa complications appears to primarily be a func-
tion of PD duration (and probably severity). Arbitrarily 
delaying levodopa may not result in any advantage once 
levodopa treatment is started. When it is prescribed, there 
appears to be no net benefit to restricting the dose, which 
might result in inadequate control of parkinsonism.

LEVODOPA VS. DOPAMINE 
AGONIST THERAPY

Carbidopa/levodopa is substantially more effective 
than dopamine agonist therapy. However, some cli-
nicians start with an agonist for 2 primary reasons: 
(a) a lower risk of dyskinesias and motor fluctuations 
and (b) a possible neuroprotective effect, as suggested by 
brain dopamine imaging. These complex issues require 
further discussion.

Reduced Risk of Dyskinesias and Fluctuations 
With Dopamine Agonist Therapy

Every recent major clinical trial that has compared a 
dopamine agonist to levodopa has documented a lower 
risk of dyskinesias in the agonist arm (46–49). Dur-
ing the first year or two of these trials, when patients 
can be satisfactorily treated with an agonist alone, the 
motor complication risk with an agonist is extremely 
low, and much less than with levodopa therapy. These 

trials allowed for adjunctive levodopa therapy, and even 
when that is added, the combination is associated with a 
significantly lower frequency of dyskinesias than with 
levodopa monotherapy (albeit not nearly as low as with 
agonist monotherapy). Somewhat surprising, however, 
was the finding that levodopa monotherapy consistently 
resulted in greater control of parkinsonism than combina-
tion agonist-levodopa therapy (despite allowing clinicians 
to adjust the dosage).

On the surface, it would seem that starting an ago-
nist and later adding levodopa when required should 
reduce the longer-term risk of levodopa complications. 
However, there is a crucial unanswered question: Must 
the agonist be started initially? Is there a time-window 
early in the course of PD when the agonist must be initi-
ated? If not started early, is the opportunity lost? It is not 
obvious why that should be the case. In fact, the conven-
tional use of dopamine agonists for many years has been 
after levodopa motor complications developed (adding 
the agonist and reducing the levodopa dosage). Hence it 
may not be crucial to start with the agonist; the outcome 
might be the same if it were added later, in conjunction 
with levodopa adjustment.

Caveat: Reported Dyskinesia 
and Fluctuation Risk

All of the studies cited above that document the relative 
risks of dyskinesias or motor fluctuations are report-
ing incident motor complications. In other words, dys-
kinesias or fluctuations of any severity, occurring even 
transiently, are counted. This ignores the fact that motor 
fluctuations are often minor or easily controlled with 
medication adjustments. Moreover, dyskinesias are 
often mild and unobtrusive or are easily abolished by 
slight levodopa reduction. A recent community-based 
study looked beyond incident dyskinesias and tabulated 
prevalence (50): with Kaplan-Meier analysis, the risk of 
dyskinesias requiring medication adjustment was only 
17% by 5 levodopa-treatment years and 43% after 
10 years; the risk of dyskinesias that could not be con-
trolled with medication adjustments was only 12% at 
10 treatment years.

Age Influences Choice of Drug

Young-onset PD, defined as onset before age 40, is asso-
ciated with an extremely high risk of both dyskinesias 
and motor fluctuations(51, 52); this approaches 100% 
incidence by 5 years on levodopa. PD patients in this age 
group might experience these motor complications dur-
ing the first few years, when a dopamine agonist is often 
sufficient; hence they are preferably initially treated with 
a dopamine agonist unless there is some other compelling 
reason to use levodopa.
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This begs the question whether PD onset slightly 
later than age 40 also should be initially treated with a 
dopamine agonist. If so, to what age does this high risk 
of motor complications persist? Only a single study bears 
directly on this issue (53). In a population-based cohort, 
the risk of dyskinesias diminished by decade:

 PERCENT WITH DYSKINESIAS

 AFTER 5 YEARS OF TREATMENT

AGE OF PD ONSET WITH LEVODOPA

40–49 years 40%
50–59 53%
60–69 26%
70–89 16%

Again, note that these were incident dyskinesias 
and not necessarily persistent, disabling, or uncontrol-
lable. Parenthetically, the number of patients in this study 
within the 40- to 49-year-old group was too small to be 
very reliable.

Possible Neuroprotective Effect With 
Dopamine Agonist Therapy

In vitro and animal studies suggest that dopamine 
agonists might have a neuroprotective effect in PD. 
A challenge for clinician-investigators has been mea-
surement of PD progression to confirm such an effect. 
Although clinical measures have been used in prior neu-
roprotective trials [e.g., the selegiline DATATOP trial 
(54, 55)], the symptomatic benefit from PD drugs had 
a confounding effect. As an alternative, investigators 
have used brain dopamine imaging, either [123I] 	-CIT 
single photon emission computed tomography (SPECT) 
or 18fluorodopa positron emission tomography (PET). 
Each method provides a quantitative measure of stria-
tal dopaminergic terminal density, which is known to 
decline with PD progression. Two clinical trials have 
employed this methodology (48, 56), each comparing 
carbidopa/levodopa monotherapy to dopamine agonist 
treatment (allowing for the addition of levodopa). In 
each study, the progressive loss of striatal imaging signal 
was significantly less rapid in the agonist arm (prami-
pexole (56) or ropinirole(48)) than in the levodopa arm. 
However, the clinical measures were just the opposite, 
significantly favoring the carbidopa/levodopa mono-
therapy arm in each trial. Superficial analysis focusing 
on the imaging data initially led to the conclusion that 
agonist therapy slowed the progression of PD. However, 
it was subsequently recognized that the administered 
drugs influence the regulation of proteins involved in 
the metabolism, transport, and binding of the imag-
ing radioligands (57, 58). Thus these studies were seri-
ously confounded and a consensus panel focusing on this 

issue recently concluded that “current evidence does not
support the use of imaging . . . as a surrogate endpoint 
in clinical trials” (59).

Advantages: Levodopa vs. Agonist

To summarize, the primary arguments for starting a dopa-
mine agonist as initial therapy are twofold: (a) possible 
neuroprotective effect, based on imaging, and (b) less 
risk of subsequent motor complications. The ultimate 
prevalence of motor complications might be the same if 
the agonist were started later, after fluctuations devel-
oped, with corresponding adjustment of levodopa. Age, 
which influences motor complication risk, may also be 
a factor in the choice.

On the other hand, there are arguments for starting 
with carbidopa/levodopa: (a) significantly greater efficacy 
(46–49); (b) much less expense, especially when carbidopa/
levodopa is prescribed as the generic formulation (60); 
(c) less complex dosing; (d) quicker response (2 to 4 weeks 
vs. about 6 to 8 weeks); (e) lower risk of hallucinations, 
somnolence, or leg edema and freezing of gait (46, 47).

Clinicians should weigh these arguments for each 
patient. Neither strategy is incorrect. Next we focus on 
how to administer these drugs.

INITIATING TREATMENT WITH LEVODOPA

Selection of the carbidopa/levodopa formulation and 
the dosage escalation scheme varies among clinicians. 
There is no single correct strategy; here we consider the 
options.

Immediate vs. Controlled Release

When controlled-release (CR) carbidopa/levodopa was 
first introduced, it was argued that the slower release 
is more physiologic and consequently may reduce the 
long-term risk of levodopa-related motor complica-
tions. A large multicenter clinical trial, however, failed 
to document any advantage to the CR formulation over 
immediate-release carbidopa/levodopa in preventing 
motor complications (61); motor scores and frequen-
cies of levodopa motor complications were very similar 
after treatment for 5 years. A similar 5-year outcome 
was reported using the levodopa formulations available 
in Europe (sustained-release vs. standard benserazide-
levodopa) (62).

There are several advantages to using the immediate-
release formulation of carbidopa/levodopa: (a) it is con-
siderably cheaper, comparing generics of each (60); (b) it 
has better bioavailability (99%, vs. 71% for CR) (63); and 
(c) it has more predictable interactions with meals, being 
taken on an empty stomach for maximum effect (64). 
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In contrast, the CR formulation has complex interac-
tions with food, and it is unclear how it should be admin-
istered with respect to meals. CR carbidopa/levodopa 
enters the circulation more effectively when taken with 
food (63), but levodopa transport into the brain may 
be impeded by meal-derived amino acids (64). Use of 
the CR formulation can be problematic when there is a 
poor clinical response to increasing doses; the clinician 
is then left to ponder whether this may due to poor 
bioavailability or problems with meal effects and gastric 
emptying.

The CR formulation’s advantage is the twice-daily 
dosing schedule vs. the usual thrice-daily dosing with 
immediate-release carbidopa/levodopa. However, this 
argument may be based more on convention than phar-
macodynamics. Early PD patients starting levodopa typi-
cally experience a long-duration therapeutic response, 
in contrast to the short-duration, fluctuating responses 
experienced after several years or more (65). This long-
duration response is cumulative over days and not depen-
dent on frequent doses; it may be equally achieved by the 
same total dose distributed at longer dosing intervals. 
This was demonstrated in a cohort of early PD patients 
where immediate-release carbidopa/levodopa taken once 
every 3 days was as efficacious as doses divided into a 
thrice-daily regimen (66).

Should Levodopa Be Started With Entacapone?

Entacapone inhibits peripheral COMT and prolongs 
the serum half-life of levodopa by 30% to 40% (14). It 
now has been formulated with carbidopa/levodopa as 
brand-name Stalevo, and some advocate starting treat-
ment with this combination therapy (67). The arguments 
for starting with this formulation are similar to those 
made years ago for Sinemet CR: the prolonged levodopa 
circulating half-life is more physiologic and may ulti-
mately result in a lower risk of levodopa complications. 
To date no clinical trials have assessed this strategy. How-
ever, the half-life of circulating levodopa after a dose of 
entacapone-carbidopa/levodopa(14) is fairly similar to 
that of CR carbidopa/levodopa (63). The 5-year clinical 
trials comparing CR to immediate-release levodopa found 
no advantage to the formulation with the longer plasma 
half-life (61, 62), and one might predict a similar outcome 
in comparative trials of carbidopa/levodopa with and 
without entacapone.

Entacapone is much more expensive than generic 
carbidopa/levodopa, whether it is combined with carbi-
dopa/levodopa in a single pill or taken separately (60). It 
does increase levodopa potency and a slightly lower dose 
of levodopa can be employed when adding entacapone; 
however, it can also exacerbate levodopa’s side effects. 
There is no proven role for entacapone as initial therapy 
in PD in combination with carbidopa/levodopa.

What Dosage of Initial Carbidopa/Levodopa?

Immediate-release carbidopa/levodopa comes in three 
formulations: 25/100, 10/100, and 25/250. The 25/100 
formulation is preferable given the larger amount or 
ratio of carbidopa, which reduces the risk of nausea and 
hypotension. The 10/100 form is slightly less expensive 
and is an acceptable alternative, but for some patients, 
10 mg of carbidopa is insufficient to prevent nausea. 
Unless quartered, the 25/250 size provides too much 
initial levodopa to be used as the starting formulation. 
Whatever the formulation, the dosage should be started 
low and escalated slowly for two primary reasons: (a) 
less risk of side effects, especially nausea, and (b) gradual 
increments allow the patient to determine when optimum 
efficacy has been achieved.

Controlled-release carbidopa/levodopa is available 
in two forms, 25/100 and 50/200. The 25/100 formula-
tion is preferred for initial treatment and titration.

Carbidopa/Levodopa: When and How Often?

Immediate-release carbidopa/levodopa is typically started 
with a thrice-daily schedule; it is taken on an empty stom-
ach. Dietary amino acids compete for transport with 
levodopa (a large neutral amino acid) at the blood-brain 
barrier (64); to assure maximum passage into the brain, it 
should be ingested about an hour before meals; intervals 
of less than an hour may work for some patients provided 
that gastric emptying is not delayed.

CR carbidopa/levodopa is conventionally started 
with a twice-daily schedule; however, it is unclear whether 
it should be administered with meals or on an empty stom-
ach. As mentioned, mealtime dosing increases levodopa 
bioavailability in the bloodstream (63), but this may be 
less important than the competitive inhibition by dietary 
amino acids at the blood-brain barrier (64). Whichever 
mealtime strategy is chosen for initial CR carbidopa/
levodopa administration, it should be consistent, either 
always taken with meals or on an empty stomach. How-
ever, if mealtime dosing is associated with a poor response 
despite increasing doses, the timing can be switched to 
2 hours before meals. Pharmacodynamic studies of the CR 
formulation indicate that the latency to clinical response 
is 2 hours in some patients (68), hence the suggestion to 
administer 2 hours before meals to avoid conflict with 
dietary amino acids.

Carbidopa/Levodopa Initiation and 
Escalation Scheme

A variety of dosing schedules can be utilized for initiating 
carbidopa/levodopa therapy. One common strategy for 
the immediate-release formulation is to start with one or 
one-half of a 25/100 tablet 1 hour before each of 3 meals 
and then to escalate this by half-tablet increments for all 
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doses; these increments can be implemented every 1 to 
2 weeks. Our practice is to raise the doses until substantial 
improvement, but not beyond 2½ to 3 tablets thrice daily 
(60). From experience with patients starting treatment, 
individual doses higher that 2½ to 3 tablets (taken on 
an empty stomach) do not provide further benefit, with 
very rare exceptions (such as malabsorption). Thus, in 
patients with recent-onset PD, the full benefit is captured 
with doses up to 2½ to 3 immediate-release 25/100 tablets 
3 times daily on an empty stomach. More frequent dos-
ing may be necessary later if fluctuations develop (short-
duration levodopa response), but this is unexpected in 
early PD. The only exception is the occasional person who 
has trouble sleeping due to parkinsonism despite 3 doses 
during the day; in that case, a fourth dose at bedtime or 
during the night may be helpful. Some clinicians are reluc-
tant to use more than small doses in early PD; however, 
there is no proven benefit to that strategy.

A similar strategy may be used for CR carbidopa/
levodopa using the 25/100 formulation. It may be initi-
ated with a single tablet twice daily and then increased 
weekly by adding a tablet to each of the 2 doses up to 
3 to 4 tablets twice daily (i.e., 1 tablet twice daily, then 
2 tablets twice daily, etc.). For convenience, a 50/200 tab-
let can be substituted for 2 of the 25/100 size. If there is 
insufficient clinical improvement despite 4 of the 25/100 
CR tablets twice daily, this could be due to bioavailability 
problems with the CR formulation. In that case, one may 
consider dosing 2 hours before eating for 2 weeks. If there 
is still a poor clinical response, it may be wise to switch 
to the immediate-release formulation, which has excellent 
bioavailability and predictable responses when taken on 
an empty stomach (1 hour before meals). Obviously, a 
poor response to carbidopa/levodopa could occur because 
the diagnosis is non-PD parkinsonism (multiple system 
atrophy, progressive supranuclear palsy, etc.); however, 
before arriving at that conclusion, the levodopa trial must 
be sufficient to capture any potential responsiveness.

Common Side Effects in Initiating 
Carbidopa/Levodopa

Probably the two most common side effects in initiating 
carbidopa/levodopa are nausea and orthostatic hypoten-
sion. Dyskinesias are unexpected early in therapy; if the 
patient reports these, more than likely he or she has mis-
taken tremor or other symptoms for dyskinesias.

Nausea is usually not a significant problem; when 
it occurs with levodopa therapy, it is often mild and dis-
sipates with continued treatment. Levodopa-induced 
nausea relates to circulating dopamine that stimulates 
the chemoreceptive trigger zone in the area postrema of 
the brainstem (which has no blood-brain barrier). This 
may be due to inadequate carbidopa, which blocks dopa 
decarboxylase in the periphery (the enzyme converting 

levodopa to dopamine). To counter this, additional car-
bidopa may be administered; this is available as plain 
carbidopa (Lodosyn) 25 mg. One or two carbidopa tablets 
may be taken just before or with each carbidopa/levodopa 
dose. Carbidopa/levodopa may also be taken with small 
amounts of nonprotein food, such as dry bread or soda 
crackers to counter nausea. If nausea is a substantial prob-
lem, a habituation strategy can be employed (60), starting 
with very low doses and escalating very slowly (e.g., begin-
ning with one-fourth of a 25/100 tablet plus supplemental 
carbidopa 3 times daily and advancing this weekly by 
increments of one-fourth tablet for all doses).

Patients with low blood pressure or signs of ortho-
static hypotension before starting carbidopa/levodopa 
are at risk for hypotensive symptoms. People with PD 
often have at least mild dysautonomia and some potential 
for orthostatic hypotension. This may be exacerbated by 
levodopa therapy. When levodopa drops the standing BP, 
it does this for 3 to 4 hours after each dose, followed by 
a return to baseline. It is wise to check the standing BP 
of patients before starting carbidopa/levodopa. If it is 
already low, levodopa may drop it lower. Some patients 
take medications that can be discontinued to avoid this 
(e.g., unnecessary diuretics, antihypertensives). If the 
standing BP is quite low (e.g., 90 systolic), it must be 
treated before starting carbidopa/levodopa; there are a 
variety of means to counter orthostatic hypotension (60); 
see Chapter 11.

DOPAMINE AGONIST AS THE FIRST DRUG

A dopamine agonist is a reasonable choice for initial ther-
apy, especially in young PD patients. However, anticipate 
that most patients will find this insufficient in a few years 
or less; levodopa will then be necessary.

In committing to initial agonist treatment, it is prob-
ably wise to counsel the patient that the initial doses will 
not provide benefit and that adherence to the dosage 
escalation schedule, which spans many weeks, is impor-
tant. A common problem is failure to advance the agonist 
dose into the therapeutic range. Thus it is important to 
see the patient back a few weeks after starting the agonist 
to ensure continuing compliance with the schedule.

Which Agonist to Choose for Initial Therapy?

Available orally administered agonists come in two classes, 
ergotamines (bromocriptine, pergolide, cabergoline) and 
non-ergotamines (pramipexole, ropinirole). The ergot-
amines have more potential for side effects, especially 
inflammatory-fibrotic reactions (69), which may dam-
age heart valves (70–72); pergolide was recently with-
drawn from the market because of cardiac valvulopathy 
and the other ergots also carry this risk. The ergotamine 
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TABLE 51-1
Dopamine Agonists for Initial Therapy

   TYPICAL TIME TO ESCALATE

 TABLET  MAINTENANCE TO THE TYPICAL USUAL CEILING

AGONIST SIZES, MG STARTING DOSE DOSES MAINTENANCE DOSES* DOSE

Pramipexole 0.125, 0.25, 0.125 mg tid 1.0–1.5 mg tid 5–7 weeks 2 mg tid †

(Mirapex) 0.5, 1.0, 1.5

Ropinirole 0.25, 0.5, 1.0, 0.25 mg tid 3–5 mg tid 8–10 weeks 7 mg tid †

(Requip) 2.0, 3.0, 4.0, 5.0

*Per the manufacturers’ published schedules.
†Occasionally slightly higher doses are administered as tolerated.

agonists are considerably more expensive (60) and have 
no important advantages over non-ergot agonists. Hence 
they are not discussed further.

Either pramipexole ropinirole are appropriate for 
initial treatment in PD. They have a similar pharmacology 
(73, 74), with selective affinity for dopamine D3 recep-
tors (especially pramipexole). Ropinirole and pramipex-
ole cost about the same (60), and their efficacies appear 
to be similar, although there has been no head-to-head 
comparison in a clinical trial. Perhaps the major differ-
ence between these two drugs is that the pramipexole 
dosing scheme is less complex (60); unlike ropinirole, 
pramipexole tablets are scored, which allows fewer pill 
sizes to be used in dose escalation.

Specifics of Dopamine Agonist Therapy

All agonists are started in a low, subtherapeutic dose 
and slowly escalated over many weeks, as illustrated in 
Table 51-1. Unlike the case with levodopa therapy, 
there are no substantial interactions with food, and they 
are usually taken with each of 3 meals (thus reducing the 
potential for nausea). By convention, they are increased 
weekly to the maintenance dose, which is determined 
by the response. Since multiple pill sizes are necessary, 
the escalation is easiest for patients if they have printed 
instructions; the manufacturers provide these, and they 
also have been published for patients (60).

Common Side Effects With 
Non-ergot Agonist Therapy

Like levodopa therapy, agonists may also induce nausea; 
the risk is minimized by dosing after eating and the very 
slow dose increments, allowing habituation. Orthostatic 
hypotension may also occur, and a standing BP before 

starting treatment is advisable; if the standing BP is 
already low, then close BP monitoring is appropriate.

Although any of the medications for PD may provoke 
hallucinations or sedation, these effects are substantially 
more likely with agonists than with levodopa (46, 47). 
Leg edema may also occur with the agonists (46, 47). 
Rarely, agonists provoke pathologic behaviors, such as 
gambling or hypersexuality (see Chapter 19); however, 
this is primarily due to the use of agonists in combination 
with carbidopa/levodopa (75, 76).

Newly-approved Dopamine Agonist   
Transdermal Patch: Rotigotine (Neupro)

Rotigotine (Neupro) is a dopine agonist that was FDA-
approved and became available as this chapter was going 
to press. It is formulated as a transdermal preparation 
and has a pharmacology very similar to pramipexole and 
ropinirole (selective affinity for D3 more than D2 recep-
tors (77)). Drug delivery is proportional to the size of 
the skin-patch, with stable plasma concentrations when 
administered once every 24 hours. Clinical trials in early 
PD patients revealed that rotigotine patch monotherapy 
ersulted in anti-parkinsonism efficacy and side effects 
very similar to what one would have expected with orally-
administered pramipexole or ropinirole (78, 79). Thus, 
the role of rotigotine in clinical practice will be very simi-
lar to that of pramipexole and ropinirole.

Rotigotine is available in three skin patch sizes, with 
the following drug release rates: 2 mg per 24 hours (10 
cm2); 4 mg per 24 hours (20 cm2) and 6 mg per 24 hours 
(30 cm2). According to the manufacturer’s recommenda-
tions, therapy should be initiated with the 2 mg skin patch 
applied once daily. Guided by the response, it can then 
be increased after one week to the 4 mg/24 hours patch 
applied once daily, and a week later to the 6 mg/24 hours 
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patch applied daily. Patients are advised to rotate the 
application sites on the body to avoid skin irritation.

Other Treatments for Early PD

Newly diagnosed PD patients occasionally ask whether neu-
rosurgical procedures are appropriate. These, however, are 

reserved for advancing PD patients with motor fluctuations 
or dyskinesias that have become problematic.

Patients with early PD should be counseled to stay 
active, both physically and mentally, as appropriate for 
age and ability. Those with a sedentary lifestyle may be 
encouraged to engage in exercise or stretching classes or to 
consult a physical therapist for an appropriate program.
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Progress in Gene Therapy

urrently, 3 phase I clinical trials are 
under way utilizing recombinant 
adeno-associated viral vectors for 
the treatment of Parkinson’s disease 

(PD). In the first trial, the candidate gene is for aromatic 
amino acid decarboxylase (AADC), used to enhance dopa-
mine production. The second employs a neuroprotective 
strategy to deliver the gene for the neurotrophic factor 
neurturin, a member of the glial cell–derived neurotrophic 
factor (GDNF) family. And the third trial is designed to 
deliver the gene for glutamic acid decarboxylase (GAD), 
the enzyme responsible for GABA synthesis, into the sub-
thalamic nucleus to “quiet down” the nucleus and alle-
viate PD symptoms. If safety is confirmed, these clinical 
trials could pave the way to phase II to III studies in the 
near future to identify their clinical efficacies. Thus, the 
last several years have witnessed tremendous advances 
in the field of gene therapy for PD, and further progress 
is anticipated toward making this novel strategy a thera-
peutic option in the foreseeable future.

PD is particularly appropriate for gene therapy since 
(a) the brain pathology is well characterized and degenera-
tion of nigrostriatal dopaminergic neurons accounts for the 
motor symptoms; (b) animal models are available allowing 
preclinical testing in proof-of principle experiments; and 
(c) several candidate genes known to favorably impact 
dopaminergic neurons both in vitro and in vivo have 

Hideki Mochizuki
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already been cloned. In addition, the search for genetic 
mutations responsible for causing familial forms of PD has 
accelerated in recent years, with several genes or loci being 
identified (1–6). Thus, gene transfer has the potential to 
become an adjunct to or a replacement for conventional 
pharmacotherapy currently used for this disease.

The development of gene-based therapy for PD 
requires 2 primary considerations: (a) what gene should 
be targeted and (b) how to deliver that gene. In general, the 
development of a rational strategy for gene-based therapy 
first requires identification of the defective gene and char-
acterization of the normal gene product. Elucidation of 
the functional properties of a protein is essential before a 
feasible plan for gene delivery can be formulated. Finally, 
understanding the mechanism by which the mutation alters 
the phenotype is crucial, particularly knowing whether it 
results in loss of a normal function or gain of a toxic func-
tion. In case of the latter scenario, adding a normal copy 
of the gene would not eliminate the defective dominant 
mutant phenotype. While the genes responsible for PD 
are being identified and their functions and pathologic 
effects are still being investigated, alternative gene therapy 
approaches currently available include augmentation of 
dopaminergic neurotransmission or preservation of resid-
ual nigral dopamine neurons by targeting compensatory 
or secondary molecular pathways. The latter approach 
can potentially be achieved by delivering neuroprotective 

C
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or neurorestorative proteins or by blocking toxic gene 
products. Thus, the goal of gene therapy for PD is not 
limited to replacement of a defective gene responsible for 
the basic disease process.

METHODS OF GENE TRANSFER TO 
THE BRAIN

Two main approaches to gene-based therapy are being 
pursued for PD. The first is the in vivo approach, which 
involves direct introduction of a therapeutic gene into an 
appropriate brain region such as the striatum or substan-
tia nigra. The second approach is ex vivo, which involves 
the introduction of a therapeutic gene into an appropriate 
cell type in culture, selection of appropriate clones, and 
expansion to the necessary number of cells, followed by 
grafting the engineered cells into the brain.

The in vivo gene transfer can be achieved by viral 
vectors or by plasmids, although the former method 
remains the most efficient. In addition, viral vectors can 
be designed to accommodate one or more therapeuti-
cally relevant genes and can be sufficiently attenuated 
to prevent destructive infection in the brain. Plasmids, 
which can be used either as naked DNA or with cationic 
liposomes, result in shorter-lived gene expression than 
viral vectors and are therefore generally not useful for a 
chronic disorder like PD.

VIRAL VECTORS

Different viral vectors have been developed for somatic 
gene therapy (Table 52-1). In general, they are designed 
to be devoid of their cytopathogenic genes, which are 
replaced by the therapeutic gene(s). Many of these vectors 
have been used in experimental gene transfer studies in 

animal models of PD (7–10). These vectors vary with 
respect to their physical and biological characteristics as 
well as their tropism to the different cellular populations 
of the brain. Consequently these properties dictate the 
suitability of each vector system for in vivo vs. ex vivo 
gene transfer methods.

Viral vectors that can be used for gene transfer 
to the brain should be neuronotropic such as those 
derived from herpes simplex virus type 1, adenovirus, 
adeno-associated virus or lentivirus. Although retrovi-
ruses generally require replicating cells for their life cycle, 
a lentiviral vector based on the human immunodeficiency 
virus-1 capable of infecting striatal and cerebellar neurons 
in vitro and expressing the transgene in adult rats holds 
considerable promise (11, 12).

Herpes simplex virus type I (HSV-1) is a large neu-
ronotropic virus that can infect a wide range of host 
cells and establishes indefinite latency within neurons. 
HSV-1–based vectors have been used in a variety of exper-
imental systems (13). Two different techniques of exploit-
ing HSV-1 have been developed: (a) recombinant HSV-1 
with various deletions that render the virus replication 
defective and (b) HSV-1 amplicon based on plasmids 
containing transgenes with minimal HSV-1 sequences. 
Such plasmids are transfected into a complementing cell 
line along with a helper virus for packaging. The term 
“amplicon” refers to the fact that multiple repeats of 
the plasmid are packaged, allowing the delivery of sev-
eral copies of the transgene into a single cell and hence 
amplifying the signal.

Although HSV-1-based vectors were the first 
successfully used vectors to introduce transgenes into 
postmitotic neurons, these vectors have many disadvan-
tages, including the possible reversion from mutant to 
wild-type HSV-1, resulting in lytic encephalitis. Since a 
high percentage of people have latent HSV-1 residing in 

TABLE 52-1
Viral Vectors for Gene Therapy

 INTEGRATION IN

VIRUS HOST GENOME TARGET CELLS ADVANTAGES DISADVANTAGES

HSV-1 No Neurons Large insert size, Cytotoxic
latency

Adenovirus No Glia � Neurons High titer, Immunogenic
efficient

AAV Ch 19, Neurons � Glia Nonpathogenic Low titer
some episomal

Retrovirus Random Dividing cells only Most experience For ex vivo gene
integration    transfer only

Lentivirus Random Dividing and nondividing, Low immune No packaging cell line,
Integration  neurons  reaction  concerns about HIV virus
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the trigeminal ganglion, the theoretical possibility exists 
for a recombination event between latent HSV-1 and the 
engineered vector, resulting in lytic infection or reactiva-
tion of latent HSV-1 in the CNS. A number of studies also 
reported cytotoxicity associated with several HSV-1 vec-
tors. Such cytotoxicity may be partly due to the fact that 
these defective vectors require the presence of a helper 
virus to provide the missing proteins needed to gener-
ate a virus stock. However, attempts have been made 
to attenuate these risks. Newer-generation vectors with 
multiple deletions to reduce the risk for neurovirulence 
and cytotoxicity (14–16) as well as an amplicon vector 
free of helper virus have been developed (17).

In clinical trials, direct injection of replication-
competent HSV into brain tumors of patients has 
proven safe. Following a pilot clinical study of combined 
IL-2/HSV-TK gene therapy for recurrent glioblastoma 
multiforme, Colombo et al. (18) extended the protocol to 
a larger population of patients and confirmed the safety, 
feasibility, and biological activity of this treatment. This 
suggests that an HSV-1–based vector can be a candidate 
gene therapy vehicle for PD as well (19, 20).

Adenovirus is the common cold virus, which is 
considered a candidate for in vivo gene transfer in the 
brain due to its high-titer virus stocks, efficient infec-
tion of postmitotic neuronal cells, and the relatively 
benign course of its infection (21, 22). The adenoviral 
genome stays episomal (i.e., it is not integrated in host 
chromosomal DNA), which makes it less than ideal for 
long-term expression of transgenes. The predominant cell 
type in the brain that is infected with adenovirus vector 
appears to be the astrocyte (23). However, the main short-
coming of adenoviral vectors is their tendency to elicit 
an intense immune reaction from the host, associated 
with inflammation and gliosis. Thus, current adenovi-
rus vectors are useful for short-term experimental studies 
but do not appear to be practical for long-term treat-
ment. Attempts are under way to develop vectors with 
reduced immunogenicity and toxicity. Sadly, patient Jesse 
Gelsinger died in 1999 while participating in a clinical 
trial to treat ornithine transcarbamylase deficiency, a rare 
metabolic disease, using an adenovirus vector. His death 
galvanized support for greater regulatory oversight of the 
clinical trial enrollment process (24).

AAV is a nonpathogenic parvovirus that requires a 
helper virus such as adenovirus or HSV-1 for productive 
infection. It can infect both dividing and nondividing cells. 
AAV-derived vectors offer several advantages, including 
the fact that most of the wild-type viral genome is deleted 
and therefore has minimal deleterious consequences. AAV 
vectors that are entirely free of helper viruses and do not 
encode any viral proteins are currently available. This is 
a significant improvement over other viral vectors such 
as HSV-1 and adenovirus, which retain the ability to 
synthesize viral proteins. Thus the main advantage of 

AAV-based vectors is the apparent absence of significant 
cytotoxicity. In addition, AAV integrates into a specific 
site on chromosome 19, permitting increased DNA sta-
bility and prolonged expression time (25). Minor dis-
advantages include significantly lower viral titers than 
those obtained with adenovirus and the small insert 
size, which is generally not an issue for most currently 
known candidate therapeutic genes for PD. Importantly, 
the restricted tissue tropism of AAV and its low transduc-
tion efficiency have limited its further development as 
vector. Recent studies using vectors derived from alterna-
tive AAV serotypes—such as AAV1, 4, 5, and 6—have 
shown improved potency and broadened tropism of the 
AAV vector by packaging the same vector genome with 
different AAV capsids (26).

To date, more than 25 patients with PD have been 
reported worldwide to have received gene therapy with 
this vector. No side effects have been reported, but 
vigilance for possible adverse effects as a result of long-
term transgene expression as well as the AAV vector itself 
is paramount.

Retroviruses are RNA viruses that require dividing 
cells for their reverse transcription and integration into 
host chromosomal DNA. Disabled Moloney murine leu-
kemia viruses have been widely used for ex vivo gene 
transfer for many years. The main advantages include 
high infection rates and transgene expression as well as 
availability of packaging cell lines. Neuronal progeni-
tor cells are particularly suited as the target population 
for ex vivo gene therapy and cellular therapy in PD. 
Efficient genetic modification of neuronal progeni-
tor cells with retroviral vectors has yet to be achieved 
because of several problems inherent to current retro-
viral technology. One of these is the low transduction 
efficiency of neuronal progenitor cells with current 
retroviral vectors, most of which carry the Moloney 
murine leukemia virus–derived long terminal repeat, 
which is very susceptible to “shutting off/silencing” 
in immature cells such as embryonic stem (ES) cells or 
hematopoietic stem cells. Fetal bovine serum, which is 
a common component of the virus supernatant, is also 
a critical problem because it induces neuronal progeni-
tor cells to differentiate into mature neurons and glial 
cells during the transduction procedure. To overcome 
these problems, a new retrovirus production system 
has been established in which the simplified retroviral 
vector engineered to be resistant to de novo methylation 
is packaged in the vesicular stomatitis virus G protein 
as a pseudotyped retrovirus production system (27). 
This virus can be concentrated to high titers, thereby 
permitting the use of much higher values of multiplic-
ity of infection than had been possible previously. This 
allows the transgene to be easily introduced and traced 
in neuronal stem cells by removing fetal bovine serum 
from the virus supernatant (28, 29).
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Lentiviruses, unlike other retroviruses, can infect 
nondividing cells such as neurons. A vector based on 
the human immunodeficiency virus has been shown to 
transduce nonproliferating adult neurons in vitro (11) 
and in vivo (12). Transgene expression is maintained over 
several months without appreciable decline, and no obvi-
ous pathogenic changes or immune responses have been 
detected.

To regulate transgene expression, an improved reg-
ulatable lentivirus vector has been generated, which is 
composed of a self-inactivating lentivirus vector–bearing 
inducible tet-responsive promoter elements (30). Inducible 
systems that allow the control of gene expression in 
mammalian cells are versatile tools for conditional gene 
expression and knockdown (31). Since human immu-
nodeficiency virus interferes with host cell division, the 
development of packaged cell lines that can facilitate vec-
tor generation has been somewhat hampered.

CELL VEHICLES FOR EX VIVO GENE 
TRANSFER FOR PARKINSON’S DISEASE

Ex vivo engineering of cells containing cDNAs encoding 
candidate therapeutic proteins is also being explored in 
PD models. Several cell culture types have been used in pre-
clinical studies to assess their suitability for engineering
and subsequent transplantation into the brain to deliver 
secreted molecules (Table 52-2). Early studies that used 
cell lines (e.g., fibroblasts, Schwann cells, myoblasts, neu-
roblastoma, glioma and neuroendocrine cells) reported 
varying degrees of success and reproducibility (32, 33). 
Not surprisingly, such cells were quickly abandoned for 
gene transfer applications because they generally either 
form large expanding tumors or are killed by host immune 
defense mechanisms.

The possibility of tumor formation as a result of 
grafting free-floating cell lines is a major source of con-
cern. This situation has stimulated the development of 
encapsulated cell technology. A macroporous gelatin 
microcarrier system, which provides interior surfaces for 
cell attachment to protect cells from shear forces, is one of 
the candidates for ex vivo transplantation. Because such 
microcarriers are made of gelatin, which is derived from 
collagen, cells attach and grow in an environment that 
simulates the in vivo environment more closely than other 
carriers can. Indeed, implants of human retinal pigment 
epithelial cells attached to gelatin microcarriers appear 
to be safe and well tolerated and have been reported to 
improve motor symptoms in animal models and in a pilot 
study in PD patients (34, 35). Furthermore, human retinal 
pigment epithelial cells produce levodopa and can be 
isolated from postmortem human eye tissue, grown in 
culture, and implanted into the brain attached to micro-
carriers. Modification of this approach could be useful 
for other ex vivo gene therapy for PD.

Another means of circumventing the limitations of 
grafted cell lines is the application of molecular tech-
niques of conditional immortalization using nontrans-
forming oncogenes such as the temperature-sensitive 
allele of the SV40 large tumor antigen. This manipula-
tion allows cell growth at low permissive temperatures 
(around 33°C) in culture but not at the body tempera-
ture of 37°C. Immortalization of rat fetal mesence-
phalic neurons by using this method has been tested in 
6-hydroxydopamine (6-OHDA)–lesioned rats, demon-
strating behavioral recovery without immune rejection or 
tumor formation (36). Delivery of the tyrosine hydroxylase 
(TH) cDNA using such cells increased L-dopa production 
in rodent and nonhuman primate models of PD (37). 
Alternatively, the use of cell lines that differentiate into 
neurons under appropriate conditions has also been tried. 
For example, PC12 cells engineered with nerve growth 
factor under the control of the zinc-inducible metallothio-
nein promoter differentiate into neurons when grafted in 
the rat striatum (38).

The idea of an autologous source of cells that are 
easily obtained from the patient and readily transduced 
by therapeutic genes in vitro has stimulated the use of pri-
mary skin fibroblasts as vehicles for gene transfer (39–41). 
However, survival of these cells in the brain is not predict-
able. In addition, instead of integrating with host brain 
circuitry, they tend to displace the brain parenchyma by 
forming a globular clump of cells, which itself can dis-
rupt rotational behavior in rodents (40). Astrocytes have 
also been tested owing to their natural supportive role 
in the brain, their efficient secretory mechanisms, their 
transducibility in vitro, and their tendency to migrate 
from the graft site, thus minimizing mass effect (42, 43). 
Furthermore, astrocytes potentially represent autologous 
source of cell vehicles (44). Immature astrocytes from rat 

TABLE 52-2
Cell Types for Ex Vivo Gene Therapy in Animal 

Models of Parkinson’s Disease

Fibroblasts
Myoblasts
Astrocytes
Schwann cells
Transformed cell lines
Carotid body
Bone marrow stromal cells
Neural progenitor cells
Embryonic stem cells
Olfactory ensheathing glial cells
Encapsulated cells
Human retinal pigment epithelial cells attached to 

gelatin microcarriers
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brain transduced with TH cDNA and transplanted in the 
striatum of 6-OHDA–lesioned rats have been reported 
to survive and migrate. Although only few grafted cells 
expressed TH in vivo, some behavioral recovery was 
observed (45).

Astrocytes have also been used as cografts with 
embryonic ventral mesencephalic neuronal grafts, but 
results have been variable depending on the age of astro-
cytes used and whether they expressed recombinant bio-
active brain-derived neurotrophic factor (BDNF) (46). 
An immortalized human fetal astrocyte cell line express-
ing TH injected in the striatum of 6-OHDA–lesioned 
rats reportedly resulted in behavioral recovery but poor 
graft survival (47). Lentivirus is a good tool for long-term 
transgene expression in astrocytes. Genetically modified 
astrocytes expressing GDNF by lentivirus vector provided 
neuroprotection in a rat model of PD following trans-
plantation to the substantia nigra (48).

The bone marrow, including its stromal cells, exhib-
its multiple traits of a stem cell population with potential 
use as an autologous source (49, 50). Marrow stromal 
cells can be greatly expanded in vitro and induced to dif-
ferentiate into multiple mesenchymal cell types such as 
bone, cartilage, myocytes, and hepatocytes as well as glial 
cells after transplantation (51, 52). In addition, human 
and mouse bone marrow stromal cells can be induced 
to differentiate into neural cells under experimental cell 
culture conditions (53). This suggests that a population 
of neuronal cells can be generated from bone marrow 
stromal cells and potentially used for neuroreconstructive 
purposes. Marrow cells can also seed the brain in vivo 
and reside in the parenchyma as astrocytes, microglia, 
and even neurons (54, 55). Further, marrow-derived 
astrocytes tend to home in to the site of brain injury, as 
with stroke (56). These properties of marrow-derived 
brain cells have been exploited to deliver the GDNF 
cDNA in the mouse MPTP model with evidence of 
neuroprotection (57).

The ideal cells for CNS somatic gene therapy would 
be of CNS origin with many neuronal features such as 
storage mechanisms, secretory pathways, second messen-
gers and signal transduction pathways. Neural progenitor 
cells that could potentially develop these features have 
been isolated from fetal and adult brains, particularly 
from regions that undergo neurogenesis, such as the 
subventricular zone, the olfactory system, and the hip-
pocampus (58). However, progenitor cells transplanted 
in the brain differentiate predominantly into the glial 
phenotype (58, 59).

Some genetically modified progenitor cells exhibit 
enhanced differentiation to dopaminergic neurons. For exam-
ple, progenitor cells with the transduced von Hippel–Lindau 
gene efficiently differentiate into TH-positive neurons 
both in vitro and in vivo (60). This approach has the 
potential to produce universal donor cells with many of 

the desirable neuronal features. Among the different cell 
types tested experimentally, neural progenitors derived 
from embryonic mesencephalic cultures hold the best 
potential (61–65).

ES cells provide a potentially unlimited source of 
specialized cells for regenerative medicine. A high pro-
portion of dopamine-producing TH-positive neurons are 
obtained from ES cells treated with stromal cell-derived 
inducing activity (66). Several studies demonstrated that 
transplanted ES cells can develop spontaneously into 
dopaminergic neurons. Transplantation of such dopa-
minergic neurons restored cerebral function and behavior 
in an animal model of PD (67, 68). Recent advances 
in coculture conditions allow rapid and efficient deriva-
tion of most central nervous system (CNS) phenotypes 
from ES cells (69). The effect of transplantation of dopa-
minergic neurons generated from monkey ES cells into 
1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine-treated 
(MPTP) –treated monkeys was also examined. Behavioral 
and functional imaging studies revealed that the trans-
planted cells functioned as dopaminergic neurons and 
attenuated MPTP-induced neurologic symptoms (70).

The olfactory bulb is a structure of the CNS in which 
axonal growth occurs throughout the lifetime of the 
organism. A major difference between the olfactory bulb 
and the remaining CNS is the presence of ensheathing 
glia in the first 2 layers of the olfactory bulb. Olfactory 
ensheathing glia display properties suggestive of involve-
ment in the process of regeneration, and they appear to 
be responsible for the permissibility of the adult olfac-
tory bulb to axonal growth. In fact, olfactory ensheath-
ing cells transplanted to the site of a spinal cord injury 
can promote axonal sparing/regeneration and functional 
recovery (71). Olfactory ensheathing cells are also a good 
candidate for an autologous source of cells for ex vivo
transplantation for PD (72). Whether the mechanism(s) 
that kills nigral neurons in PD also affect the survival 
of transplanted cells remains unknown, and no evidence 
is available to address this issue. Overall, the outlook is 
optimistic, but important aspects still need to be worked 
out (73).

CANDIDATE THERAPEUTIC GENES FOR 
PARKINSON’S DISEASE

Two categories of candidate therapeutic genes are being 
considered for gene transfer studies in experimental par-
kinsonism. First, symptomatic molecules that relieve 
the phenotypic manifestations of the disorder, such as 
dopamine biosynthetic enzymes, without substantially 
influencing the underlying neurodegeneration. Second, 
restorative molecules that have the potential to retard the 
neurodegenerative process by one or more mechanisms 
(Table 52-3).
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Symptomatic Gene Products

Since TH is the rate-limiting enzyme in dopamine bio-
synthesis, attempts to deliver the cDNA encoding this 
protein have been a focus of intense investigation (8). 
One method of delivering the TH cDNA into the striatum 
is transplantation of a tissue that endogenously expresses 
TH. The latter, in fact, has been one of the rationales for 
transplantation of human fetal mesencephalic tissue. 
However, due to the limitations of this approach, a 
more direct method for delivery of TH cDNA to the 
parkinsonian brain would be desirable. Carotid body 
autotransplants were also used in animal models of PD, 
with reportedly favorable results (74–76). A pilot clinical 
study indicates that carotid body autograft transplanta-
tion is a relatively simple, safe, and viable therapeutic 
approach for the treatment of patients with advanced 
disease (76).

Methods to deliver TH cDNA in animal models of 
PD initially used cell lines such as AtT-20 and NIH3T3, 
but subsequently primary cells such as fibroblasts, myo-
blasts, astrocytes, and Schwann cells were used in ex 
vivo gene transfer studies (33, 40, 45). Immortalized cell 
lines generated from embryonic mesencephalic cultures 
have been also utilized for the delivery of TH into the 
striatum of PD models (37). In addition, direct in vivo 
TH gene transfer has been tried with plasmid DNA using 
lipofectin (77–79). Several viral vectors have been used in 
proof-of-principle experiments to deliver the TH cDNA 
in the rat 6-OHDA model of PD. An HSV-1 based ampli-
con vector expressing TH in the striatum of lesioned 
rats has resulted in behavioral recovery over a period of 

1 year (80). However, about 10% of the animals in that 
study died with evidence of HSV-1–mediated cytopathic 
effects, presumably due to the presence of helper virus 
or the production of cytotoxic or immunogenic viral 
proteins. In addition, reduction of TH expression was 
observed over time, perhaps due to downregulation of 
the viral promoter in the vector. TH cDNA has also been 
delivered using AAV to the rat striatum (81). Although 
most infected cells were neurons, transgene expression 
declined over 4 months and rotational recovery was 
reported for only 2 months. However, a 1-year-long 
expression of transgene was confirmed by the multiple 
administrations of either identical (readministration) or 
different (cross-administration) serotype-based AAV vec-
tors (82). An adenovirus vector expressing TH resulted in 
functional recovery, but only for a short time, mainly due 
to the known short-lived expression of this vector (83). 
Interestingly, even TH expressed in glial cells under the 
influence of the glial fibrillary acidic protein promoter 
resulted in behavioral recovery in this model (79).

Another dopamine biosynthetic enzyme is aro-
matic amino acid decarboxylase (AADC), which con-
verts L-dopa to dopamine. However, the importance of 
AADC in vivo is not clinically evident, since L-dopa is 
decarboxylated effectively in the brains of parkinsonian 
patients despite the loss of the majority of their dopami-
nergic neurons. Presumably, the required AADC func-
tion is provided by nondopaminergic cells such as glia, 
serotoninergic cells, or vascular endothelial cells. Coad-
ministration of 2 separate AAV vectors for TH and for 
AADC in the striatum of rats resulted in more efficient 
dopamine production and behavioral recovery than TH 
alone (84). Furthermore, in nonhuman primates that 
were rendered parkinsonian by MPTP administra-
tion, TH and AADC delivery in the striatum resulted 
in TH-positive cells and biochemical but no consistent 
behavioral improvement (85). However, some reports 
also suggest a detrimental effect of AADC on dopamine 
production, perhaps due to endproduct inhibition of 
TH (86). This effect might be cell type–specific, perhaps 
seen in nonneuronal cells such as fibroblasts, which 
cannot sequester dopamine into synaptic vesicles, thus 
allowing it to interact with and inhibit cytoplasmic TH. 
To circumvent the problem of end-product inhibition, 
constructs having a truncation of the N-terminal regula-
tory domain of TH, leaving only its catalytic domain, 
have been developed (87).

TH is also critically dependent on the cofactor tet-
rahydrobiopterin (BH4) for its activity. The importance 
of BH4 has been demonstrated in fibroblast cell lines 
that do not produce sufficient amounts of BH4 to per-
mit production of L-dopa in vitro or in vivo (88). The 
addition of BH4 to these cells is necessary for L-dopa 
synthesis and behavioral recovery. Thus, BH4 must be 
either supplemented exogenously or by coexpression of 

TABLE 52-3
Categories of Candidate Therapeutic Genes for 

Parkinson’s Disease

Symptomatic
Transmitter enzymes: TH, GTP-CH1, AADC
Gene for inhibition of overactive neurons: GAD

Restorative
Neurotrophic factors: GDNF, BDNF
Antiapoptotic molecules: bcl-2, Apaf-1 dominant 

negative inhibitor, X-chromosome–linked inhibitor
Free radical scavengers: Cu/Zn SOD
Anti–alpha-synuclein toxicity: heat-shock protein 70

(Hsp) 70, beta-synuclein, inhibitor of transglutamin-
ase, rybozime, RNAi of alpha-synuclein, 
alpha-synuclein antibody

Replacement
PARK 2: parkin
PARK 6: PINK1
PARK 7: DJ-1
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guanine 5�-triphosphate cyclohydrolase (GTP-CH1), the 
rate-limiting enzyme in BH4 production. The expression 
of both TH and GTP-CH1 in fibroblasts grafted in dener-
vated striata is reportedly required for detectable basal 
L-dopa levels (40). In vivo microdialysis studies follow-
ing gene transfer with AAV have shown that TH alone is 
not enough for L-dopa production and that GTH-CH1 
is required in the absence of exogenous BH4 (89). Thus, 
the role of GTH-CH1 appears to apply to both in vivo 
and ex vivo gene transfer.

A phase I/II clinical trial (http://www.nwpf.org/
articles.asp?id�1370) of an AAV vector (AV201) con-
taining the AADC cDNA was initiated at the University 
of California San Francisco and the Lawrence Berkeley 
National Laboratory in late 2004 (90). The vector is deliv-
ered directly to the striatum of patients with advanced 
PD with the expectation that they would respond more 
readily to levodopa, since enhanced AADC expression 
should improve dopamine synthesis at the site of its 
action. The results from positron emission tomography 
(PET) brain scans of a few patients obtained 6 months 
after AV201 infusion reportedly revealed increased activ-
ity of AADC in the targeted area of the brain, compared 
with the patients’ pre-treatment PET scans. After clear-
ance of safety issues, a phase II / III clinical trial is planned 
to detect the efficacy of this gene therapy approach for 
advanced PD.

Genes for the Inhibition of Overactive Neurons

Glutamic Acid Decarboxylase. Many of the manifesta-
tions of PD are believed to be due to the downstream 
disinhibition of the subthalamic nucleus (STN), leading 
to pathologic excitation of its target nuclei, the internal 
segment of the globus pallidus and substantia nigra pars 
reticulata. Silencing the excitatory glutamatergic neu-
rons of the STN by overexpressing GAD, the enzyme 
that catalyzes the synthesis of the inhibitory neurotrans-
mitter GABA, by using an AAV vector is another gene 
therapy approach being examined for PD (91). In the 
rat model, neurons transduced with such a vector pro-
duce mixed inhibitory responses associated with GABA 
release. The same intervention appears to be neuropro-
tective against 6-OHDA–induced degeneration of dopa-
minergic neurons (92).

In the first FDA-approved clinical trial to test 
gene therapy in PD, (http://www.eurekalert.org/pub_
releases/2005-09/bm-nap092305.php), an AAV vector car-
rying the human GAD cDNA was infused in the STN of 
patients with advanced disease. This open-label phase I 
study was carried out at the Weill Medical College of 
Cornell University. Interim results announced in 2005 were 
positive with respect to safety and efficacy in the 12-patient 
cohort. The treatment was safe and well tolerated, with no 
evidence of adverse effects or immunologic reaction to the 

virus. Clinical assessments at 1 year revealed a statistically 
significant 27% improvement in motor function (measured 
by the UPDRS) on the side of the body that correlated with 
the treated side of the brain. In contrast, the untreated 
side showed no significant improvement. Activities of daily 
living also showed a trend toward improvement. Further-
more, fluorodeoxyglucose-PET scans obtained at 1 year 
revealed that the treated side of the brain exhibited a sta-
tistically significant decline in abnormal metabolism while 
the untreated side showed a further increase in abnormal 
metabolism. These encouraging results need confirmation 
with a more vigorous trial design.

Neurorestorative Genes

Since L-dopa associated motor response complications 
arise in the context of severe neuronal loss in the sub-
stantia nigra, preservation of these dopaminergic neurons 
would be the optimal strategy for preventing the devel-
opment of late complications and minimizing disease 
severity as well. Thus, the delivery of transgenes that 
enhance the survival of these cells should accomplish both 
objectives. At present, candidate genes include those that 
encode neurotrophic or antiapoptotic factors or genes 
that reduce oxidative stress.

Because neurotrophic factors cannot cross the blood 
brain barrier, and because of problems associated with 
intracerebroventricular delivery of proteins, gene transfer 
approaches have been attempted in animal models of PD. 
To date, GDNF family proteins and BDNF have been 
examined for this purpose (93, 94). GDNF delivered in
vivo with an adenoviral vector into the rat substantia 
nigra (95) or striatum (96, 97) protected against subse-
quent 6-OHDA lesions. A similar approach of delivering 
GDNF also restored neural function even in rats with 
established 6-OHDA lesions (98). Adenovirus vector 
mediated GDNF delivery was also effective in a mouse 
MPTP model (99). In addition, an AAV vector was used 
to deliver the GDNF cDNA to the rat substantia nigra 
and resulted in functional recovery (100).

Neurturin is a member of the same protein family 
as GDNF and they have similar pharmacological proper-
ties. Neurturin exerts potent actions on the survival and 
function of midbrain dopaminergic neurons (101, 102), 
and provides efficient neuroprotection of lesioned nigral 
dopaminergic neurons, similar to GDNF, using an in vivo
gene therapy approach (103).

In September 2005, a phase I clinical trial to deliver 
neurturin cDNA via an AAV type 2 vector (CERE-120) for 
PD was announced (http://www.ceregene.com/news-pr.
html). The goal of this study was to determine the 
safety and efficacy of this approach using standardized 
clinical assessments and brain imaging (104). Primary 
outcomes of the study design, safety and tolerability, 
were successfully met. This study including 12 patients 
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showed a clinical improvement of 40% in the UPDRS 
motor off score compared to baseline by 9 months. 
In September 2006, plans for a phase II randomized, 
double-blind, sham surgery-controlled study (CERE-120) 
for PD was announced. The design of this study calls for 
approximately 34 participants to receive CERE-120 and 
approximately 17 participants to receive sham surgery. 
Participants in this trial will be followed for one year after 
the neurosurgical procedure.

Gene Replacement Therapy for Familial 
Parkinson’s Disease

About 15% of patients with PD have an inherited form 
of the disease. Several causal genes for familial PD have 
been identified in recent years (1–6). Early development 
efforts in gene therapy in the 1980s targeted uncommon 
single-gene disorders using wild-type gene replacement of 
the defective gene. In PD, 3 genes have been identified to 
cause autosomal recessive disease. These are mutations 
in parkin (PARK2) (2), PINK1 (PARK6) (4), and DJ-1
(PARK7) (5). Loss of function of a single gene product 
can lead to the degeneration of dopaminergic neurons 
and clinical manifestations of parkinsonism. Thus, the 
mechanism of cell death in the substantia nigra in these 
families is the loss of function of these candidate genes. 
Normal wild-type gene replacement therapy for PD 
patients with these mutations should be ideal for pro-
tection against cell death. In familial disease, parkin
mutations are the most common cause of autosomal 
recessive early-onset parkinsonism, including the auto-
somal recessive juvenile disease. The frequency of the 
mutation is estimated at 50% in families with auto-
somal recessive early-onset parkinsonism. The Parkin 
protein functions as a ubiquitin ligase targeting specific 
proteins for degradation (105).

Since parkin-associated PD is recessively inherited—
that is, loss of function of parkin leads to the development 
of parkin-associated PD—substrates for Parkin (for its E3 
function) would be expected to accumulate in the brain. 
Therefore Parkin replacement therapy for such patients 
should decrease the toxicity of these substrates. Studies 
of parkin-null mice should define the effect of Parkin 
replacement using a viral vector for PARK2.

Other in vitro studies have shown that parkin 
exhibits cytoprotective effects against the toxic effects 
of �-synuclein overexpression (106). Alpha-synuclein is 
present in Lewy bodies, the pathologic hallmark of PD, 
and point mutations in the �-synuclein gene (PARK1) and 
triplication of the wild-type �-synuclein locus (PARK4) 
can be pathogenetic in rare cases of dominantly inher-
ited PD (107). Two studies have reported that parkin 
gene therapy using viral vectors is effective against 
�-synucleinopathy, suggesting its potential suitability for 
patients with sporadic PD as well (108, 109).

DJ-1 (PARK7) has been identified as another caus-
ative autosomal recessive gene for PD. While the mecha-
nism of action of DJ1 is unknown, it has been found 
to be associated with oncogenic mechanisms, control of 
gene transcription, regulation of mRNA stability, and a 
sensor of oxidative stress (5). DJ-1 null mice show hypo-
locomotion when subjected to amphetamine challenge 
and increased susceptibility to MPTP. With regard to 
replacement gene therapy for PARK7 patients, restora-
tion of DJ-1 expression in DJ-1 null mice or cells via 
adenoviral vector delivery mitigated all phenotypes. The 
same group of investigators found that wild-type mice 
receiving adenoviral delivery of DJ-1 resisted MPTP-
induced striatal damage and that neurons overexpressing 
DJ-1 were protected from oxidative stress in vitro (110). 
Thus DJ-1 gene therapy could potentially have a rescue 
effect against cell death of nigral dopaminergic neurons 
in patients with sporadic PD.

PINK1, which is the causative gene for PARK6, is 
also responsible for a recessive form of PD (4). Most 
mutations have been reported to cluster in or around the 
putative kinase domain of this protein, suggesting that loss 
of PINK1 kinase activity may cause the disease. PINK1 
reduces basal neuronal proapoptotic activity and protects 
neurons from staurosporine-induced apoptosis (111). 
Thus, PINK1 gene therapy may also be useful not only 
for PARK6 patients as a replacement therapy but as pro-
tective therapy for sporadic PD.

Other Neuroprotective Genes

Several potential cascades culminating in dopaminergic 
cell death in the substantia nigra have been described. 
Inhibiting such a cascade is one of the options for gene 
therapy in PD. One of these pathways is triggered by cyto-
chrome c released from mitochondria, which promotes 
the activation of caspase-9 through apoptotic protease 
activating factor-1 (Apaf-1). A recent study demonstrated 
that an AAV-derived Apaf-1 dominant negative inhibitor 
(as an antiapoptotic gene therapy) prevented MPTP toxic-
ity (112). In another study, adenoviral gene transfer of a 
protein caspase inhibitor, X-chromosome-linked inhibitor 
of apoptosis, also prevented MPTP-induced cell death of 
dopaminergic neurons in the substantia nigra pars com-
pacta of mice (113). A major issue in antiapoptotic gene 
therapy is the potential adverse effect of oncogenesis. 
Thus, transient expression of antiapoptotic molecules 
may be a better strategy than long-term expression.

Fibrillization and aggregation of �-synuclein may 
play a critical role in PD. The chaperone heat-shock 
protein 70 (Hsp70) strongly inhibits �-synuclein fibril 
formation via preferential binding to prefibrillar spe-
cies (114). Several compounds can suppress the toxicity 
of �-synuclein, such as 	-synuclein, inhibitors of tissue 
transglutaminase (115), rybozime, RNAi of �-synuclein
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(116), and �-synuclein antibody (117). Some of these are 
also candidate genes suitable for neuroprotective gene 
therapy for PD.

Reactive oxygen species are implicated in the patho-
genesis of PD. The antioxidant enzyme glutathione per-
oxidase has neuroprotective potential. A viral vector 
carrying the human glutathione peroxidase-1 gene was 
reported to provide protection against 6-OHDA–induced 
neurotoxicity of dopaminergic neurons in the substantia 
nigra pars compacta of rats (118). This indicates that 
antioxidative gene therapy strategies may be relevant.

DEALING WITH PROBLEMS RELATED TO 
GENE THERAPY

Different aspects of gene therapy should be addressed 
and important practical problems overcome, particularly 
those related to oncogenesis and immunologic rejection 
before this strategy becomes commonplace.

Gene therapy research faces various ethical issues 
and controversies that need to be carefully managed. Of 
special note, the use of human embryonic stem cells is 
surrounded by a number of ethical controversies, the 
extent of which is partly dependent on their source. The 
availability of any eventual embryonic stem cell therapies 
will likely pose a dilemma for those countries and people 
that have declared stem cell research to be unacceptable. 
The second ethical problem is the risk of sham surgery in 
a double-blind gene therapy trial. A placebo-controlled 
study is the gold standard for evaluating new therapies 
including gene therapy. The question whether surgery to 
deliver an empty viral vector is safe enough to be used as 

a comparison group for evaluating surgical gene therapy 
for PD is debatable. A few studies involving PD patients 
have examined the risk of sham surgery in clinical trials 
(119, 120). While placebo surgeries were generally safe 
and well tolerated, the number of subjects who received 
these procedures was small (119). One of these studies 
demonstrated that half of the researchers believed that 
an unblinded control efficacy trial would be unethical 
because it might lead to a falsely positive result (120). This 
brings up another problem: the placebo effect of surgery 
in uncontrolled trials. For example, this was shown for 
GDNF intrastriatal infusion therapy; the negative results 
of a placebo-controlled randomized trial contradicted the 
impressive results of a previous open-label uncontrolled 
trial (121). The placebo effect is a psychobiological phe-
nomenon that can be attributed to different mechanisms, 
including expectation of clinical improvement and Pav-
lovian conditioning. A PET study using the ability of 
endogenous dopamine to compete for [11C]raclopride 
binding demonstrated substantial dopamine release in 
response to placebo in PD patients (122). The strong 
placebo responses in PD patients who are implanted with 
electrodes for deep brain stimulation have been exploited 
recently by recording from single neurons after placebo 
treatment. These studies showed that placebo treatment 
reduced the activity of single neurons in the subthalamic 
nucleus in placebo-responsive patients (123). Thus, there 
is a need to monitor the placebo effect in any gene therapy 
protocol designed for patients with PD.

In conclusion, judging from the phenomenal 
advances in experimental gene therapy for PD in the past 
few years, the future looks more promising than ever bar-
ring unforeseen hurdles in the early clinical trials.
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Genetic Testing

arkinson’s disease (PD) poses a 
unique and complex series of prob-
lems for clinicians seeking to use 
and explain genetic data to patients 

and their families. This is a relatively new challenge, since 
PD has historically been considered a nongenetic disease. 
The annual incidence of PD ranges between 16 and 19 
individuals per 100,000 (1). To date, 6 genes have been 
established and associated with the disease. The chal-
lenges of interpreting molecular data and counseling 
families identified with hereditary forms of PD is impor-
tant, since commercial genetic tests have become available 
and additional genes will almost certainly be identified 
in the near future.

Parkinsonism has been shown to have a variety of 
etiologies, including vascular insults (2, 3), toxic sub-
stance exposures (4–7), infectious disorders (8), frontal 
lobe tumors (9–11), and defects or variations in meta-
bolic pathways (12–16). In the face of such evidence, 
the common assumption that PD had a primarily envi-
ronmental etiology was tenable. Although familial PD 
was reported in the literature as early as 1880 (17), it 
has been the growing knowledge of molecular genetics 
that has resulted in the broader consideration of PD as 
a disorder with a complex etiology combining varying 
contributions of genetic and environmental factors. At 
one end of the spectrum, there are families in which PD 
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is inherited in a Mendelian pattern; at the other end, there 
are individuals with toxin-induced parkinsonism with 
no identifiable contributing family history. Recurrence 
risks for relatives in the case of typical PD with an age of 
onset above 60 years is modest, with first-degree relatives 
of such individuals being probably 2 to 3 times more 
likely than the relatives of controls to develop the disease 
(18–20). However, families where individuals present with 
an early onset of symptoms (before age 50) in the presence 
of other affected relatives suggest a greater potential for 
a hereditary basis for PD (19–21). It is within this subset 
of PD that formal risk assessments by relationship may 
be possible in the foreseeable future, as additional genes 
are identified and clinical genetic testing and specifically 
presymptomatic testing becomes available.

To date, 11 genetic linkage loci have been reported 
for PD; they have been labeled PARK-1 to PARK-11, 
respectively. Three of these loci are no longer in par-
lance in the field (the family who originally mapped to 
PARK-4 actually maps to PARK-1 (22), PARK-5 is prob-
ably wrong, and PARK-9 is readily distinguishable 
from PD (23). Among the remaining 9 loci, 5 genes 
have been identified: PARK-1 (�-synuclein), PARK-2 
(parkin), PARK-6 (PINK1), PARK-7 (DJ-1), and PARK-8 
(LRRK2/dardarin). In addition, 4 additional genes have been 
identified in hereditary disorders with phenotypes that 
overlap clinically with PD: frontotemporal dementia with 

P



VIII • TREATMENT ISSUES656

parkinsonism linked to chromosome 17 (FTDP-17) (24), 
X-linked dystonia parkinsonism (XDP), and 2 of the spi-
nocerebellar ataxias (SCA)—that is, SCA-2 (especially in 
those of Asian origin) (23) and SCA-3 (Machado-Joseph
disease; especially in those of African origin) (25). A 
gene has also been identified for dopa-responsive dysto-
nia (also known as Segawa’s disease) (26), a phenotypi-
cally variable condition in which some of the affected 
individuals exhibit signs of parkinsonism in the absence 
of classic symptoms of dystonia. Although the number 
of patients with family histories clearly consistent with 
Mendelian inheritance is relatively small in comparison to 
the number of sporadic cases, identification of the genetic 
factors contributing to PD in these rare families provides 
us with important clues to the etiology of  idiopathic PD 
and helps to establish a paradigm. Below is a brief syn-
opsis of the current state of knowledge for the 5 genes 
identified thus far.

PARK-1

In 1997, a large family of Italian ancestry with autosomal 
dominant PD showed genetic linkage to the long arm of 
chromosome 4 (4q) (27). A point mutation was iden-
tified in the PARK-1 (�–synuclein) gene in this family 
(A53T), and the same mutation was subsequently found 
in 6 pedigrees from Greece (28), reflecting an ancient 
founder effect. A year later, a second mutation (A30P) 
was described in an autosomal dominant family from 
southern Germany (29). More recently, inherited PD in 
a large dominant Iowan kindred was found to be attrib-
utable to a triplication of the �-synuclein gene such that 
affected individuals carried 4 normal copies of the gene 
(22). The discovery of �-synuclein, which was shown to 
be a major component of Lewy bodies (30), was the first 
unequivocal proof that genetics played a role in PD, and 
research accelerated thereafter.

In the families reported with an A53T mutation, 
the average age of onset was 46 years, which is a decade 
younger than typical sporadic PD; however, the clinical 
picture was typical with regard to presentation, progres-
sion, and responsiveness to levodopa (27, 28), although 
dementia appears to be more frequent (31). Within the 
A53T kindreds, the disease appears to be fully penetrant 
(27) (i.e., those who have the mutation will definitely 
develop the condition assuming that they live into late 
adulthood). In contrast, in the small German family 
reported with an A30P mutation, the age of onset was 
slightly later, and there appeared to be a lower degree 
of penetrance (29). Triplication of �-synuclein is associ-
ated with an early onset (also averaging around the fifth 
decade) and rapidly progressive dopa-responsive parkin-
sonism, often followed by (or in some cases accompanied 
by) dementia at onset (22, 32, 33). This gene alteration 

also results in a fully penetrant dominant form of the 
condition. Once again, this appears to be a rare cause 
of PD, as recent analysis of a large number of cases with 
familial PD, sporadic PD, or dementia with Lewy bod-
ies did not detect any other cases of multiplication of 
�-synuclein (22). A further mutation, E46K, has been 
found in a Spanish kindred with dominant parkinsonism 
and Lewy body dementia (34). Within this family, symp-
toms begin between the ages of 50 and 65 years and 
dementia typically presents within 2 years of diagnosis. 
Of further interest and possible future complication is 
that some studies suggest that �-synuclein promoter (the 
DNA sequence that regulates transcription of the gene) 
variants may contribute to the lifetime risk of typical 
sporadic PD (35–38) whereby polymorphisms associated 
with higher �-synuclein expression are associated with 
increased risk.

PARK-2

PARK-2 (parkin) is located on the long arm of 
chromosome 6 (6q). Parkin mutations were first 
described in Japanese patients with autosomal recessive 
juvenile parkinsonism. The clinical picture differs from 
classic PD, as dystonia is typically present at onset and 
the features also include hyperreflexia, slow progression, 
and early complications from L-dopa therapy (39–41). 
Mutations have subsequently been reported in young-
onset PD (age of onset below 40 years) and even among 
later-onset, familial PD from a large variety of ethnic 
backgrounds (42–45). Early-onset cases with no known 
family history of PD were also found to have mutations 
in parkin; the probability of finding a mutation dramati-
cally increased when the patient was under 20 years of 
age and/or had consanguineous parents (44, 46).  Parkin 
mutations have been reported in a wide variety of other 
conditions including but not limited to parkinsonism 
associated with dopa-responsive dystonia (47) and 
peripheral neuropathy (48).

Khan and colleagues (45) described 24 patients with 
parkin mutations, 14 of whom had a characterized muta-
tion in 2 alleles; the remainder had only 1 mutation identi-
fied. Age of onset varied from 7 to 54 years of age with 
most presenting in the second or third decade. Patients 
survived on average for 10 to 20 years after the disease 
was diagnosed, although 1 patient lived to age 56 with 
the condition. These individuals had clinical features con-
sistent with those of other patients carrying parkin muta-
tions, such as dystonia, freezing, retropulsion, autonomic 
failure, responsiveness to anticholinergics and L-dopa, 
L-dopa–induced dyskinesias, and recurrent psychosis. 
The authors also reported behavioral and mood disor-
ders before the onset of PD. Many of the same features 
were seen in a separate study in which 146 patients with 
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parkin mutations were compared to 250 individuals with 
early-onset parkinsonism in whom no mutations were 
detected (41). Aside from the slow progression, hyper-
reflexia, and dystonia, those with parkin mutations were 
more likely to have a more symmetrical onset and a more 
marked response to L-dopa. As in the case of �-synuclein, 
the parkin gene promoter has several functional variants; 
those that have lower transcriptional activity have been 
reported to be associated with increased risk of PD (49).

PARK-6

Analysis of three large families from Sicily, Italy, and Spain 
led to the discovery of the PINK1 (PTEN-induced kinase 1)
gene at the PARK-6 locus (50). All 3 families shared a 
common haplotype, demonstrating a shared ancestry. 
The clinical course closely resembled that of classic PD, 
with early onset of drug-induced dyskinesias but a good 
response to levodopa (51). Positron emission tomography 
(PET) studies showed a reduction of 18F-dopa uptake in 
the putamen (52). There were no reports of dementia. A 
study of early-onset (before 50 years of age) idiopathic PD 
in Italy has revealed 2 patients homozygous for mutations 
in PINK1, with 5 others carrying a missense mutation. 
One percent of healthy, unrelated controls carried a single 
missense mutation (53). Another study of 289 individuals 
with PD, of whom approximately 50% had early-onset 
PD, found 2 individuals homozygous for mutations in 
the PINK1 gene. Both developed symptoms at an early 
age and had a family history consistent with autosomal 
recessive inheritance (54).

PARK-7

The PARK-7 locus on 1q has recently been cloned and 
shown to be due to the loss of function of a previ-
ously identified protein, DJ-1 (55). Mutations at this 
locus appear to be a rare cause of PD; histopathologic 
examination of cases with mutations at this locus have 
yet to be reported. However, PET studies demonstrated 
presynaptic dopaminergic cell loss in these patients. 
Clinically, these patients develop symptoms at an early 
age, but the disease course is typically insidious and 
shows good responsiveness to dopamine replacement 
therapy (55).

PARK-8

Dardarin, the protein encoded by LRRK2, is 2527 amino 
acids long and contains leucine-rich repeat, WD40, RAS, 
and kinase domains (56, 57). The function of darda-
rin is as yet unknown, but the presence of the kinase 

domain appears to be crucial to the toxic actions of the 
protein (58).

PARK-8 is an autosomal dominant form of PD. 
Mutations in LRRK2 have now been linked to large 
numbers of cases of both familial and sporadic PD. In 
Caucasians, a single mutation, G2019S, has been estab-
lished as the most common known genetic cause of PD, 
responsible for more than 1% of typical sporadic disease 
and 5% of cases with a family history of PD (59–61). 
Despite disparate ethnic backgrounds, genetic analysis 
of all G2019S individuals examined so far is consistent 
with 2 separate founder events; a single common founder 
who lived more than 2000 years ago and a second less 
common, more recent one ( 62). Similarly, a high pro-
portion of cases with Chinese ethnicity have a single 
mutation (63, 64). Clinically, the majority of LRRK2 
cases are indistinguishable from typical sporadic PD; 
neuropathologic examination reveals pathology con-
sistent with PD, including nigral degeneration and the 
presence of brainstem �-synuclein–positive Lewy bodies. 
The notable exceptions to this are 3 families in which 
the clinical or pathologic phenotype varies considerably. 
Affected members of some families (57) present clini-
cally with a range of phenotypes, including PD, demen-
tia, and amyotrophy. Neuropathologic assessment of 
affected members from these families shows strikingly 
disparate pathologies: some have nonspecific neuronal 
loss with ubiquitin-reactive inclusions, 1 has tau pathol-
ogy reminiscent of progressive supranuclear palsy, and 
some have �-synuclein–positive brainstem and cortical 
inclusions (57).

While the first families who were ascertained showed 
almost full penetrance of the disease mutations, even the 
early data on the Basque population suggested that the 
mutations were not fully penetrant (56). More recent 
and epidemiologically based assessments have suggested 
that the mutations have a lifetime penetrance of less than 
35%. The reasons for this low penetrance are not clear, 
but they pose considerable challenges for clinical and 
presymptomatic testing (65).

THE IMPLICATIONS OF THESE FINDINGS 
FOR CLINICAL PRACTICE

The major current implication of these findings is with 
respect to genetic testing: is diagnostic or presymptomatic 
testing appropriate? This is a complex issue without a sim-
ple answer. A high proportion (estimated at up to 50%) of 
early-onset cases are believed to have recessive inheritance 
of parkin, DJ-1 or PINK1; however, it is not clear that 
screening of such cases for mutations is of clinical utility 
at present. The presence or absence of mutations in any 
of these genes would not alter the clinical management 
of the case, nor would it have quantifiable implications 
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for the children of the patient, since the likelihood would 
be that they would be heterozygotes and thus at compara-
tively low risk. The issue of risk related to one mutation 
in recessive forms of PD is currently unresolved (66). The 
only relatives whose risk status might be substantively 
altered would be sibs who, in the case of a recessive dis-
ease, would be at one-quarter a priori risk. While con-
ceivably a couple would want testing for the purpose of 
family planning, it is unlikely that the unaffected parent 
would be a heterozygous mutation carrier except in the 
case of consanguineous marriages. Screening for muta-
tions in recessive diseases is a nontrivial problem because 
some mutations are difficult to find for technical reasons 
and not inexpensive. Thus, all 3 outcomes of a genetic 
test (2 mutations in trans, one mutation, or no finding) 
are not simply interpretable. However, should treatment 
regimes that are beneficial to one specific genotypic group 
be discovered, this advice will change; one may hope the 
technology for finding and interpreting mutations will 
have improved by that time too.

My current recommendation (02/07), therefore, is that 
clinical testing for these recessive genes is not useful.

Some pedigrees with autosomal dominant 
inheritance in which mutations in �-synuclein have been 
found have been offered the Huntington’s protocol, and 
certainly many of these kindreds have a fulminant course 
of disease, similar to the severity and rate of decline of 
Huntington’s disease itself. Similarly, those kindreds with 
the dominant parkinsonisms caused by MAPT or SCA2
or SCA3 mutations pose similar problems.

Currently, these kindreds are appropriately being 
offered the Huntington’s protocol.

Although they are autosomal dominant, LRRK2
mutations have genetic features for which an approach by 
clinicians and genetic counselors remains to be developed. 

These include that they are common but not completely 
penetrant, and they appear to be associated with a rather 
benign disease course with a slower rate of progression 
than is typical of PD and with less prevalent dementia, 
although this requires confirmation. This combination 
of factors is difficult to legislate, especially since screen-
ing for the most common mutations is relatively simple, 
inexpensive (compared to recessive forms), and could 
be applied to all PD cases. A mutation in such a case 
may be associated with a benign outcome, but it will, of 
course, imply that the patient’s children are at margin-
ally increased risk of disease, albeit with unknown onset 
age and unpredictable natural history. Also, it would not 
change the approach to therapy. The large number of 
individuals who would be reasonably eligible for screen-
ing means that it is probably impractical to apply the 
Huntington’s protocol before genetic testing; equally 
clearly, however, the children of mutation-positive cases 
will need counseling.

At present it is not clear whether LRRK2 testing has a 
clinical role. Given the very large number of cases with 
easily identified mutations but the reduced penetrance 
and generally benign outcome of these mutations, the 
Huntington’s protocol may not be practical or appro-
priate. More discussion on this issue is required.

CONCLUSION

Genetic analysis of kindreds with PD is clearly affecting 
the Parkinson research agenda. It is also now directly 
affecting clinical practice, especially in terms of who 
should be genetically tested and how they should be coun-
seled. This is a time of great flux, as technologies improve 
and information about risk assessments become more 
certain. The question of how this should be managed in 
clinical practice needs annual reassessment (67, 68).
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Deep Brain Stimulation

he last 20 years have witnessed a 
resurgence of interest in functional 
neurosurgery for Parkinson’s dis-
ease (PD) and other movement dis-

orders, including tremor, dyskinesias, and dystonia. This 
revival has been spurred by the temporal limitations of 
levodopa therapy (1), the improved understanding of the 
pathophysiology of the basal ganglia (2), and technologi-
cal advances, most importantly the development of deep 
brain stimulation (DBS). When used for the treatment 
of movement disorders, DBS is currently targeted to 3 
areas of the brain: the ventral intermediate nucleus of the 
thalamus (Vim), the globus pallidus pars interna (GPi), 
and the subthalamic nucleus (STN). As Vim DBS almost 
exclusively improves contralateral tremor, it has been pro-
gressively replaced by DBS at the 2 other targets for the 
treatment of PD, even when tremor predominates.

Successful DBS therapy depends on the proper 
implementation of a series of procedures, which include 
accurate candidate selection, proper anatomic and elec-
trophysiologic targeting, proficient electrode program-
ming, expert medication adjustments, management of 
side effects, and, last but not least, patient education and 
support. DBS requires a delicate balance of electrical and 
medical treatment that includes a critical understanding 
of the principles of pulse generator programming. Suc-
cessful postoperative management necessitates detailed 
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knowledge of the anatomy and physiology of the target 
area, expertise in the pharmacologic treatment of PD, 
and familiarity with the protocols for setting optimal 
stimulation parameters.

After a brief historical overview of the development 
of DBS, this chapter reviews the cardinal steps leading to 
successful DBS therapy as well as the published results 
and known complications in PD. It also addresses some 
of the current controversies, including the mechanism 
of action of DBS. Finally, possible future developments 
that may further improve the clinical impact of DBS in 
PD are discussed.

HISTORY OF DBS FOR 
PARKINSON’S DISEASE

The history of DBS dates back to the original surgical 
procedures for movement disorders of the early twentieth
century. In the 1930s, Penfield used electrical stimula-
tion to disclose the existence of detailed cortical function 
maps (3). While it had become clear that large-scale 
resection of key elements of the motor pathways yielded 
unacceptable loss of function, it was not until human 
stereotactic frames were developed in the late 1940s that 
neurosurgeons could begin to safely approach the basal 
ganglia and other deeper cerebral structures (4). Initially, 
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electrical stimulation was used almost exclusively to 
identify target structures during ablative procedures (5). 
In the 1950s, controversial work by Robert G. Heath 
proposed that brain stimulation with the use of elec-
trodes was useful in treating various ailments such as 
chronic pain. In the early 1960s, Hassler reported an 
observation that marked the beginning of the modern 
era of DBS for movement disorders: high-frequency 
(100-Hz) stimulation of the ventrolateral thalamus 
could reduce tremor (6, 7). However, for decades, DBS 
was used only transiently for targeting surgical lesions 
(8). The earliest report of DBS via chronically implanted 
electrodes comes from the work of Sem-Jacobsen, who 
first developed a method for leaving DBS electrodes in 
place, although still for the purpose of improving lesion-
ing techniques (9).

Surgery for PD took a back seat to levodopa after 
its emergence in 1967. It was not until the long-term 
adverse effects of levodopa, such as dyskinesias and 
motor fluctuations, emerged that focus was redirected 
to surgical techniques. In the meanwhile, the 1970s wit-
nessed the initial experimental use of chronic stimu-
lation for treating pain (10), epilepsy, and movement 
disorders other than PD (11). While the spinal cord 
was targeted for the treatment of pain, the cerebellum 
was targeted for cerebral palsy. However, after initial 
enthusiasm (12), cortical cerebellar stimulation in cere-
bral palsy fell out of favor when controlled studies failed 
to replicate the initial success (13). In 1980, Brice and 
McLellan reported the first experience treating severe 
intention tremor with stereotactically placed bipo-
lar electrodes in the contralateral midbrain and basal 
ganglia (14). Finally, in 1987, Benabid demonstrated 
that the nucleus ventralis intermedius (Vim) of the thala-
mus was an effective target for treating tremor with DBS 
(15) (Figure 54-1).

The evolution of modern DBS for PD is rooted in 
the development of new technologies, like imaging tech-
niques and the implantable pacemaker, and the improve-
ment of our understanding of the pathophysiology of 
the basal ganglia. The advent of computed tomography 
(CT) and magnetic resonance imaging (MRI) made visu-
alization of implantation sites within the brain easier 
and stereotaxic surgery safer. The discovery of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in 1983 
(16) created the first reliable primate model of PD and 
spurred enormous interest in the study of its patho-
physiology (17). Pronounced subthalamic overactivity 
was found in the basal ganglia–thalamocortical loops 
of MPTP-treated monkeys (18). In 1990, experimental 
lesioning of subthalamic nuclei in monkeys was shown 
to completely and permanently reverse the effects of 
MPTP (19, 20).

The STN became a natural target of surgical therapy 
for PD in humans, and the development of implantable 

pacemaker technology allowed skirting the potential dan-
ger of causing hemiballismus by lesioning the nucleus. 
It was postulated that electrical current applied to the 
STN would inhibit its activity, reproducing the experi-
mental effects of the STN lesion in the monkey. In 1993, 
the group of Dr. Benabid in Grenoble published the first 
results of bilateral STN DBS in 3 patients with advanced 
akinetic-rigid PD with disabling, unpredictable motor 
fluctuations and severe “off” periods who were free of 
dementia (21). Improvement in activities of daily living 
(ADLs) and motor scores of the Unified Parkinson’s Dis-
ease Rating Scale (UPDRS) at 3 months after surgery 
was dramatic (21) and confirmed by many groups in 
the following years (22). Coupled with such brilliant 
clinical results, the benefits of DBS over conventional 
ablative surgery (reversibility, adjustability, and the abil-
ity to affect bilateral structures without prohibitive side 

FIGURE 54-1

Dr. Alim-Louis Benabid, one of the pioneers of functional 
neurosurgery, developed deep brain stimulation (DBS) for 
Parkinson’s disease.
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effects) led to the current popularity of electrical therapy 
for advanced medication-refractory PD.

PATIENT SELECTION: 
THE SECRET OF SUCCESS

Many elements are involved in successful DBS surgery, 
but the first and fundamental step is patient selection. 
Choosing the appropriate candidate for this procedure 
is the most significant factor determining postoperative 
benefit. A retrospective analysis revealed that over 30% 
of patients labeled as “DBS failures” were actually not 
good candidates (23). The best DBS candidate is the one 
who will reap the greatest benefit; however, only a few 
clear outcome predictors have been established, including 
a diagnosis of advanced PD, response to levodopa, and 
absence of cognitive deterioration (24). The role of other 
variables such as age and concurrent nonmotor symptoms 
is less well defined.

A sustained preoperative response to levodopa is 
considered the best predictor of outcome after DBS, and 
a recent consensus statement concluded that levodopa 
responsiveness must be assessed in each patient consid-
ered for this procedure (24), using a sufficient dose of 
levodopa to reproduce the patient’s best “on” response; 
this dose is given after a medication-free interval of 
12 hours (usually overnight). Levodopa response is usu-
ally defined as a 30% improvement in UPDRS motor 
scores (part III) as compared to the “off” state (25, 26), 
although there is no consensus on what constitutes an 
appropriate challenge dose of levodopa. A suprathreshold 
dose has been variably defined (24), while others have 
supported the use of the normal first dose of the day (27), 
a fixed 200-mg test dose (28), or even apomorphine (29). 
In our experience, however, patients with well-defined 
idiopathic PD can benefit from DBS of the STN even 
when their motor response is indeterminate due to intol-
erance to levodopa (30).

Only patients with a well-established diagnosis of 
advanced PD (31) should be considered for DBS therapy, 
as results in atypical parkinsonism have been very disap-
pointing (32–36). Several case reports demonstrated the 
ineffectiveness of DBS in multiple system atrophy (MSA), 
even when the patient was responsive to levodopa, either 
using STN (32–35, 37) or GPi DBS (36). DBS can improve 
levodopa-responsive bradykinesia, rigidity, or dystonia 
but usually aggravates difficulties with speech, swallow-
ing, and gait. Motor fluctuations do not improve and 
levodopa dose remains unchanged (32, 34). Even when 
initial improvement is observed, this is not sustained 
(33, 37). These cases emphasize the need for diagnos-
tic modalities that distinguish PD from MSA and other 
parkinsonian syndromes in which the levodopa response 
pattern resembles that observed in PD (34).

DBS therapy primarily treats motor disability, which 
can be related to the duration and severity PD symp-
toms. Disease duration, although strictly not an outcome 
predictor (24, 25), has an important role in ruling out 
atypical PD. PD patients typically develop motor com-
plications requiring DBS therapy after 5 to 10 years of 
disease, so those with advanced parkinsonism less than 
5 years after onset should be further evaluated for atypical 
PD before being considered for DBS. Similarly, although 
not an outcome predictor, PD severity is an important 
consideration. In general, only patients with advanced, 
medication-refractory symptoms should be considered 
for surgery, although there is no consensus on specific 
UPDRS score thresholds (24). Severe PD disability gen-
erally coincides with UPDRS motor scores around 30 
(out of a maximum of 108), and this would be a rea-
sonable severity cutoff. Available experience with STN 
or GPi DBS has been mostly with levodopa-responsive 
patients having “off”-period UPDRS motor scores higher 
than 40 or 50 (24). In other words, the ideal PD surgical 
candidate is severely disabled when off levodopa while 
doing well (with or without dyskinesias) on medications
(Table 54-1).

There is some controversy over the role of age
as an outcome predictor for DBS (25, 38, 39), and 
various age cutoffs have been arbitrarily established by 
different authors. While chronological age has not been 
established as a significant predictor for postoperative 
benefit (24), advanced age is correlated with negative 
outcome predictors such as cognitive decline (40), axial 
symptoms, and gait instability. In general, DBS candidates 
above age 70 should be evaluated with particular care. 
The role of age is further discussed among the contro-
versies at the end of the chapter.

TABLE 54-1
Features Defining the “Ideal” DBS Candidate

• Age: 40–75
• Established diagnosis of Idiopathic PD
• Symptom duration of 5 years or more
• Good response to levodopa
• Marked “on/off”  phenomena

� Frequent medication cycles (q3h or less)
� Substantial disability during “off”  periods

� UPDRS motor score � 30
� Minimal “on” time without dyskinesias
� Severe dyskinesias

• Intact cognition
• Absence of untreated psychiatric conditions

� Depression, suicidal risk
� Visual hallucinations

• Realistic expectations
• Access to programming of stimulators
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Next, in selecting the appropriate patient for DBS, 
consideration must be given to general features that 
may contraindicate surgery. Patients with uncontrolled 
hypertension or diabetes, coronary artery disease, cardiac 
pacemakers, liver or kidney failure, seizure disorders, or 
coagulopathies may be poor candidates, though the risk/
benefit ratio of DBS surgery should be assessed individu-
ally. Normal preoperative cognitive status is also very 
important, as the prevalence of dementia in PD is high 
(41) and preoperative dementia is a risk factor for perma-
nent cognitive decline after DBS (42). Although there is 
insufficient evidence about the predictive validity of any 
given neuropsychological assessment, interview, or cogni-
tive test (24), several tests are used in the selection of sur-
gical candidates with the goal of excluding patients with 
dementia or severe deficits in executive function (43). 
Finally, a full psychiatric evaluation is essential for those 
patients who pass cognitive screening, as depression is 
prevalent in PD, with figures ranging between 2.7% and 
70% according to a recent review (44). In particular, 
untreated depression, anxiety, apathy, dopaminergic 
dysregulation syndrome, medication-induced hypoma-
nia/mania, psychotic symptoms, and suicide risk should 
be carefully assessed (24). Visual hallucinations are not 
an absolute contraindication to DBS surgery; however, 
these commonly portend a poor cognitive prognosis.
Visual hallucinations can affect up to 50% of PD patients 
(45), and several medications such as anticholinergics, 
dopamine agonists, and levodopa may contribute to this 
symptom. Good cognition and emotional state also play 
a role in the patient’s outlook after surgery. It is impor-
tant for DBS candidates to have an educated, realistic 
view of what can be expected from the procedure. It is 
important to remind patients that DBS is not a cure for 
PD and is not likely to halt progression of the disease. 
Optimal results may take months to achieve and may be 
different for each patient. Finally, adequate social support 
is crucial for DBS candidates. The process of stimula-
tor programming is a concerted effort between patient, 
neurologist/programmer, and caretaker. Often, frequent 
visits are required postoperatively to discern the optimal 
settings for each electrode. During this process, the care-
taker is essential to provide transportation, emotional 
support, and encouragement.

What emerges from this brief review of the DBS 
patient selection process is the importance of a multi-
disciplinary team approach, which includes the patient. 
A neurologist—possibly a movement disorder specialist—
is in charge of meticulously reviewing the selection crite-
ria to make sure that the patient is a proper candidate. 
A functional neurosurgeon reviews neuroimaging stud-
ies and general surgical eligibility. An internist tests for 
conditions that may preclude clearance for the proce-
dure, while a neuropsychiatrist helps with interpreting 
the results of formal neuropsychiatric batteries and 

addresses eventual psychiatric comorbidities, including 
depression. Needless to say, no decision regarding DBS 
surgery is appropriate without an informed discussion 
of the risks and benefits related to the different phases of 
the procedure (e.g., functional neurosurgery, hardware 
implant, programming, and stimulation). A detailed 
review of the potential complications related to DBS is 
presented further on.

SURGICAL TECHNIQUE

Target Localization Methods

The best method for targeting deep brain structures has 
been a matter of debate since the very beginning of ste-
reotactic neurosurgery. The advent of modern imaging 
techniques and compatible stereotactic frames made it 
possible to directly or indirectly locate targets deep within 
the brain. However, even current MRI technology is not 
always able to visualize deep brain nuclei with adequate 
resolution and is prone to reflect geometric distortions. 
Although usually small, these distortions can affect ideal 
anatomic targeting. Therefore, intraoperative neurophys-
iologic recordings are normally employed to confirm cor-
rect targeting. The role of single-unit recordings in the 
operating room has been emphasized by recent advances 
in the understanding of basal ganglia circuitry, which 
have shown that the structures targeted for movement 
disorders therapy are as much physiologic as they are ana-
tomic. Imaging and neurophysiologic targeting methods 
currently used in functional neurosurgery for movement 
disorders are summarized below.

Anatomic Targeting: Neuroimaging Techniques

Advances in streotactic targeting have always followed 
advances in neuroimaging. In the early era of human 
stereotactic surgery (from about 1947 to 1973), positive-
contrast ventriculography was the radiographic stan-
dard for targeting deep brain structures. Although it is 
incapable of demonstrating various deep brain struc-
tures directly, ventriculography is used to locate the 
foramen of Monro and the anterior and posterior com-
misures. Coordinates for the desired target can then be 
determined indirectly, deriving guidance from human 
stereotactic atlases, which demonstrate the relationships 
of deep brain structures to the imaginary intercommis-
sural plane (46, 47). Ventriculography is still utilized in 
several centers but is diminished in importance due to 
the widespread use of MRI and CT, noninvasive imag-
ing techniques that allow for more direct targeting of 
specific structures.

The introduction of CT reduced morbidity and 
mortality and expanded the role of stereotactic surgery 
by enabling a less invasive targeting technique (48, 49). 
Later, in the 1970s and early 1980s, MRI was developed 
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and proved superior to CT due to its greater tissue resolu-
tion and multiplanar imaging. Furthermore, there is no 
exposure to ionizing radiation with MRI, and, unlike 
CT-compatible frames, MRI-compatible frames create 
no visible artifact (50). As applied to functional neuro-
surgery, nonreformatted MR images provide better ana-
tomic resolution and visualization of the commissures, 
thalamus, and some of the basal ganglia structures than 
CT (51). Recently, investigators have been able to image 
both the internal pallidum and STN with MRI and to 
target these structures directly (52–57).

MRI is not without disadvantages. Most concerning 
is the potential geometric distortion introduced by non-
linearity of the magnetic field and by items that cause the 
field distortion (58). Distortions of the magnetic field, and 
in turn of the final image, can be generated by a number of 
factors, including the presence of ferromagnetic objects, 
magnetic imperfections, and, most commonly, patient 
movements (51, 58, 59). CT scanning maintains linear 
accuracy, while MRI can result in mean 2-dimensional 
vector differences between 1.2 and 2 mm (51, 60). These 
inaccuracies may introduce unacceptable targeting errors 
for small areas surrounded by vital structures, such as the 
GPi, STN, and Vim (61, 62). The magnitudes of MRI 
distortion error appear to be sequence-related (54); fast 
spin-echo inversion recovery may be less susceptible to 
such distortions than other sequences (53).

Although the development of CT and MRI has dra-
matically improved our ability to visualize deep intracra-
nial structures accurately, image-based targeting is not 
foolproof, so that some form of intraoperative physi-
ologic confirmation of correct targeting is necessary.

Physiological Targeting: Recording Techniques

While it is generally accepted that some form of 
physiologic localization is necessary to refine image-
derived coordinates for functional neurosurgical targets, 
there is still debate about the best technique to accom-
plish this. The literature demonstrates wide variation in 
the percentage of patients who require correction of the 
anatomically chosen target, ranging from 12% to 67% 
(53, 61, 63). The combined use of imaging technolo-
gies and neurophysiologic targeting optimizes placement 
of the DBS electrode and minimizes potential compli-
cations (53, 61, 63–66). There are 4 neurophysiologic 
approaches to target localization: (a) impedance measure-
ments; (b) macroelectrode recordings and stimulation; 
(c) semi-microelectrode recording (and/or stimulation); 
and (d) microelectrode recording (and/or stimulation).

Tissue impedance is the simplest and crudest form 
of functional localization and takes advantage of the dif-
ferences in the electrical conductivity of gray and white 
matter. Gray matter impedances typically exceed 400 �,
while white matter impedances are 300 � or less. Imped-
ance recordings are used mostly in the location of large 

white matter bundles, nuclear groups, and spaces contain-
ing cerebrospinal fluid (67, 68).

Macroelectrode recording provides more detailed 
information than do impedance measurements (67, 69, 
70). These techniques generate recordings that are similar 
to electroencephalographic (EEG) signals (71). The main 
advantage of using this approach is that the electrode can 
be advanced faster through the neural structures, since the 
recordings are limited to “neural noise” and there is no 
need to collect and analyze detailed cellular discharges. 
The obvious disadvantage is the lack of detailed defini-
tion, which is needed to characterize single-cell firing 
features inside the structure under study.

Microelectrode recordings (MERs) provide the most 
detailed picture of the neural elements (69, 72–87) and 
can localize the targeted brain structures more precisely 
than any other available technique. By recording indi-
vidual neuronal activity, MER allows precise mapping of 
the target areas involved in movement and sensation by 
determining function at a cellular level. A potential dis-
advantage of MERs is the longer time required to record. 
However, we feel that the microelectrode technique is 
indispensable for final target localization during DBS 
surgery for PD. Target refinement with MER reduces 
the need to revise lead position due to incorrect anatomic 
targeting, which can affect as many as 12% of patients 
(23, 88).

Intraoperative Procedures

DBS implantation is performed in 2 stages. During 
the first stage, the DBS lead(s) is (are) stereotactically 
implanted into the functional target. During the sec-
ond stage, the lead is connected subcutaneously to an 
implantable pulse generator (IPG), which, like a pace-
maker, is inserted into a pocket beneath the skin of 
the chest wall. As with most stereotactic procedures 
for movement disorders, the first stage is performed 
with the patient awake in order to monitor his or her 
neurologic status and facilitate physiologic localization. 
The stereotactic head frame is applied on the morning of 
surgery and a targeting MRI is performed. Alternatively, 
the MRI can be performed days prior to surgery and 
merged to a stereotactic CT scan on the day of surgery. 
This technique is believed to reduce targeting errors due 
to MRI distortion, but it has never been proven. A com-
bination of MER and macroelectrode stimulation is then 
used to physiologically refine the desired target. Details 
of the technique employed by our surgical team can be 
found in a prior publication (89). The DBS lead is about 
1.3 mm in diameter and flexible, so that it moves with 
the brain and does not damage it. It is implanted and 
anchored to the skull with a burr-hole “cap.” A brain 
MRI is obtained immediately postoperatively to confirm 
proper electrode placement and make sure that there is 
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no hemorrhage (Figure 54-2). If the MRI is acceptable, 
the patient is returned to the operating room, where 
the remainder of the device is implanted under general 
anesthesia. This second stage may be performed on the 
same day as the lead implant; however, if bilateral leads 
are implanted during one operative procedure, we prefer 
to wait 1 to 2 weeks before implanting the generators in 
order to allow the brain to recover from bilateral fron-
tal lobe penetrations before being subjected to general 
anesthesia.

Frame vs. Frameless

While frame-based targeting remains the “gold-standard” 
for DBS lead placement, frameless techniques are gaining 
popularity (90). The main advantage of these techniques 
is the enhancement of patient comfort due to the elimi-
nation of the stereotactic frame, which can be confining 
for some patients because it both surrounds and immo-
bilizes the head. The 2 commercially available frameless 
technologies are in fact miniframes, which, rather than 
surrounding the head, are mounted on top of it. Neither 
technology requires the patient’s head to be immobilized, 
so that he or she can move periodically during the proce-
dure. In addition to patient comfort, miniframe technolo-
gies can improve operative efficiency by disconnecting 
surgical planning from the procedure itself. The targeting 
MRI and creation of the surgical plan can be performed 
well in advance of the procedure, saving up to 2 hours 
on the day of the lead implant.

The main disadvantages to miniframe technologies 
are cost and the fact that their accuracy remains unproven. 
While they enhance efficiency on the day of surgery, 

the total time required for the surgeon to perform the 
operation is not reduced and may actually be increased. 
More importantly, these technologies involve expensive 
disposable components, thus increasing the cost of the 
operation to the institution. Finally, while preliminary 
studies do suggest that both miniframe technologies can 
be as accurate as a stereotactic frame, our own experience 
suggests that they can be erratic in their performance and 
require further improvement before they are ready for 
widespread use.

POSTOPERATIVE MANAGEMENT

Following proper patient selection and accurate lead 
location, competent programming of the implanted 
device is essential to optimized DBS therapy. Indeed, a 
perfectly implanted lead in a well-selected patient is use-
less without the proper stimulation settings. In a recent 
study, over one-third of patients referred to a movement 
disorders center for “DBS failures” were not properly 
programmed (23).

The primary goals of DBS programming are to 
maximize symptom suppression and minimize adverse 
effects. Minimization of battery drain and optimization 
of medication regimens are significant secondary goals. In 
order to achieve these, one must take a systematic, multi-
step approach to DBS programming. These steps include 
the acquisition of pertinent surgical data, selection of the 
optimal contact and appropriate stimulation parameters, 
adjustment of dopaminergic medications, and the even-
tual management of side effects. Although DBS program-
ming may vary slightly among different targets (e.g., STN, 
GPi, Vim), the general principles summarized below are 
applicable to any of them.

Preprogramming Data 

Before programming begins, it is fundamental to obtain 
information regarding the patient’s medical history, 
neurologic status, and medication regimen in order to 
assess the effects of stimulation. In addition, it can be 
valuable to obtain the surgeon’s estimate of electrode 
placement and optimal electrode(s) as established with 
MER and DBS testing in the operating room. This infor-
mation can be used to guide optimal programming and 
aid in eventual troubleshooting process. In this regard, 
we advocate routine post operative MRI to confirm 
lead position.

Two DBS lead types are currently available: the model 
3387 (Medtronic, Inc., Minneapolis, MN) with widely 
spaced electrodes, spanning 10.5 mm, and the model 3389, 
which has closely spaced contacts with a span of 7.5 mm. 
In addition, two types of neurostimulator are currently 
available: Soletraand Kinetra. The Soletra neurostimulator 

FIGURE 54-2

Postoperative coronal brain MRI section illustrating bilateral 
placement of DBS electrodes in the subthalamic nucleus 
(STN).
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(Medtronic, Inc.) accomodates 1 extension/lead. There-
fore 2 Soletra neurostimulators are required for bilateral 
therapy. The Kinetra (Medtronic, Inc.) accommodates 
2 extensions/leads and thus provides bilateral neurostimu-
lation from a single neurostimulator.

Selecting the Optimal Contact

We recommend postponing initial programming for 
about 2 to 4 weeks postsurgery in order to allow for 
tissue healing and microlesioning effects (the tran-
sient improvement of parkinsonian symptoms often 
observed after electrode implantation) to subside. The 
patient should be scheduled for a morning visit, when 
possible, with medication withheld overnight or longer 
(“off” condition).

The DBS device can be programmed to deliver stim-
ulation in monopolar or bipolar fashion employing any of 
the 4 electrode contacts alone or in combination. Thus, 
a great deal of therapeutic flexibility is provided, permit-
ting customized stimulation for each patient. Stimulation 
parameters can be adjusted at any time using a transcu-
taneous programmer.

After recording impedance and current drain for 
each contact to assess device function, the first step 
of DBS programming is to determine the “therapeu-
tic window” of each contact—i.e., the voltage range 
between the initial observation of reliable antiparkinso-
nian effects and the threshold for adverse events. With 
an initial pulse width of 60 �s for STN and 90 for 
GPi and a frequency of 130 to 185 Hz, the effects of 
stimulation at each of the 4 contacts are assessed as 
voltage is slowly increased from 0 to 4 V or more. The 
contact that yields the greatest antiparkinsonian effects 
and/or exhibits the greatest therapeutic window should 
be selected for chronic stimulation. Amplitudes between 
2.5 and 3.5 V provide the best results in the majority 
of cases (91).

If amplitudes higher than 3.5 V are needed, it is use-
ful to remember that the DBS programmable variables 
(V, PW, and F) are mutually dependent in producing the 
energy of stimulation according to the formula:

Energy � [(Voltage2 
 Pulse width 
 Frequency)/(Impedance)]

Although the relationship between pulse width, 
frequency, and voltage is nonlinear (92), a higher pulse 
width allows the use of lower voltage to deliver the 
same energy, so that similar amounts of stimulation 
can be delivered. Rarely, pulse widths higher than 
120 �s are needed for STN stimulation, but they can be 
effectively used for GPi or Vim stimulation. In many 
cases, increasing the frequency of stimulation up to 
185 Hz will provide additional benefit. Furthermore, 
using higher frequencies (within the range of 130 to 
185 Hz) may permit the use of lower voltages. Typical 

stimulator parameters for different targets are shown 
in Table 54-2.

If a single contact fails to provide satisfactory results, 
it may be useful to add an adjacent contact in monopolar 
configuration (e.g., 1�, 2�, C�) in order to broaden the 
effective field of stimulation. On the other hand, if the use 
of 2 or more contacts causes unwanted adverse events, 
a bipolar setting can be used in order to achieve a more 
focused field of stimulation (“field shaping”). To do so, 
the contact with the best therapeutic window should still 
be set as the active electrode (cathode) with an adjacent 
contact set as the anode (4). If no significant improve-
ment is observed or stimulation-induced adverse events 
overwhelm clinical benefits, correct electrode position 
should be verified and technical troubleshooting started 
(92). An algorithm summarizing the fundamental steps in 
STN DBS programming is presented in Figure 54-3.

When assessing the clinical effects of stimulation, it 
is useful to remember a few key concepts relative to the 
response of parkinsonian symptoms to DBS: (a) Rigidity
is considered the most reliable symptom to evaluate (93), 
because it has a short response time (20 to 30 seconds), 

TABLE 54-2
Typical Stimulation Parameters

PARAMETER VIM STN GPI

Amplitude 2.5–3.6 V 2.0–3.6 V 2.5–3.6 V
Pulse width 90–120 �s 60–90 �s 90–120 �s
Rate 130–185 Hz 130–185 Hz 130–185 Hz
Electrode Unipolar Unipolar Unipolar

configuration  bipolar  bipolar  bipolar

FIGURE 54-3

Algorithm summarizing the key steps of DBS programming.
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is assessed with little patient cooperation and it is rela-
tively stable as compared to tremor and bradykinesia. 
(b) Tremor is also a very good target symptom, particularly 
in tremor-predominant PD, with an extremely short latency 
of response (usually a few seconds). However, tremor can 
be variable and influenced by the emotional state of the 
patient. (c) Bradykinesia has generally the slowest latency 
of improvement, which may occur after several hours or 
even days. For this reason, it is typically the least useful 
symptom to monitor for initial programming. (d) Off-
drug dystonia is also relieved by subthalamic stimulation, 
when present (46). (e) Levodopa-induced dyskinesias can 
be tremendously improved by subthalamic or pallidal stim-
ulation (46, 93). However, dyskinesia cannot provide guid-
ance at the initial programming session because patients 
are normally off medications.

This systematic yet empirical approach to program-
ming is necessary because it is very difficult to predict 
which contacts will have maximum benefit. Even though 
the STN is the implanting target, the therapeutic area may 
expand beyond the nucleus itself. Herzog and colleagues 
found that stimulation of the dorsolateral border zone of 
the STN was more effective than that of the subthalamic 
white matter, such as the zona incerta (94). On the other 
hand, the dorsal/dorsomedial zona incerta may be a more 
effective target to relieve parkinsonism (95–97).

In stimulating the GPi, variable responses between 
different pallidal areas need to be taken into account. 
Stimulation of the ventral GPi may improve dyskinesias 
but worsen bradykinesia, while stimulation of the dorsal 
GPi has the opposite effect (52, 98).

In programming bilaterally, the additive effects of 
bilateral stimulation may require further adjustments 
after both devices are activated. Furthermore, before 
completing the first programming session, the patient 
should be observed after taking at least one standard dose 
of levodopa in order to determine and address potential 
additive effects of medication and stimulation and to 
assess the impact of the selected stimulation parameters 
on medication-induced dyskinesias.

Refining Stimulation Parameters

In a routine situation, the patient is sent home with the 
initial settings in monopolar configuration using the 
contact with the best therapeutic window at the lowest 
effective voltage or slightly above. Over the following few 
weeks, however, it is not uncommon to observe a recur-
rence of parkinsonism, due either to further healing of 
the brain (and consequent increased resistance to stimula-
tion spread) or to the loss of the levodopa long-duration 
response secondary to medication reduction. In fact, we 
advocate very cautious reduction or even no change of 
antiparkinsonian medications after initial programming. 
If parkinsonian symptoms reappear, adjustments of the 

initial parameters of stimulation are needed. The initial 
approach in adjusting DBS settings is to increase the 
amplitude of stimulation until an improvement compa-
rable to the “on” levodopa state is observed.

Medication Adjustments

Pallidal and thalamic stimulation usually does not allow 
dramatic changes in medication. However, the antipar-
kinsonian effect of subthalamic DBS should, over time, 
approximate or ideally match the benefits of levodopa 
therapy while eliminating or greatly reducing the asso-
ciated motor fluctuations (99). Because the beneficial 
effects of DBS relate to all the cardinal symptoms and 
signs of PD, dopaminergic medication can usually be 
reduced after STN DBS. On average, levodopa and 
other dopaminergic agents are reduced 40% to 50% 
(93–99, 100) and rarely patients even discontinue their 
pharmacologic therapy (101). In general, discontinua-
tion of dopaminergic medications should never be set 
as a primary goal of subthalamic DBS. In cases where 
levodopa doses were kept to a minimum because of severe 
dyskinesias, levodopa use may actually increase thanks 
to the elimination of this side effect.

Dyskinesias are the primary additive effect of dopa-
minergic and DBS therapy (93, 102, 103), but nonmotor 
phenomena such as hypomanic states, sedation, sleepi-
ness, and confusion have also been observed. Dyskinesias 
may be induced by stimulation within the STN proper 
(100, 103) and several groups consider the intraoperative 
induction of dyskinesias a marker for good lead place-
ment and a predictor of a positive response to chronic 
stimulation.

Failure to decrease dopaminergic medications suf-
ficiently during chronic STN stimulation may predispose 
the patient to sedation, excessive daytime sleepiness, 
and mild confusional states. These side effects are well 
described in association with dopaminergic drugs (104) 
and are reversible in the vast majority of cases with 
proper medication adjustment. On the other hand, overly 
aggressive or rushed medication reductions can lead to 
the unwanted reemergence of the motor and nonmotor 
symptoms typical of low dopaminergic states. Temporary 
worsening of motor symptoms, particularly akinesia and 
freezing of gait, may be observed in these circumstances, 
as well as depressive symptoms or apathy (93). Similarly, 
depressive symptoms or apathy may be an indication 
of excessive reduction of antiparkinsonian medications 
(93, 105, 106). Patients who have received very high 
doses of levodopa (i.e., more than 1500 mg per day) 
for many years usually do not tolerate quick reductions 
in their regimens. Addiction to dopaminergic drugs is a 
controversial but fairly well described entity (107, 108) 
and needs to be taken into account in these cases. Apa-
thy can be an independent symptom of PD, a symptom 
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of dopaminergic “withdrawal,” or part of a depressive 
syndrome. Depression generally improves after STN DBS 
(109, 110). However, a minority of patients can develop 
severe postoperative depression, and sporadic suicidal 
attempts have been reported (93, 105, 110). Increased 
dopaminergic stimulation generally improves depression, 
but acute depression might result from stimulation of 
the subthalamic area as well (see later on). Finally, we 
have observed a new onset of restless legs after successful 
DBS, likely related to excessive decrease of dopaminergic 
therapy; this responded to small doses of a dopamine 
agonist (111).

RESULTS

The published experience with DBS for PD spans a period 
of almost 20 years and comprises hundreds of papers that 
have used different study methods, stimulation targets, 
and patient populationsThis review is limited to large 
series of patients, and the results are subdivided by the 
3 main surgical targets for DBS implants. Following a 
historical path, the impact of thalamic DBS on PD symp-
toms is addressed first. Then, the published outcomes of 
subthalamic and pallidal DBS are evaluated.

Thalamus (Vim)

Electrical stimulation of the thalamus was initially 
employed for tremors from causes other than PD, such 
as essential tremor and multiple sclerosis (112). DBS of the 
nucleus ventralis intermedius (Vim) became an attractive 
therapeutic option in PD patients with a previous (con-
tralateral) thalamotomy because it could spare the severe 
motor and neuropsychological deficits associated with 
bilateral thalamotomy (113). Several studies confirmed

the efficacy of thalamic DBS in achieving tremor resolu-
tion, with fewer adverse effects than lesioning (114, 115) 
(Table 54-3). A large European study, enrolling 73 PD 
patients, showed a significant reduction in upper and 
lower limb tremor. Contralateral rest tremor was reduced
at least 2 UPDRS points in 85% of the electrodes. Akine-
sia and rigidity scores were moderately but significantly
reduced by 34% and 16% respectively, while axial scores 
were unchanged (116).

There is convincing evidence that high-frequency 
thalamic stimulation can efficiently suppress severe 
tremor in PD for several years after electrode implant 
(117, 118). In a 5-year follow-up study evaluating the 
long-term effects of Vim DBS in 19 PD patients, Pahwa 
et al. reported that unilateral implants yielded an 85% 
improvement in the targeted hand tremor, while bilat-
eral implants provided a 100% improvement in the left 
hand and 90% improvement in the right (118). Interest-
ingly, the side-effect profile was dramatically different 
in patients receiving unilateral vs. bilateral stimulation. 
Adverse events in patients receiving unilateral implants 
were paresthesia (45%) and pain (41%), while patients 
receiving implants bilaterally complained mostly of dys-
arthria (75%) and balance difficulties (56%). PD patients 
seem to experience the tolerance phenomenon (the 
reemergence of tremor after several months of effective 
stimulation) less frequently than patients with essential 
tremor (115).

Despite its dramatic effects on resting tremor, Vim 
stimulation has fallen out of favor for the treatment of 
PD because of its relative lack of efficacy for bradyki-
nesia, rigidity, dyskinesia, and gait (116). Improvement 
of contralateral rigidity and levodopa-induced dyskine-
sias after thalamic DBS has been reported (119) but sel-
dom replicated. Obviously alleviation of tremor alone 
can be extremely helpful, as it often improves subjective 

TABLE 54-3
Vim DBS Results

 PERCENTAGE TREMOR IMPROVEMENT (NO. OF SUBJECTS)

STUDY (REF. #) 3 MONTHS 6 MONTHS 12 MONTHS 2 YEARS 5 YEARS 6–7 YEARS

Koller W et al., 1997 (114) 85% (24) 82% (24) 78% (24)
Limousin P et al., 1999 (116) 78.5% (73)  74.6% (73)
Schuurman PR et al., 2000 (115)  91% (33) 
Rehncrona S et al., 2003 (117)    78% (16)  55% (12)
Pahwa R et al., 2006 (118)     82% (9)*

90–100%
    (5)†

Mean (total pts) 80% (97) 86.5% (77) 75.5% (97) 78% (16) 86% (14) 55% (12)

* Unilateral.
† Bilateral.
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dexterity and functionality of the hands. However, PD 
patients rarely have tremor in isolation, and stimulation 
of targets such as the STN or GPi that do improve a 
variety of parkinsonian motor symptoms in addition to 
tremor has surpassed DBS of the thalamus in clinical 
relevance. Therefore the role for Vim targeting in DBS 
patients is currently limited to those who cannot undergo 
STN or Gpi stimulation.

Subthalamic Nucleus

The next target investigated for stimulation was the STN. 
In 1993, Dr. Benabid’s group in Grenoble published the 
first case report of a 51-year-old patient with advanced 
akinetic-rigid PD who underwent unilateral DBS of the 
subthalamic nucleus with intraoperative alleviation of 
contralateral symptoms (21). Five years later, the same 
group published a 1-year follow-up study of 24 PD 
patients treated with bilateral STN stimulation, reporting 
a 60% improvement of the UPDRS parts II and III scales. 
All cardinal PD features improved. The on-medication 
UPDRS motor subscores improved by 10%, even though 
dopaminergic drug dosages were reduced by half (46). In 
the following years, many other case series confirmed and 
validated the safety and efficacy of STN DBS in advanced 
PD (22) (Table 54-4).

In 2001, the Deep Brain Stimulation for Parkin-
son’s Disease Study Group reported the first prospective, 
multicenter, double-blind, crossover study of STN DBS 
in 96 patients with advanced PD (100). At 6 months, 
STN DBS had provided a mean improvement of 44% in 
UPDRS ADL scores and 51% in UPDRS motor scores 
off medications compared to baseline. The most marked 
improvement was found in tremor, which diminished by 

79%. There was also significant improvement in rigidity 
(58%), bradykinesia (42%), gait (56%), and postural 
instability (50%). Most importantly, daily “on/off” fluc-
tuations were dramatically reduced: subjective “off” time 
was decreased by 61%, daily “on” time was increased 
by 64%, and dyskinesias decreased by 70%. A European 
randomized trial recently compared STN DBS with best 
medical treatment in 156 patients with advanced PD 
and motor complications (120). Six months after sur-
gery, STN stimulation resulted in a significant improve-
ment in quality of life and motor function with fewer 
dyskinesias compared to medications alone. Cognition, 
mood, and psychiatric function were unchanged. While 
serious adverse events, including death from a periopera-
tive intracerebral hemorrhage, were more common in the 
neurostimulation group, the overall incidence of adverse 
events was higher in the medication arm (120).

Data on long-term outcomes of bilateral STN DBS 
in patients with advanced PD are providing reassuring 
evidence for the stability of this therapy in preserving 
patients’ quality of life. A 5-year prospective study of 
the first 49 consecutive patients treated with STN DBS in 
Grenoble reported encouraging results (121). In this study, 
off-medication motor scores at 5 years were still 54% 
better than baseline, while ADL scores improved 49%. 
Speech was the only motor function with no improve-
ment in off-medication scores. Moreover, dopaminergic 
medications and levodopa-induced dyskinesia were sig-
nificantly reduced compared to baseline. The average 
scores for cognitive performance and mean depression 
remained unchanged, although one patient committed 
suicide. Worsening of on-medication akinesia, speech, 
postural stability, and freezing of gait between the first 
and the fifth years was interpreted as consistent with the 

TABLE 54-4
STN DBS Results

 PERCENTAGE UPDRS–III IMPROVEMENT (NO. OF SUBJECTS)

STUDY (REF. #) 3 MONTHS 6 MONTHS 12 MONTHS 24 MONTHS 36 MONTHS 60 MONTHS

Limousin et al. 1998 (46)   60% (20)
Burchiel et al., 1999 (171)   44% (5)
DBS Study Group 2001 (100) 49% (96) 52% (96)
Volkmann et al., 2001 (141)  67% (16) 60% (16)
Ostergaard et al., 2002 (233) 57% (26)  64% (26)
Romito et al., 2002 (234)    49% (10) 49% (7)
Vingerhoets et al., 2002 (28)  46% (19) 49% (19) 49% (19) 53% (10)
Kleiner–Fisman et al., 2003 (235)   51% (25)
Krack et al., 2003 (121)   65.8% (43)  59% (40) 53.7% (39)
Anderson et al., 2005 (171)    48% (10)
Schupbach et al., 2005 (122)   59% (37)  69% (37)  54% (37)
Deuschl et al., 2006 (120)  40.8% (71)
Mean (total pts) 47% (227) 58% (108) 54% (248) 50% (29) 58% (49) 54% (42)
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natural history of PD (121). Schupbach et al. reported 
similar sustained benefits—also associated with moderate 
motor and cognitive decline—in 37 PD patients followed 
for 5 years after DBS surgery (122).

Finally, a comprehensive meta-analysis of published 
STN DBS studies gathered results from 921 patients with an 
average age of 58.6 � 2.4 years (range 53 to 63) and mean 
disease duration of 14.1 � 1.6 years (range 8.4 to 16.4). 
Aside from confirming on a larger scale the postoperative 
symptomatic improvements and medication reductions 
previously described, this study integrated 34 individual 
reports to arrive at uni- and multivariable metaregres-
sion models. According to this analysis, improvements in 
UPDRS motor and ADL scores after STN DBS were pre-
dicted by higher baseline UPDRS scores, shorter follow-up 
time (6 months vs. �12 months), longer disease duration, 
and levodopa responsiveness (123).

Globus Pallidum Pars Interna

The first study of DBS targeted to the GPi in PD patients 
was published in 1994, shortly after the initial experi-
ence with STN. Sigfried and Lippitz reported satisfactory 
clinical results in 3 patients with advanced PD, motor 
fluctuations, and dyskinesias (47). Although it appears 
to be an obvious target given the prior clinical success of 
pallidotomies, the GPi was never consistently adopted 

as a prime DBS target for PD (see more below on this 
controversy). Nevertheless, as with STN DBS, stimula-
tion of the GPi has resulted in attractive symptomatic 
control without the severe speech, balance, and cogni-
tive impairments that often accompany bilateral lesioning 
procedures (Table 54-5).

The consistent effect of pallidal stimulation is a 
marked reduction of contralateral levodopa-induced 
dyskinesias (22, 124). Improvement of “off”-period 
symptoms of parkinsonism is significant in most studies 
and in the range of 30% to 50% for bilateral stimula-
tion. Similar to STN DBS, the easing of dyskinesias and 
the reduction of off-period disability provides patients 
significant improvement in self-perceived motor fluctua-
tions. In 2001, the prospective, multicenter, double-blind, 
crossover study conducted by the Deep Brain Stimula-
tion for Parkinson’s Disease Study Group also evaluated 
41 atients treated with GPi DBS (100). At 6 months, 
tremor improved by 59%, rigidity by 31%, and brady-
kinesia by 26% when baseline off-medication UPDRS 
motor scores were compared to the off-medication/on-
stimulation state after 6 months. Furthermore, gait, pos-
tural stability, and subjective dyskinesia-free “on” time 
were all increased by about 35%. Similarly, the patient’s 
interpretation of “off” time was decreased by 13%.

Long-term studies with GPi stimulation have pro-
vided less consistent results. A 2-year follow-up revealed 

TABLE 54-5
GPi DBS Results

 PERCENTAGE UPDRS–III IMPROVEMENT (NO. OF SUBJECTS)

STUDY (REF. #) 3 MONTHS 6 MONTHS 9 MONTHS 12 MONTHS 24 MONTHS 36 MONTHS 48 MONTHS 60 MONTHS

Ghika et al.,
1998 (125)  53% (6) 52% (6) 55% (6) 50% (6)

Krack et al., 
1998 (106)  39% (5) 

DBS Study Group 
2001 (100) 37% (38) 33% (38)

Scotto di Luzio et al., 
2001 (236)  49% (5) 44% (5)  42% (5)

Volkmann et al., 
2001 (141)  56% (11)   51% (11)

Durif et al., 
2002 (237)  36% (6)  26% (6) 38% (6)

Loher et al., 
2002 (238)  36% (10)   41% (10)

Lyons et al., 
2002 (127)       37% (9)

Volkmann et al., 
2004 (126)    55% (10)  49% (9)  23% (6)

Anderson et al., 
2005 (171)   39% (10)

Mean (total pts) 45% (64) 41% (60) 46% (16) 45% (48) 44% (12) 49% (9) 37% (9) 23% (6)
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diminished GPi DBS effectiveness after 12 months, leading 
to the return of dyskinesias due to an obligatory increase 
in medications, although a 32% improvement in off-
medication motor scores was still observed at 24 months 
(125). Similar results were reported by Volkmann et al. in 
11 PD patients followed for 5 years (126). While dyskine-
sias remained significantly reduced until the last assessment, 
the initial improvement of “off”-period motor symptoms 
and fluctuations gradually declined after the first year of 
stimulation. Replacement of pallidal electrodes into the sub-
thalamic nucleus in 4 patients restored the initial benefit of 
DBS and allowed a significant reduction of dopaminergic 
drug therapy. However, in another long-term follow-up 
study, Lyons et al. reported sustained improvements in 
UPDRS, motor, and ADL scores, dyskinesias, as well as 
“on” and “off” times after 4 years of pallidal DBS (127).

COMPLICATIONS OF DBS

Adverse events related to DBS are classified into 3 cat-
egories: procedure-related, device- or hardware-related, 
and stimulation-related (Table 54-6).

Procedure-Related Adverse Events

Because of the invasive nature of the surgery, there is a risk 
of intraparenchymal hemorrhage, which has been reported 
in 1% to 5% of cases (128–130). The severity of hemor-
rhage can vary greatly from small, subclinical bleeds along 
the implantation tract to large, life-threatening accumu-
lations. Only 5 of 86 patients (6%) sustained persistent 
neurologic sequelae in one study (128). In our experience, 
the rate of significant neurologic events directly following 
surgery is approximately 1% to 2% (131). There is no par-
ticular indication in the literature on how to handle hemor-
rhagic complications related to DBS surgery (132).

There are few data in the literature regarding the inci-
dence and most frequent location of misplaced leads, which 
may be implanted outside the target nucleus and even in the 
cerebral ventricles (133). In a series of 41 patients referred 
for “DBS failure,” we found that 19 (46%) had subopti-
mally placed electrodes (23). The consensus is that lead 
misplacement can be prevented using reliable stereotactic 
technique, including MERs (132). Misplaced leads usually 
result in suboptimal clinical outcome and unwanted side 
effects at low-voltage stimulation. They can be diagnosed 
radiographically and revised as soon as possible in order 
to minimize patient discomfort.

Hardware-Related Adverse Events

More common are the risks related to the implanted hard-
ware, which have been reported with frequencies varying 
from 2.7% to 50% of patients (128–130, 132–135). A 

retrospective analysis of 124 electrodes in 79 patients 
revealed that 20 (25%) had hardware-related complica-
tions involving 23 electrodes: 4 lead fractures, 4 lead migra-
tions, 3 short or open circuits, 12 erosions/infections, and 
1 cerebrospinal fluid leak (130). We reported a 15.3% 
incidence of hardware-related complications in our initial 
131 cases (131).

Infections after DBS implants have been reported 
with rates varying from 1% to 15%, depending on the 
diagnostic criteria, which are not well defined in the 
literature (132). They can present at variable locations 
(burr-hole site, generator pocket, connecting wires) and at 
variable times after implantation, but there have not been 
any reported cases of sepsis or death from an infected 
DBS electrode (132). Therapeutic strategies can also vary 

TABLE 54-6
Complications of DBS

• Procedure-related
� Intracranial hemorrhage (128–130)
� Misplaced lead (23,133)
� Seizures
� Confusion

• Device-related
� Skin erosion/infection (132)
� Lead fracture (132)
� Lead migration (132)
� Extension wire failure (132)
� Foreign body reaction/granuloma (132)
� Seroma (132)
� Pulse generator malfunction (132)

• Stimulation-related (reversible)
� Vim

� Paresthesias (118)
� Pain (118)
� Muscle contractions (118)
� Dysarthria (118)
� Postural instability/ataxia (118)
� Dysphagia (118)

� STN
� Dyskinesias/hemiballismus (93)
� Paresthesias
� Muscle contractions
� Dysarthria/dysphonia (46, 93, 155)
� Hypotonia
� Gait/postural instability (156)
� Abnormal eye movements, diplopia (93)
� Apraxia eyelid opening (46, 93, 141, 142)
� Acute depression (143–146,157)
� Hypomania (147–148, 153–154)
� Impaired verbal fluency (143, 183–187)

� GPi
� Muscle contractions
� Dysarthria
� Visual phenomena
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greatly, and there is no consensus on how to deal with 
infections once they occur. In cases of active infection, 
we almost invariably advocate hardware removal, since 
attempts at providing antibiotic therapy without doing 
so have a high rate of failure (136). If the infection is 
restricted to the IPG, the battery and extension cable can 
be removed with the DBS electrode left in place (134). A 
new IPG and extension cable can be replaced after 6 to 
8 weeks of antibiotic therapy (137).

Other hardware-related complications include elec-
trode fracture, extension-wire failure, lead migration, skin 
erosion, foreign-body reaction, granuloma, seroma, IPG 
malfunction, and pain over the pulse generator (132). The 
literature regarding diagnosis, prevention, and treatment of 
hardware-related complications is limited (132, 138).

Stimulation-Related Adverse Events

Electrical brain stimulation evokes behavioral effects 
that depend on the location of the electrodes, the stimu-
lation parameters, and the type of neural tissue stimu-
lated (i.e., cells vs. axons). Stimulation-related adverse 
events are strictly dependent on the anatomic location 
of the therapeutic target. They can be further catego-
rized as side effects that are specific to stimulation of 
the intended surgical target and side effects related to 
current diffusion into adjacent areas of the central ner-
vous system (93).

Target-Specific Adverse Events

Vim. The target of therapeutic stimulation in the thala-
mus is the nucleus ventralis intermedius (Vim), which is 
the thalamic area receiving cerebellar input. The Vim is 
located next to the ventral caudal (Vc) nucleus of the 
thalamus, the main somatosensory receiving area of 
the thalamus (Figure 54-4). Not surprisingly, the most 
frequent side effects encountered during thalamic DBS 
are paresthesias and pain (118). These will complicate 
Vim DBS if the DBS lead is located too posteriorly or 
if stimulation parameters are spreading the electrical 
field posteriorly into the somatosensory region. Less 
frequently, tetanic muscle contractions can result from 
costimulation of the pyramidal tract in the adjacent inter-
nal capsule. Other side effects include disequilibrium or 
balance difficulties, dysphagia, cognitive difficulties, and 
abnormal gait (118), which can normally be managed 
by adjusting the stimulation settings. Interestingly, when 
thalamic stimulation is applied bilaterally, the primary 
adverse effects are dysarthria and postural instability 
(118), suggesting the involvement of the internal capsule 
and possibly cerebellar afferent tracts. Dysphagia and 
increased salivation have also been reported. In general, 
lowering the stimulation voltage or switching to a differ-
ent active contact (if still therapeutic) can resolve these 
complications.

Subthalamic nucleus. The exact therapeutic mechanism(s) 
and anatomic location of the electrodes is still a matter of 
debate (96, 97, 139, 140). Nevertheless, the STN itself 
remains the anatomic target for subthalamic DBS, and 
adverse events resulting from its stimulation may be used 
to confirm proper lead placement.

The typical target-related adverse event is the devel-
opment of dyskinesias, which are clinically similar to 
levodopa-induced dyskinesias and may, in fact, be wors-
ened by levodopa therapy. Stimulation-induced dyskinesias 
can develop slowly over a period of minutes to hours (93) 
and can be managed with decreases in both stimulation 
voltage and levodopa dose. With chronic stimulation and 
levodopa reductions, the threshold for inducing dyskine-
sias seems to increase over time, allowing for progressive 
increases in voltage. As dyskinesias can either be caused or 
ultimately treated by STN DBS, this symptom is addressed 
further on, with other controversial issues.

A particularly troublesome adverse event related to 
target stimulation is hypotonia. Successful resolution of 
rigidity can predispose the parkinsonian patient to rapid 
loss of tone of antigravity muscles of the lower limbs, 
resulting in impairment of gait and postural stability. A 
complaint of “jelly legs” or falls that were not experi-
enced before the surgery is not uncommon in the first few 
weeks of DBS therapy. Usually these symptoms are exac-
erbated by levodopa and should be managed with either 
a reduction in levodopa dose or stimulation voltage. Gait 
rehabilitation that strengthens the antigravity muscles can 
provide further stabilization of these symptoms.

FIGURE 54-4

Sagittal section of the thalamus, illustrating the relationship of 
the nucleus ventralis intermedius (Vim) with the ventral caudal 
(Vc) nucleus and other neural structures. Rt � reticular thala-
mus; STN � SUBTHALAMIC Nucleus; Vc � ventral caudal 
nucleus; Vim � nucleus ventralis intermedius; Voa � nucleus 
ventro-oralis anterior; Vop � nucleus ventro-oralis posterior. 
(Courtesy of Dr. Jay Shils). See color section following page 356.
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Apraxia of eyelid opening (AEO) is a rare condi-
tion in which patients have difficulty opening otherwise 
normal eyelids. It is commonly associated with blepha-
rospasm and some neurodegenerative disorders (e.g., PD 
and progressive supranuclear palsy). It has been occasion-
ally described after STN DBS (46, 141, 142). The specific 
cause or control center for both blepharospasm and AEO 
is poorly understood, as is the mechanism by which DBS 
causes or aggravates this problem. The fact that AEO is 
associated with good motor responses suggests that it 
may be a direct consequence of STN stimulation, possibly 
secondary to the involvement of the oculomotor loop 
(93). A case report implicated electrical current spread 
to the dorsal trigeminothalamic tract, which is located 
just caudal and medial to the STN (142). If using dorsal 
contacts is not effective, AEO can be treated with botu-
linum toxin injections or myectomy.

A wide range of neuropsychiatric and cognitive 
complications of STN DBS surgery have been reported 
(143). A recent meta-analysis including a total of 1,398 
patients who underwent bilateral STN DBS found cogni-
tive problems in 41%, depression in 8%, and hypomania 
in 4% of the patients. Anxiety disorders were observed 
in less than 2%, and personality changes, hypersexuality, 
apathy, anxiety, and aggressiveness in less than 0.5% of 
the reported cases. Notably, about half of the patients 
did not experience behavioral changes (144). Acute tran-
sient depressive and euphoric mood states as well as the 
subacute onset of major depression, mania, and anxiety 
have been described in response to subthalamic stimula-
tion (145, 146). Stimulation-induced hypomanic condi-
tions may include mirthful laughter, euphoria, logorrhea, 
overactivity, and increased sexual drive (147, 148). As 
levodopa and dopamine agonists can induce similar mood 
elevations in PD patients (149–151), one might mistake 
these as medication-induced effects and reduce dopami-
nergic therapy when, in fact, stimulator adjustments may 
be more appropriate.

Behavioral changes observed during programming 
are considered to be a consequence of the interaction with 
dopaminergic medications or secondary to stimulation of 
an unintended target. Additional factors that may contrib-
ute to the onset of psychiatric symptoms in DBS patients 
include prolonged implantation procedures with multiple 
electrode passes through the frontal lobes and the psy-
chosocial consequences of an outstanding response (i.e., 
loss of the “sick role”) commonly seen in patients with 
chronic disabilities (145). However, the fact that similar 
behavioral disturbances have not been documented fol-
lowing surgery at other DBS targets (152) suggests that at 
least some of these neuropsychiatric effects may be related 
to stimulation of the limbic STN, which is located in the 
most medial area of the nucleus in primates (153, 154). 
While further physiologic and imaging studies are needed 
to better define the pathogenesis of these phenomena, it 

may be appropriate to avoid the deepest and most medial 
contacts and carefully adjust dopaminergic medications 
in patients showing behavioral abnormalities during sub-
thalamic DBS programming. Because their relationship 
with STN stimulation is still poorly defined, cognitive 
and mood complications are discussed further on, with 
other controversial issues.

The STN is nestled in an area dense with impor-
tant cellular and white matter structures (Figure 54-5), 
and stimulation of these can cause several unwanted side 
effects. Assuming that the DBS lead is correctly placed, 
these problems can be prevented in most cases by appro-
priate programming strategies. Manipulations of PW or 
amplitude as well as the appropriate use of mono- or bipo-
lar settings allow the programmer to control the volume 
of neural tissue affected by DBS therapy. If adverse events 
clearly related to structures surrounding the STN persist 
and overwhelm DBS benefits despite proper adjustments 
of the field and energy of stimulation, lead placement 
should be checked and eventual lead revision should be 
considered. Table 54-7 summarizes the most frequently 
encountered stimulation-related adverse events and the 
most likely area affected by stimulation in each case.

Similar to what has been observed for thalamic DBS,
dysarthria is probably the single most frequent adverse 
event interfering with successful subthalamic DBS in PD. 
Speech problems such as hypophonia; monotone pitch; 
hoarse, breathy, or tremulous voice; and slurred, hesitat-
ing or fast speaking (festination of speech)are frequently 
encountered in patients with PD. It may be difficult to 

FIGURE 54-5

Sagittal view of the subthalamic area, illustrating the ana-
tomic relationships of the subthalamic nucleus (STN). 
CN III � oculomotor nerve fibers; IC � internal capsule; 
SNr � substantia nigra pars reticulata; Zi � zona incerta. 
(Courtesy of Dr. Jay Shils). See color section following page 356.
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differentiate what is an adverse event related to stimula-
tion and what is simply an unresolved or progressive 
symptom of the disease. In fact, as they are relatively 
resistant to levodopa therapy, speech abnormalities are 
often unaffected by subthalamic DBS (46).

Nevertheless, specific speech difficulties tempo-
rally related to subthalamic stimulation are frequently 
encountered during programming and are likely related 
to unwanted stimulation of adjacent corticobulbar fibers. 
Corticobulbar fibers pass directly anterior, lateral, and 
ventral to the STN and are particularly affected the most 
ventral contacts, 0 and 1, are being used. Speech impair-
ment secondary to stimulation is characterized subjec-
tively by an increased effort to speak and objectively by 
hypophonia, hesitation, slurring of words, and rapid 
fatigue (93). Because there is no habituation, the patient 
is sometimes faced with the dilemma of choosing between 
PD improvement and normal speech. However, careful 
adjustments of stimulation settings—including lowering 
the amplitude, switching to more dorsal contacts, and/or 
to bipolar configuration—prevent severe speech impair-
ment in the vast majority of cases. In our experience using 
the 3387 lead, speech problems can be often avoided 
using contacts 2 and 3 unless tremor represents the major 
PD symptom to treat. Speech therapy and in particular 
the Lee Silverman Voice Technique can provide further 
improvement in these cases (155).

Occasionally, we have encountered patients com-
plaining of dysphagia after successful STN programming. 
Like speech abnormalities, dysphagia can be a symptom 

of untreated PD, and it may be only the temporal associa-
tion with STN suggesting an etiologic correlation. The 
pathogenesis of dysphagia after STN DBS is probably 
similar to that of dysarthria. Swallowing abnormalities 
may result from unwanted interference with signals car-
ried by corticobulbar fibers to the swallowing muscles. 
Significant improvement of dysphagia can be obtained by 
lowering stimulation amplitude or by switching to more 
dorsal contacts and/or to bipolar configuration.

Tonic muscle contractions of the contralateral face, 
hand, and, more rarely, arm and leg, can be observed 
after subthalamic stimulation. These symptoms need to 
be clinically differentiated from off-medication dystonia 
in patients with PD. Reduction of the amplitude and 
switching to another clinically effective contact are usu-
ally effective in preventing the unwanted activation of 
the pyramidal system. If these adjustments provide little 
relief, lead revision should be considered.

Diplopia, blurred vision, and abnormal eye move-
ments can be observed in patients with STN DBS. These 
are not symptoms usually seen in PD and clearly suggest 
current diffusion toward the fibers of the oculomotor 
nerve, which sweep medially, ventrally, and posteriorly to 
the STN. When stimulation affects the oculomotor nerve, 
adduction or downward movement of the ipsilateral eye 
can be seen. In these cases, it is imperative to switch to a 
more dorsal contact and eventually lower the amplitude 
or change the configuration to bipolar (field shaping). If 
abnormal eye movements are observed at unusually low 
voltages, lead revision should be considered.

TABLE 54-7
Probable Lead Location for Some Stimulation-Related Adverse Events

STN

ADVERSE EVENT DBS LEAD IS LIKELY STRUCTURE STIMULATED

Dysarthria/dysphagia Too anterior and lateral Corticobulbar fibers
Tonic muscle contractions Too lateral or anterior Corticospinal fibers
Diplopia / eye deviations Too medial and ventral Oculomotor fibers
Ataxia Too medial and ventral Cerebellar fibers
Persistent dysesthesias Too posterior and medial Medial lemniscus
Acute depression Too ventral Substantia nigra
Dyskinesias On target Subthalamic nucleus

GPi

ADVERSE EVENT DBS LEAD IS LIKELY STRUCTURE STIMULATED

Dysarthria  Too posteromedial Corticobulbar fibers
Tonic muscle contractions  Too posteromedial Corticospinal fibers
Visual phenomena Too ventral Optic tract
No effect at high voltage Too superior, anterior,  

or lateral
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Postural instability is another symptom frequently 
encountered in patients with PD that can occasionally 
worsen or present de novo after subthalamic DBS. Preex-
isting postural instability is generally improved by subtha-
lamic DBS (156) unless it had not responded to levodopa 
therapy. In some cases, postural instability may derive 
from hypotonia caused by the additive effects of suc-
cessful stimulation and levodopa therapy. In other cases, 
the patient may complain of distinct truncal ataxia, a 
sensation of retropulsion, and possible falls that were 
never experienced before DBS. In these instances, the 
current is likely spreading to the cerebello-rubro-thalamic 
fibers medial to the STN or to the red nucleus positioned 
medially and ventrally (93). Decreasing amplitude and 
PW, moving to more dorsal contacts, and/or to bipolar 
configuration can improve balance in most cases.

Transient contralateral “tingling” sensations resem-
bling “electrical currents” are usually predictive of good 
lead location and positive stimulation outcome. How-
ever, persistent paresthesias indicate current spread to the 
medial lemniscus or sensory thalamus, located ventrally 
and posterior to the STN. In most cases, programming 
adjustments such as decreasing the amplitude and focus-
ing the field with bipolar stimulation relieves sensory 
symptoms. If the patient reports persistent dysesthesias 
at unusually low voltages, lead revision should be con-
sidered.

Transient acute depression has been reported dur-
ing STN DBS and may be related to stimulation of the 
substantia nigra (157). It is speculated that the patho-
genesis of depression and mood liability with stimulation 
of the SN may be related to its anatomical connections 
with the amygdala and the limbic system (157). In these 
cases, using more dorsal contacts will avoid this dramatic 
adverse effect of stimulation.

Globus pallidum. Unlike the STN, the GPi is a relatively 
large nuclear mass that can accommodate the DBS lead 
and its therapeutic electrical field. In fact, the complica-
tions of pallidal stimulation are relatively rare (125–127). 
Ideally the lead should be positioned in the posteroventral 
portion of the internal pallidum (158); thus two main 
anatomic boundaries need to be taken into account: (a) 
the corticospinal tracts sweeping posteromedially and 
(b) the optic tract passing ventrally to the GPi border. 
Based on these anatomic correlations (Figure 54-6), it 
is easy to explain why the most frequently reported 
stimulation-related side effects in the GPi are contralat-
eral contractions of tongue, throat, face, or limbs as well 
as dysarthria, gagging, and facial tightness. Interestingly, 
a subjective tingling sensation may occur before any vis-
ible muscle contraction, providing a warning signal of 
side-effect threshold. Rarely, tonic limb contraction and 
cramping can be observed. As noted for the other DBS 
targets, reducing stimulation amplitude or switching to a 

different active contact normally resolves these problems. 
If they persist at low (subclinical) voltages, lead posi-
tion should be questioned and lead revision eventually 
planned.

As contact 0 is normally positioned very close to 
the optic tract (OT), visual side effects can be expected 
when this contact is used for therapeutic stimulation. 
Phosphenes, flashes, or sparkles of light in the contra-
lateral visual field are reported by the patient when the 
stimulation spreads to the OT. Usually visual symptoms 
are transient unless the stimulation voltage is very high 
(more than 5 V), well beyond the therapeutic range of 
amplitudes (2.5 to 3.5 V). If visual complaints occur at 
lower voltages, an alternative contact should be used or 
a lead revision planned.

MECHANISMS OF ACTION

Throughout its history, the clinical possibilities—and 
at times revolutionary applications—of DBS have been 
much more clearly elucidated than the mechanisms 
whereby it works. Several theories have been published 
trying to explain the neurophysiology underlying the suc-
cess of stimulation. However, we have yet to arrive at 
an unequivocal theory encompassing the various clini-
cal and experimental findings associated with DBS of 
the basal ganglia. Indeed, it is possible that the truth lies 
in a combination of several theories (140). Needless to 
say, further clarification of the mechanism(s) of action 
of DBS may yield immense benefits to our knowledge of 
basal ganglia pathophysiology and to its clinical effective-
ness. Understanding how DBS works will make us more 

FIGURE 54-6

Sagittal view of the globus pallidum. GPe � globus pallidum 
pars externa; GPi � globus pallidum pars interna. (Courtesy 
of Dr. Jay Shils). See color section following page 356.
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adept at manipulating the active contacts and stimulation 
parameters, so that we may ultimately achieve optimal 
and enduring symptomatic control. The currently pro-
posed theoretical mechanisms of DBS for PD are reviewed 
below.

It would be intuitive to conclude that electrical 
stimulation of a cell body or axon produces activation 
of that neuron. Indeed, there are increased levels of glu-
tamate during STN stimulation in the rat, which implies 
activation of glutamatergic neurons projecting to the glo-
bus pallidus (159). We know that pallidal stimulation 
using ventral contacts in proximity to the optic nerve 
causes positive visual phenomena such as flashes of light, 
while subthalamic stimulation of dorsal contacts near 
thalamus may yield sensory phenomena such as pares-
thesias. Similarly, tetanic contractions in the face and 
limbs often result from stimulation of various targets in 
the vicinity of the internal capsule. These examples sug-
gest that the introduction of electrical current via DBS 
activates the target regions and facilitates the release of 
neurotransmitters.

On the other hand, it has been observed that DBS 
of basal ganglia structures results in effects similar to 
surgical lesioning. Positron emission tomography (PET) 
studies show that metabolic activity within the cortex is 
very similar after pallidotomy and DBS (160). How, then, 
are the mechanisms of DBS not inhibitory? When the 
STN of rats is stimulated, there appears to be decreased 
neuronal activity of the SNr and Gpi (161). Perhaps DBS 
ultimately leads to inhibition via activation of inhibitory 
afferents. The release of GABA, resulting in inhibition, 
may originate from afferents of the thalamic reticular 
nucleus in Vim or from the globus pallidum pars externa 
(Gpe) or putamen in STN and Gpi (162).

In an attempt to rectify these seemingly disconju-
gate findings, 4 general hypotheses have been described: 
depolarization blockade, synaptic inhibition, synap-
tic depression, and stimulation-induced modulation of 
pathologic network activity (163). The early concepts of 
depolarization blockade, introduced by Beurrier et al. in 
2001, and synaptic inhibition, proposed by Dostrovsky 
et al. in 2000, have helped to explain the connection 
between the therapeutic benefits of ablation and DBS 
(164, 165). Depolarization blockade describes the block 
of neural outputs near the stimulating electrode via acti-
vation of voltage-gated currents by changes in stimulation 
(164). Synaptic inhibition is a more indirect mechanism, 
whereby neuronal outputs are inhibited by activation of 
efferent neurons connecting with neurons near the stimu-
lating electrode (165). These early hypotheses have fallen 
out of favor because they do not consider the possible 
independent activation of local neurons and their axons. 
The single-unit recordings used as the basis for developing 
these 2 ideas focus on the soma and not the axon. This 
is concerning because, during extracellular stimulation, 

the axon plays a more important role in activating sur-
rounding cells (166), and the soma’s response does not 
always match that of the axon (167).

The theory of synaptic depression was also aimed 
at conciliating the clinical effects of DBS and ablation 
(168). It postulates that depletion of neurotransmitter 
after a stimulus train makes neurons unable to maintain 
high-frequency firing. In this way, transmission of sig-
nals could be blocked between nuclei by high-frequency 
stimulation (168). However, subsequent studies have con-
sistently shown increases in transmitter release following 
activation of postsynaptic neurons. Therefore synaptic 
depression cannot be the sole mechanism whereby DBS 
exerts effect (163).

Finally, DBS may simply alter abnormal subcorti-
cal firing patterns in a more synchronized fashion. It has 
been hypothesized that DBS functions by substituting 
pathologic output “noise” from the basal ganglia with 
a “noise” that is more “pleasing” to cortex. In 2003, 
Hashimoto et al. described the transmission blockade of 
altered neuronal activity patterns by high-frequency stim-
ulation of the subthalamic nucleus (169). By replacing 
abnormal low-frequency oscillatory activity (170) with 
tonic high-frequency output, DBS may facilitate the unaf-
fected components of the basal ganglia-thalamocortical 
pathways (163).

It is most likely that DBS modulates neural activity 
on a much larger scale than can be explained by excitation 
or inhibition at the cellular level. The mechanisms under-
lying the positive therapeutic benefit probably involve all 
of the above theories to various extents. Further research, 
using in vivo recordings and computer modeling is needed 
to elucidate DBS mechanisms of action and possibly 
improve our understanding of PD pathophysiology.

CONTROVERSIAL ISSUES

Optimal Target: STN vs. Gpi

Both the Gpi and the STN are effective targets for DBS, 
but which target should be preferentially chosen to treat 
PD remains a controversial topic. There is a relative 
paucity of research (in particular large prospective ran-
domized trials) directed at comparing the results of each 
target, but some conclusions can be drawn from the data 
available. A randomized, blinded study in 20 PD patients 
studied the outcomes of bilateral STN or Gpi DBS with 
blinded evaluations conducted 3, 6, and 12 months post-
operatively (171). At the 1-year mark, rigidity, bradyki-
nesia, tremor, speech, gait, posture, and postural stability 
were all improved in both groups, although bradykine-
sia and axial symptoms improved to a slightly greater 
degree in the STN group. Off-medication motor scores 
were improved by 39% in the Gpi group and 48% in the 
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STN group, although UPDRS ADL scores were improved 
by 23% in all patients, regardless of the surgical target. 
There were no significant changes in cognition or behav-
ior in either group, but the levodopa dosage was reduced 
by 38% in the STN group vs. 3% in the Gpi group. The 
on-medication/off-stimulation scores deteriorated in both 
groups similarly. Dyskinesias were markedly improved 
in both groups at 12 months (89% for Gpi and 62% for 
STN). The differences in these targets were statistically 
small but appeared to be consistent with previous reports 
citing greater efficacy of STN stimulation for bradykine-
sia (106, 41). The Deep Brain Stimulation for Parkinson’s 
Disease Study Group conducted a prospective, double-
blind, crossover study in which 96 patients were (not 
randomly) implanted in the STN and 38 patients were 
implanted in the GPi (100). Three months postoperatively, 
motor scores were improved 49% in the STN group and 
37% in the GPi group. At 6 months, daytime mobility 
without involuntary movements improved from 27% to 
74% in the STN group and from 28% to 64% in the GPi 
group (P � 0.001 for all comparisons).

There is emerging evidence suggesting that patients 
treated with STN DBS may experience more frequent 
neuropsychiatric complications than those receiving pal-
lidal stimulation (172), although such evidence is incon-
clusive (143). In fact, STN stimulation may improve other 
neuropsychiatric symptoms, either directly or as a con-
sequence of the reduction of dopaminergic medications. 
Ongoing large, randomized, controlled studies will hope-
fully provide further data to decide whether preoperative 
neuropsychiatric comorbidity should play a role in target 
selection (143).

In considering cost, STN stimulation seems to have 
an advantage because it generally uses 2 to 3 times less 
electrical energy (99, 141) and decreases medication 
requirements 65% (173). This cost benefit may be offset 
by the need for more rigorous postoperative program-
ming visits and side effects on mood and motivation sec-
ondary to levodopa withdrawal (141).

It appears that the STN is the preferred target for PD 
patients at most centers because it provides better efficacy 
in reducing motor symptoms in the “off” state, better 
stimulation energy conservation, and more pronounced 
medication reduction. Pallidal stimulation may be useful 
in older patients, for whom levodopa withdrawal may be 
difficult, cognitive profile more vulnerable and program-
ming requirements too time-consuming (124, 172).

Dyskinesias

Optimal surgical treatment of dyskinesias is a subplot of 
the STN vs. Gpi controversy. Severe levodopa-induced 
dyskinesias are considered a prime indication for Gpi DBS. 
Indeed, the effects of pallidal stimulation on dyskinesias 
are usually remarkable (22, 100, 126, 171). Dyskinesias

are among the adverse events of STN stimulation (93, 
100, 102, 103). We know that the intraoperative induc-
tion of dyskinesias is considered one of the markers for 
good lead placement in the STN and a predictor of a 
positive response to chronic stimulation.

Somewhat surprisingly, STN DBS provides out-
standing improvement of dyskinesias, comparable to 
that observed after pallidal stimulation (22, 46, 100, 
120). Such a remarkable outcome is usually attributed 
to reduced levodopa requirements (102). However, we 
and others have observed it as an immediate effect of 
stimulation, particularly with the activation of the 2 
most dorsal electrodes that likely stimulate an area 
outside the STN, such as the zona incerta and palli-
dothalamic fibers (174–176). The pathophysiologic 
relevance of this needs to be elucidated, but it suggests 
that the entire subthalamic area and not only the STN 
itself may be a target of successful stimulation in PD 
(Figure 54-7). Support for this interpretation comes 
from a recent study reporting that DBS differentially 
affects fibers crossing the subthalamic area, activat-
ing the subthalamic-pallidal pathway while inhibiting 
pallidothalamic output (177).

Both GPi and STN DBS seem to successfully con-
trol levodopa-induced dyskinesias. Given the additional 
benefits of PD symptom control and medication reduc-
tion, we advocate the use of subthalamic DBS even when 
dyskinesias are the major indication for surgery.

The Role of Age

Advanced age (greater than 70 years) is considered by 
some to be a poor outcome predictor or even a contra-
indication for DBS surgery (25, 26). However, given that 
the average age of onset of PD is 60 years and the mean 
illness duration is 10 to 15 years at the time of surgery, a 

FIGURE 54-7

Schematic representation of the 3387 DBS electrode placement 
in the subthalamic area, illustrating the extended anatomic 
area that can be stimulated by its 4 contacts. (Courtesy of Dr. 
Jay Shils). See color section following page 356.
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large proportion of potential DBS candidates are 70 years 
of age or older. Age and duration of symptoms influence
the natural history of PD independently (178), and aging 
effects on nigrostriatal dopaminergic neurons are con-
sidered unresponsive to levodopa (179). In addition, 
the incidence of cognitive dysfunction is progressively 
greater in PD patients above age 70 (180). Saint-Cyr et al. 
reported that a post-DBS decline in several spheres of 
mental processing (particularly frontal executive func-
tion) was more common in patients above age 69 (40). 
As a result of this important but relatively small study, 
many neurologists tend to shy away from recommending 
DBS to patients above age 70.

In a study of 52 levodopa-responsive PD patients 
undergoing STN-DBS, Russmann et al. reported that 
postoperatively those above age 70 experienced similar
improvement of motor fluctuations and dyskinesia as 
did younger patients and that surgery was equally well 
tolerated (38). These results suggest that older patients 
may benefit from DBS as well as younger ones. However, 
older patients had a less dramatic improvement in their 
off-medication motor UPDRS score and a smaller reduc-
tion in levodopa dose. More discouraging was an actual 
decline in “on” motor UPDRS score and ADLs after sur-
gery. Axial scores in particular seemed to be adversely 
effected by DBS in older patients. Twenty-five percent 
of patients above age 70 were institutionalized at the 
48-month follow-up. The authors concluded that age 
itself is probably an independent risk factor in predict-
ing poor DBS outcomes in PD patients.

In reality, there are patients above age 70 who 
do very well after DBS (38, 39). Of the 13 elderly 
patients in Russmann’s study, 5 (38%) did well after 
surgery (38). In our experience, the average off-
medication motor improvement of patients above age 
70 (n � 18) was 48.0%, and this did not differ sta-
tistically from that observed in patients below age 70 
at time of surgery (39, 181). Our cohort of patients 
above age 70 could be divided into 2 subsets: one that 
had satisfactory postoperative improvement in the 
off-medication state (n � 13) and another that had a 
less than optimal response (n � 5). Identification of 
the former subset preoperatively can provide a great 
service to elderly patients suffering from the motor 
complications of advanced PD. Currently it appears 
that abnormal results of neuropsychological testing 
and preoperative axial scores in the “on” state may 
be of higher predictive value than strict age criteria in 
excluding poor candidates for DBS.

Effects of Deep Brain Stimulation on 
Nonmotor Symptoms

It is becoming clear that the disability caused by PD 
extends far beyond its motor symptoms (i.e., tremor, 

slowness, stiffness, or gait problems). Cognitive decline, 
depression, behavioral problems, dysautonomia, sleep 
disturbance, and pain are prominent nonmotor symp-
toms that often reflect the widespread neurodegeneration 
of PD, which extends beyond the striatal dopaminergic 
loss. Poorly responsive to pharmacologic treatments, 
these nonmotor symptoms remain a major cause of dis-
ability and loss of independence (182). While the results 
of properly applied DBS on motor symptoms have been 
outstanding, the ability to alleviate these challenging non-
motor symptoms has been far less impressive.

Cognition and Mood. One of the main obstacles in evalu-
ating the effects of DBS on cognition and mood is the 
frequent occurrence of dementia and depression in the 
natural progression of the disease. A community-based 
population study found a prevalence of dementia in 
excess of 40% in patients with PD, with values approach-
ing 70% in patients above age 80 (180). Although this 
can be attributed to the natural course of the neurode-
generative process, other factors such as medication side 
effects, pseudodementia secondary to depression, and 
excessive fatigue must be considered to play a role in 
cognitive decline.

Most of the studies describing neuropsychologi-
cal outcome following DBS for PD were conducted on 
patients who underwent STN DBS. Transient postopera-
tive confusion has been reported in 1% to 36% of patients 
(100, 101, 121, 141, 143, 146), most often after bilateral 
implants with multiple microelectrode passages. Beyond 
that, there is relatively little cognitive impairment reported 
in well-selected patients undergoing STN DBS. In fact, 
mild improvements in mental flexibility, working memory, 
visuomotor sequencing, conceptual reasoning, and over-
all cognitive function were described in some cases (143). 
There are, however, case reports describing severe cognitive 
deterioration after DBS surgery (42, 121, 183).

The most frequently reported cognitive side effect 
appears to be a decline in verbal fluency (40, 99, 105, 
109, 110, 183–187). Older age and moderate cogni-
tive impairment prior to surgery are associated with 
greater risk of developing cognitive deficits (40, 146, 
185, 188), although this has not been unequivocally 
demonstrated (143). In addition, since dementia is an 
exclusion criterion in most DBS studies, there are vir-
tually no data available on the potential effect of STN 
DBS on the cognitive function of patients with dementia 
prior to surgery.

Unfortunately, little is known about potential cogni-
tive risk factors for patients undergoing DBS, and only 
a few studies have systematically examined the role of 
stimulation and/or medications on cognitive perfor-
mance. Either no significant cognitive effects (183) or 
some improvement in processing speed, working mem-
ory, and problem solving were reported on stimulation 
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(186, 189). On the other hand, a decline in performance 
on a conditional associative learning task (189) and 
impairments in response inhibition measures have been 
documented on stimulation (190). A decline in working 
memory and response inhibition measures under high-
cognitive-demand conditions has also been described 
(191). Interestingly, cognitive function did not change 
either “on” or “off” dopaminergic medications during 
STN stimulation in one study (192).

Similar to the case of STN stimulation, the majority 
of studies addressing neuropsychological changes follow-
ing GPi DBS failed to reveal any significant cognitive 
decline (143). Mild declines in semantic word fluency 
(126, 193) and visuoconstruction scores (193) have 
been reported, while a significant but partially reversible 
executive dysfunction was described following bilateral 
pallidal stimulation (194). Finally, very few studies have 
addressed the neuropsychological consequences of Vim 
DBS, which appears to have no significant effect on cog-
nitive abilities in PD patients (143).

The incidence and nature of psychiatric complica-
tions of DBS has been mostly documented with STN DBS. 
Apathy, depression, and hypomania are the most common 
psychiatric symptoms observed. Apathy can be associ-
ated with excessive dopaminergic withdrawal, although 
its incidence is not known. One longitudinal study found 
the incidence of apathy to grow from 9% at baseline to 
25% at 3 years (105), while another reported permanent 
apathy in 12% of patients (121). Hypomania has been 
reported in 4% to 15% of patients, most frequently within 
the first 3 months of stimulation (121, 187, 195, 196). Sev-
eral investigators have addressed the incidence of depres-
sion after STN DBS, with results ranging from 1.5% to 
25% (143). Both baseline depression and withdrawal of 
dopaminergic medications may contribute to these figures 
(105, 141). Two large studies found the incidence of sui-
cide attempts to range between 0.5% and 3% (197, 198). 
This wide range of neuropsychiatric symptoms suggests 
a multifactorial etiology that likely includes preoperative 
morbidity, dopaminergic therapy manipulation, surgical 
and stimulation effects, underlying PD-related factors, and 
psychosocial factors (143).

Neuropsychiatric complications of pallidal DBS 
seem to be less frequent. Several small studies compar-
ing STN and GPi stimulation found that virtually none of 
the GPi patients developed psychiatric symptoms versus 
the 15% to 20% incidence in the STN group (141, 171, 
199). Larger controlled studies are required to clarify this 
issue. Other studies of GPi DBS have reported improve-
ment of depression and anxiety scores with isolated cases 
of mania and hypersexuality (143).

Autonomic Dysfunction. The autonomic dysfunction 
suffered by many PD patients is likely multifacto-
rial and in most cases predates DBS surgery. It can 

be challenging to differentiate the impact of DBS on 
dysautonomia. Indeed, the basal ganglia project to 
several nuclei that may modify autonomic outflow, 
including the PPN, which, when stimulated in ani-
mals, increases heart rate and blood pressure (200). 
Kaufmann et al. noted, in 3 patients implanted with 
STN DBS, heart rate increased significantly when 
high-frequency (185 Hz) stimulation was initiated 
(200). The sympathetic activation of 5 patients receiv-
ing bilateral STN stimulator implants was studied 
intraoperatively (201). Marked and reproducible 
changes in blood pressure regulation, sweating, and 
respiratory patterns were detected when the electrode 
was placed just outside the STN. When in proximity 
to the posterior hypothalamus, stimulation yielded a 
sweating disturbance, while when near the dorsome-
dial hypothalamus, tachycardia, hyperthermia, and 
heightened stress responses were observed (201). 
These findings underscore the importance of accu-
rate surgical targeting and postoperative imaging, 
because patients whose electrodes are located more 
posteriomedially to the STN may deserve additional 
monitoring for sympathetic side effects (201). There 
is a paucity of data describing the long-term effects 
of DBS on autonomic control. A 12-month follow-
up study after bilateral STN DBS in 14 PD patients 
did not show any difference in the power spectra of 
heart rate variability frequency bands analyzed from 
24-hour ECG recordings (202).

Sleep Disturbance. Asking PD patients specific ques-
tions about daytime fatigue and nighttime sleep habits 
often unveils an undiagnosed sleep disorder in 60% to 
98% (203). Obstructive sleep apnea (OSA), periodic 
limb movements of sleep (PLMS), restless legs syn-
drome (RLS), circadian rhythm disorders, insomnia, 
sleep fragmentation, and rapid-eye-movement (REM) 
sleep behavior disorder (RBD), all have been described 
in PD patients. About 40% of patients with PD take 
sleeping pills, and the degree of sleep disturbance cor-
relates with disease severity, UPDRS motor score, and 
levodopa dose (203).

A few studies have assessed sleep in PD patients 
who have undergone STN DBS. Using multiple inves-
tigative techniques including polysomnography, clini-
cian ratings, and self-report questionnaires, these studies 
suggest that sleep is improved by from STN DBS. Reduc-
ing the dosages of potentially sedating antiparkinso-
nian medications may be the first way DBS improves 
energy levels in addition to improving sleep quality 
by way of improved mobility in bed and reduction of 
sleep fragmentation (204, 205). Subjective and objec-
tive improvement of night sleep quality during STN 
DBS was reported by several studies (206–208), while 
daytime sleepiness seem to be less affected (206, 209). 
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In addition, PLMS and RBD symptoms were not alle-
viated by stimulation, suggesting alternative pathways 
involved in these conditions (204, 206). In one of the few 
long-term studies of DBS effect on sleep, Romito et al. 
found that night sleep improved in all patients 3 years 
after surgery (210). Well-designed longitudinal studies 
are needed to fully understand the long-term effects of 
DBS on sleep.

Pain. Approximately half of all PD patients complain 
of pain, which can be associated with “off” dystonic 
spasms and other conditions such as musculoskeletal or 
rheumatic pain, neuritic or radicular pain, primary or 
central pain, and akathitic discomfort (211). Because 
both STN and Gpi DBS result in decreased amounts of 
time spent “off,” pain is usually better controlled post-
stimulation. In particular, “off” dystonia is alleviated by 
both procedures (102, 212). The effects of DBS on other 
types of PD-associated pain (e.g., central pain) have not 
been studied.

Patients with Previous Ablative Procedures

Animal models of MPTP-induced parkinsonism sup-
ported the experimental notion that controlling over-
active pallidal output, due in part to hyperactive STN 
neurons projecting to, and exciting the GPi, can reduce 
excessive thalamic inhibition. This enhances thalamo-
cortical transmission and serves to reverse PD symp-
toms (124). An important limitation of pallidotomy 
therapy has been the excessive morbidity encountered 
with bilateral procedures (213). Moreover, PD disability 
eventually returns after an extended period of time after 
pallidotomy (214), while high-frequency stimulation 
has been found to yield longer-lasting albeit reversible 
benefits (121, 122).

A number of studies have addressed the cases of 
PD patients with previous pallidotomies who were sub-
sequently implanted with DBS electrodes (215–218). 
Kleiner-Fisman et al. performed pairwise comparisons 
of 6 patients receiving bilateral STN DBS an average of 
3.5 years after successful pallidotomy and 25 patients 
with STN DBS with no prior lesioning procedure 
(215). UPDRS III motor scores “off med/on stim” were 
improved by 42.1% in the pallidotomy group after STN 
DBS, although ADL scores in the off-medication state 
and dyskinesias overall remained unchanged. The con-
trol group displayed similar improvement in UPDRS 
motor scores, ADL scores, and levodopa requirement; 
however, there was a greater reduction in dyskinesias 
(215). Revilla et al. conducted a similar study, finding 
34% reduction in UPDRS III scores in postpallidot-
omy patients treated with STN DBS vs. 53% reduc-
tion in nonlesioned patients 3 months postoperatively 
(216). Levodopa medications were decreased by 36% 

and 57% respectively. Postpallidotomy patients expe-
rienced clinically significant improvement, although 
not as impressively as did their lesion-naive cohorts 
(216, 217). This and other results support the safety 
and efficacy of bilateral STN DBS in patients who have 
undergone unilateral pallidotomy. Similarly, residual PD 
disability in tremor-predominant patients with  previous 
thalamotomy can be greatly improved by bilateral STN 
stimulation (218).

An interesting controversy stemming from these 
studies is whether pallidal lesioning affects neuronal 
firing within the STN. Hyperactive STN is considered 
a pathophysiologic hallmark of PD and STN firing is 
used intraoperatively for target localization. Mogilner 
and colleagues analyzed the cellular activity of 6 patients 
undergoing STN DBS after previous unilateral palli-
dotomies. In their experience, STN firing rates were 
significantly lower on the side ipsilateral to the previous 
pallidotomy, manifesting a decrease in activity (219). 
However, Kleiner-Fisman’s group could not reproduce 
this finding when they studied 94 STN cells from 8 PD 
patients with previous unilateral pallidotomy (215). In 
their experience, the STN firing rates were similar to 
those recorded from the contralateral, nonlesioned side 
as well as to STN neurons from patients without previ-
ous surgery.

Is Deep Brain Stimulation Neuroprotective?

Neuroprotection is a major goal of research in neurode-
generative diseases. Although not a primary focus of this 
research, STN DBS may theoretically alter the natural 
course of nigral cell loss and slow disease progression. 
As in other neurodegenerative diseases (220, 221), glu-
tamatergic excitotoxicity appears to underlie the mecha-
nisms of cell death leading to PD (222). In particular, it 
is speculated that glutamatergic output from the hyper-
active STN in PD may cause excitotoxic degeneration 
of the pallidum, substantia nigra, and pedunculopontine 
nucleus, perpetuating the progression of the disease. If 
this is true, surgical lesioning and high-frequency stimula-
tion of the STN, by decreasing its glutamatergic drive and 
resultant excitotoxicity, may slow the progression of PD 
(222). It would not be unreasonable to hypothesize that 
DBS could be neuroprotective by blocking pallidal and 
nigral destruction (222, 223). Unfortunately, this theory 
is based on the assumption that DBS has an inhibitory 
effect on the STN, an assumption that is itself under 
criticism (140). In addition, there is little clinical evidence 
thus far to support a neuroprotective effect of STN DBS 
in PD patients.

Using 18F-fluorodopa PET, a surrogate marker of 
PD progression (224, 225), Hilker et al. conducted a 
prospective study of 30 patients with bilateral STN DBS 
to determine whether successful stimulation improved 
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measures of PD severity (226). Despite a 52% clinical 
improvement in UPDRS scores compared to baseline, 
there was a significant decrease in striatal F-dopa uptake 
over the 16-month follow-up period. This translates to 
a 9.5% to 12.9% loss of baseline radiotracer bind-
ing per year, a rate of progression that is in line with 
published rates for PD patients treated pharmacologi-
cally (225). While these data suggest continued decline 
of dopaminergic function in the face of effective STN 
stimulation, other studies suggest that the progression 
of PD may decelerate over the long term. In a study of 
22 patients who underwent successful STN DBS, Oster-
gaard and Sunde reported that at 4 years their motor 
UPDRS scores did not appear to worsen compared to 
baseline when kept off both medication and stimula-
tion (227). While the lack of PD progression may be 
attributed to a number of factors, including possible 
artifacts related to the design of the study, these data 
need to be confirmed (or dispelled) by larger longitu-
dinal studies.

FUTURE DIRECTIONS

The treatment of PD has been revolutionized by DBS. As 
more patients are implanted, the benefits and limitations 
of this modality are becoming better understood.

There are several device improvements in prog-
ress. The relatively large internal pulse generator 
implanted in the subclavicular chest area has a bat-
tery life of approximately 3 to 5 years depending on 
each patient’s individual settings. Creation of a more 
compact, miniature IPG would undoubtedly be more 
comfortable and less cumbersome for patients. In 
addition, battery life extending for longer than 5 years 
would be more convenient. Alternatively, the ability to 
recharge the batteries from an external energy source 
would spare patients additional morbidity from another 
invasive surgical procedure. Finally, accessing the IPG 
remotely would enable physicians and DBS program-
mers to make small changes in settings without having 
to bring the patient into the office. Clearly, the impor-
tance of periodic physical examination of DBS patients 
cannot be overemphasized. However, remote access to 
IPGs would be important for urgent conditions and 
could prevent unnecessary and often laborious trips to 
emergency rooms.

One of the most significant factors impeding opti-
mal symptomatic improvement after DBS is access to 
proper programming. This can be the result of a lack 
of competent programmers in the patient’s vicinity or 
a physical barrier to making the frequent office visits. 
This issue can be addressed on several levels. There is 
a call for an educational initiative to make stimulator 
programming more pervasive within movement disorder 

practices across the country. There must be basic compe-
tency among physicians to make stimulator adjustments 
confidently. To be performed properly, both doctor and 
patient must agree to a committed relationship. Because 
this is a time-intensive undertaking, it is often efficient 
for practices to have specialized nurse practitioners and 
physician assistants dedicated to the laborious task of 
programming. Research is ongoing to explore “short-
cuts,” such as electrophysiologic or imaging markers that 
can lead to the optimal setting parameters and drug dos-
ages for each patient (228).

Indeed, a better understanding of DBS mechanisms 
of action will likely lead to a more accurate selection of 
therapeutic targets and improved efficacy as clinicians 
move away from current generic methods of stimulation 
based on trial-and-error selection of the active param-
eters. In addition, specific electrode design and alternative 
deliveries of the electrical pulse (e.g., constant-current, 
asymmetrical pulses) may bring about parameters of 
stimulation customized to individual patients and spe-
cific neuropsychiatric disorders.

Assuming that each patient has access to care and 
the ideal individual settings, there are certain symp-
toms that elude even the most optimal DBS implants. 
Nonmotor symptoms like cognitive impairment, psy-
chiatric disturbances, and dysautonomia, may be par-
ticularly disabling. These problems may not be related 
to dopaminergic stimulation and are thus refractory to 
DBS. We have also seen that disorders of gait and pos-
tural stability may not be particularly responsive to GPi 
or STN stimulation. In comparison to the other cardinal 
PD symptoms, the improvement is less impressive and 
briefer.

The frustrations of these limitations of STN and 
Gpi DBS have laid the groundwork for exploration 
into DBS of novel structures involved in modulation 
of locomotor activity. In conjunction with the basal 
ganglia, the pedunculopontine nucleus (PPN) is a 
deep brain structure involved in the control of motor 
function (229). It has been established that the PPN 
degenerates in Parkinson’s disease as it does in related 
neurodegenerative disorders with extrapyramidal fea-
tures, such as multiple system atrophy (MSA). Stimu-
lation within this collection of neurons in the rostral 
tegmentum causes stepping movements, while lesioning 
results in akinesia (230). Nandi and colleagues have 
demonstrated the spectrum of responses when a PPN-
implanted primate was stimulated at a variety of fre-
quencies. Stimulation at 100 Hz resulted in severe loss of 
postural stability, while akinesia was more pronounced 
at frequencies above 45 Hz than at lower frequencies 
(229). Two groups have reported initial studies of the 
feasibility of PPN DBS in advanced PD (231, 232). 
In addition to improvement in UPDRS motor scores, 
Plaha and Grill demonstrated improvement in gait 
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dysfunction and postural stability in both the on- and 
off-medication states with low-frequency (20 to 25 Hz) 
stimulation (231). This is in contrast to GPi and STN 
DBS, where the improvement in “off” medication gait 
stability is often modest and usually equivalent to that 
obtained with levodopa alone (231). Because improve-
ments were seen in gait, postural stability, and other 
cardinal signs of PD in both the on- and off-medication 
states, these preliminary reports deserve further scrutiny 

with expanded studies. The PPN may represent an 
exciting new target for DBS therapy.
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Neural Transplantation: 
Yesterday, Today, and 
Tomorrow

he recent excitement surrounding 
the potential use of stem cells to 
replace ailing tissues in the body 
has once again focused attention 

on the attempt to treat degenerative brain diseases 
using cell transplant therapy. This goal dates at least to 
the end of the nineteenth century, with the unsuccess-
ful attempts by Thompson in 1890 to transplant adult 
cortex to adult cortex in cats and dogs (1). For the 
next 80 years, advances in brain transplantation therapy 
were not frequent: for example, the demonstration in 
1917 that immature brain could survive after transplan-
tation, the demonstration in 1940 that fetal tissue could 
survive transplantation into the brain, and the demon-
stration in 1962 that grafts could establish functional 
connections with the host brain (grafted pituitary tissue 
into the hypothalamus of rats) (1). Modern transplant 
efforts accelerated after the demonstration in 1976 that 
rat fetal monoaminergic neurons could survive after 
transplantation into adult rat brain (2).

Currently, Parkinson’s disease (PD) is the only 
neurodegenerative disease that has shown benefit from 
cell transplantation. Medical therapy is very effective 
in treating the motor symptoms of PD, and deep brain 
stimulation (DBS) has proven to be effective in treating 
dyskinesias, one of the major side effects of antiparkin-
son medications. In order to be a viable treatment in the 

Paul Greene

future, cell transplantation must show benefit over cur-
rent therapy in at least one of the following three areas:

1. Slowing or stopping the progression of PD. There 
have been a series of studies indicating that sele-
giline or rasagiline may slow the progression of 
PD. There have also been single studies suggesting 
that pramipexole, ropinirole, coenzyme Q10, or 
levodopa might have a protective effect. But none 
of these medications is universally accepted as pro-
tective, and the effects seem modest. An agent with 
substantial protective effect is a major goal (3).

2. Relieving or preventing motor fluctuations. DBS has 
proven effective in substantially reducing dyskinesias 
and may moderate motor fluctuations in many 
patients. However, many older patients are not 
good candidates for DBS and motor fluctuations/
dyskinesias continue to be a major concern of 
patients and their doctors (4).

3. Relieving symptoms of PD that do not respond to 
current therapy. Gait freezing and loss of postural 
reflexes leading to falling are problems that can-
not always be treated by current medications or 
DBS. Dementia becomes a major problem in many 
patients as PD progresses and is poorly controlled 
by medications. Other symptoms, such as dysphagia 
and various forms of autonomic instability, can also 

T
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be refractory to treatment, leading to both morbid-
ity and mortality (5).

ADRENAL MEDULLARY TRANSPLANTS

Adrenal medullary cells removed from the influence 
of cortisol can release dopamine and form neuron-like 
processes (6). In animals, transplantation of adult adrenal 
medullary tissue into the striatum resulted in poor graft 
survival except when nerve growth factor was added (7). 
Transplanted adult adrenal tissue did not show significant 
fiber outgrowth, and most surviving cells did not show 
evidence of dopamine production (8, 9). Despite this, in the 
early 1980s, several patients with PD received implants of 
their own adrenal medullary tissue. None of these patients 
experienced dramatic or long-lasting improvement, and it 
is likely that adrenal medullary transplants would have 
disappeared if not for the report in 1987 by Madrazo and 
colleagues that 2 patients improved dramatically after adre-
nal medullary autografts (10). Within a year, at least 135 
additional patients with PD received adrenal medullary 
autografts, and the initial reports were interpreted as prom-
ising (11, 12). By the early 1990s, it was apparent that as a 
group, patients receiving adrenal medullary transplants did 
not have substantial or long-term benefit. In 1991, Goetz 
and coworkers summarized the results of adrenal medul-
lary grafting in 61 Canadian and U.S. patients operated in 
13 centers; they concluded that only 19% were considered 
improved at 2 years and that this was comparable to what 
would have been seen with a dopamine agonist (13). In 
addition, there was considerable short-term morbidity as 
well as deaths attributable to the surgery in the 2 years after 
transplantation (13). Despite the questionable preclinical 
basis for this procedure, initial enthusiasm was maintained 
for several years because of the lack of controlled trials 
and considerable variation in posttransplantation patient 
evaluation in the open-label studies.

HUMAN FETAL MESENCEPHALIC 
TRANSPLANTS

Open-Label Trials

The initial reports of fetal tissue implantation for PD 
came from China in 1987 (14), followed a year later by 
reports from Sweden (15) and Mexico (16). By 1998 over 
200 patients throughout the world had received fetal 
mesencephalic grafts for parkinsonism (17). By 2001 the 
figure had climbed to about 300 patients (18). Based on 
extensive animal data and a small number of autopsies in 
PD patients receiving fetal grafts, it seems likely that at 
least some effects of fetal grafts come about because of 
specific neural connections that release dopamine (19). 

Techniques for fetal tissue transplantation in humans 
have been adapted from techniques used in animals, but 
the optimal techniques in humans are not known and there 
have been differences in various aspects of the procedure 
that may significantly affect the outcome. There is gen-
eral agreement, based on survival of human fetal tissue 
implants into adult rat brain, that optimal cell survival is 
at approximately 5.5 to 8 weeks’ gestational age for cell 
suspensions or 6.5 to 9 weeks’ gestational age for solid 
grafts (20). Animal studies and a human autopsy suggest 
that with current techniques, 5% to 10% of transplanted 
dopaminergic neurons survive, but survival is not uniform 
along the implantation tracks (21, 22). Some of the differ-
ences in preparation and implantation of fetal tissue are:

1. Whether to culture the fetal tissue and assay for 
the presence of tyrosine hydroxylase or production 
of dopamine metabolites before transplantation 
(23, 24).

2. Transplanting within hours of collection of fetal tis-
sue vs. storing tissue prior to implantation, either 
cultured for several days, cultured for many days, 
or frozen (23–25).

3. Transplanting cell suspensions vs. transplanting 
solid fragments of tissue (19). 

4. The amount of tissue to transplant (26).
5. Whether to transplant tissue into the putamen alone 

or also into the caudate nucleus (19).
6. Whether to transplant tissue using multiple needle 

tracks in a ventrodorsal direction through the puta-
men or a smaller number of needle tracks in an 
anteroposterior direction (27, 28).

7. Whether to use short-term immunosuppression, 
long-term immunosuppression, or no immunosup-
pression (19).

Despite these many variations in technique, the open-
label results of transplantation were substantially promis-
ing in almost all groups. A review of almost 300 patients in 
2001 concluded that about 2 out of 3 of these patients had 
at least a moderate improvement [greater than or equal to 
35% improvement in the Unified Parkinson’s Disease Rat-
ing Scale (UPDRS) rating scale] that persisted for at least 
2 years of follow-up (29). In addition, patients had a mean 
25% reduction in levodopa usage after the transplant. The 
review also noted that the mean age at time of transplanta-
tion was 52 years, whereas the mean age at onset for PD 
is about 60 years (29). In addition to these trials, there 
were 2 reports using fetal porcine mesencephalic tissue in 
patients with PD; these were also promising (30, 31).

Controlled Trials

There have been 3 double-blind, sham-surgery controlled 
studies of transplantation of fetal mesencephalic cells 
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into patients with PD: 2 using human fetal tissue from 
elective abortions and 1 using fetal porcine tissue. These 
studies were organized because of the growing number 
of reports of successful open-label transplants and were 
carried out by groups that had previously reported benefit 
in open-label trials. The outcome of these 3 studies was 
surprising and had an unsettling effect on the whole field 
of neural transplantation for PD. Two studies (one using 
human fetal tissue and the other using porcine fetal tissue) 
showed complete lack of benefit (28, 32), and the remain-
ing study showed no benefit for the entire cohort but 
did show statistically significant benefit in a preplanned 
analysis of patients who were younger at time of trans-
plantation (27). Because of the impact of these studies, 
it is worth examining them in some detail.

Efficacy. The University of Colorado–Columbia 
University–North Shore University study (in which 
I participated) was the first sham surgery–controlled, 
prospective, randomized trial of mesencephalic fetal cell 
transplantation for advanced, medication-refractory 
PD; it was published in 2001 (27). Forty patients were 
recruited with PD of at least 7 years’ duration with 
disabling motor symptoms despite optimal drug man-
agement. Patients were recruited so that half were over 
age 60 and half were 60 years old or younger at the 
time of recruitment. Patients were randomized to fetal 
tissue transplant or sham surgery. The sham consisted 
of a burr hole through the outer table of the skull but 
no penetration of the dura or brain. Operating room 
procedures were carefully orchestrated to be identical 
for fetal tissue and sham patients. The actual transplant 
consisted of tissue from 2 fetuses per side extruded into 
strands and implanted into the putamen through 2 needle 
tracks on each side along the long (anteroposterior) axis 
of the putamen. No immunosuppression was used. Patients 
underwent extensive testing twice at baseline and 3 times 
over the year after transplantation, including multiple “on” 
and “off” UPDRS exams, use of the Schwab and England 
disability scale (S&E scale) and a subjective global rating 
scale, neurophysiologic and neuropsychological testing, 
home diaries to record amount of “on” and “off” time, and 
2 fluorodopa PET scans. The blind was broken at 1 year 
and patients who had received the sham procedure had the 
option of undergoing implantation immediately. 

There was no statistically significant difference 
between operated and sham groups in the primary out-
come variable: a subjective comparative global rating 
1 year after surgery. The total mean UPDRS “off” score 
improved more in the operated group (13.8%) than in 
the sham group (4.5%), but this was of borderline sig-
nificance (P � .055). There were some subscores (such as 
the “off” total motor, bradykinesia, and rigidity subscores 
of the UPDRS and the S&E scale) that were significantly 
more improved in the operated than the sham group 

(P ranging from .00001 to .017), but this improvement 
occurred primarily in the group of younger patients. The 
younger group, in a preplanned analysis, did improve 
markedly in the “off” UPDRS total score and motor, 
rigidity, and bradykinesia subscores and S & E scales 
compared with placebo (P ranging from .0003 to .02). 
Walking did not improve significantly on examination 
or by history in any age group and there was a signifi-
cant worsening of walking and balance in the group over 
60 years of age. There were no significant differences 
between operated and sham patients in either age group 
in any “on” measure or the amount of time “off,” “on,” 
“on” without dyskinesias, or in the total daily dose of 
medication taken.

Of 19 implanted patients, 12 had improvement 
greater than any sham-operated patient in PET striatal/
occipital ratio (SOR) on at least one side of the brain. 
However, this improvement did not correlate with 
improvement in PD ratings in the “off” state, since the 
older group had similar mean improvement in PET to the 
younger group but did not show a comparable improve-
ment in UPDRS rating.

A second study of human fetal tissue transplants for 
PD was published in 2003 (28). In that study, 34 patients 
with medication-refractory PD were randomized to 
receive tissue from 1 fetus per side, tissue from 4 fetuses 
per side, or placebo. The sham also consisted of a burr 
hole through the outer table of the skull but no penetra-
tion of the dura or brain. Grafts were diluted so that all 
patients received the same volume of material, which was 
deposited through 8 needle tracks per side from the crown 
of the head into the posterior putamen bilaterally. Patients 
were immunosuppressed with cyclosporine for 6 months 
after the procedure. Patients underwent testing at baseline 
and at 1, 3, 6, 9, 12, 15, 18, 21, and 24 months after 
transplantation. Evaluations were similar to the first study, 
including multiple “on” and “off” UPDRS exams, home 
diaries to record amount of “on” and “off” time, and 
fluorodopa PET scans at baseline and at 1 and 2 years after 
transplantation. Dyskinesias were evaluated by a blinded 
rater viewing “on” and “off” videos from each visit. 

There was no significant difference between oper-
ated and sham groups in the primary outcome variable: 
the “off” UPDRS motor score. There were also no signifi-
cant improvements in multiple other variables, includ-
ing time “off,” time with dyskinesia, and medication 
usage. In post hoc analyses, there was no improvement 
in the group of younger patients, but there was statisti-
cally significant improvement in patients with milder 
disease (UPDRS � 49) that persisted for 2 years. There 
was also significant improvement in both transplanted 
groups compared to placebo at 6 and 9 months after 
transplantation, which then returned to placebo levels. 
There was a significant improvement in PET SOR in 
both transplanted groups compared with placebo.
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The results of the porcine transplant double-blind 
study have been published only in abstract form (32). A 
total of 10 patients received porcine fetal mesencephalic 
cells at 1 site in the caudate nucleus and 5 sites in the 
putamen bilaterally. Patients were immunosuppressed for 
75 days after surgery with cyclosporine and prednisone. 
There was no significant improvement in the primary 
outcome: total “off” UPDRS 18 months after surgery 
(both groups improved by 20% to 25%). Several second-
ary outcomes were measured, including “on” and “off” 
time, but only percentage of time spent with dyskinesias 
showed significant improvement in the operated group 
compared with the placebo group.

Despite promising open-label trials, each of 3 groups 
failed to confirm benefit in prospective sham-surgery con-
trolled studies. Each group reported significant improve-
ment in some measures or in some subgroups, but most 
of these were post hoc analyses after multiple compari-
sons. The finding of significant improvement in younger 
patients in the first study was a preplanned analysis but 
was not confirmed by post hoc analysis in the second 
study. Either the studies were badly flawed, the open-
label literature substantially overestimated the amount 
of benefit, or some combination of these.

There have been a variety of attempts to explain 
why the studies might have been flawed. These were sum-
marized in a 2005 review (33) as follows:

1. Lack of chronic immunosuppression. One study 
did not use immunosuppression and the others 
used short-term immunosuppression. Although 
this could have influenced outcome, it did not dif-
fer from prestudy technique in each group.

2. Change in technique. In the first blinded study, the 
surgical technique used in open-label studies was 
modified to reduce the risk of intracerebral hemor-
rhage. In order to minimize the risk of hemorrhage, 
which should be proportional to the number of 
needle passes, they switched from the 8 ventrodor-
sal needle passes used in the open-label studies to 
4 sagittal needle passes through the forehead along 
the long axis of the putamen (27). That could have 
influenced the outcome in this study but not in the 
other studies. 

3. Improper patient selection. In the second human 
fetal tissue study, preoperative levodopa usage was 
lower in open-label studies than in the controlled 
study, suggesting a consistent difference in patient 
selection (28). This would not apply to the other 
human study. The available data are too sparse to 
enable a comparison of patient selection in the por-
cine open-label and blinded studies.

4. Improper tissue processing. Both blinded human fetal 
tissue studies used solid grafts. Some have argued 
that cell suspension may produce a better outcome. 

A pathologic study using glial cell line–derived neu-
rotrophic factor (GDNF) treated cell suspensions 
found long-term survival and dense reinnervation 
of the putamen in 2 patients (34). Of these, one 
also received midbrain transplants of fetal tissue, 
and neither patient developed graft-related dyski-
nesias. It is also worth noting that these patients 
received only 6 months of immunosuppression, and 
were still felt to have substantial improvement with 
little inflammatory response noted on pathologic 
examination. Improper tissue processing would not 
explain why the 2 blinded studies failed to confirm 
benefit observed with the same solid tissue grafts 
used in open-label trials.

Many other factors have also been discussed as pos-
sible explanations for the lack of benefit in these studies, 
such as preoperative storage of tissue and transplantation 
of inadequate amounts of viable tissue. Most of these 
either do not apply to all 3 studies or fail to explain 
the difference between open-label and controlled results 
from the same groups. A simpler explanation is that 
open-label studies exaggerate the benefit from fetal tis-
sue transplantation due to long-term placebo response 
and other explanations, such as regression to the mean 
(recruitment of patients who are worse than their aver-
age state and who improve to their average state after 
recruitment into a study). 

Some have argued that placebo effect does not play 
a role in these controlled studies, since there was no 
change in mean ratings in the placebo groups in con-
trolled studies using human fetal tissue (there may have 
been significant improvement in motor ratings in the 
more severely affected group in the second study) (35). 
This is a mistaken interpretation. The porcine controlled 
study did show placebo effect (32). It is possible that there 
is negative as well as positive placebo effect (worsening 
of patients who believe they did not get the real treat-
ment), so that absence of mean change does not indicate 
absence of placebo effect. Even when there is no net pla-
cebo effect, the placebo effect increases the variability 
(standard deviation) in both groups, making a significant 
difference more difficult to obtain. 

Based on the controlled studies alone, it is hard to 
avoid the conclusion that fetal tissue transplantation as 
currently performed does produce a dopaminergic effect, 
but that the effect is unpredictable and on average quite 
small. Another conclusion suggested by the blinded trials 
is that improvement in fluorodopa PET does not neces-
sarily predict clinical improvement. This was true in both 
the human fetal tissue transplant studies and was also 
observed in the recent blinded study of intraputamenal 
GDNF (36). A final conclusion is that studies of surgical 
procedures in PD without sham controls can produce very 
misleading results. It has been asserted that “Sustained 



55 • NEURAL TRANSPLANTATION: YESTERDAY, TODAY, AND TOMORROW 693

and consistent placebo effects do not typically occur in 
patients with PD” (37). But, as argued above, this is a 
misinterpretation. The sham control produced a storm of 
controversy about the ethics of sham-controlled surgical 
trials. The organizers of one of the trials argued that the 
risk of subjecting large numbers of patients to an ineffec-
tive surgical procedure (as has been done multiple times in 
the past) justified some risk to the participants receiving 
sham surgery (38). This is reasonable, since the potential 
benefit is generally considered to justify the risk to the 
participants receiving the actual surgery. A survey of 103 
PD researchers found that over 80% were in favor of 
sham-surgical controls if the risk were low (39). 

Safety Lack of efficacy was not the only surprise in the 
double-blind studies. Prior to these studies, there were 
few reports of serious risks of fetal tissue transplantation. 
The risk of symptomatic intracerebral hemorrhage dur-
ing stereotactic tissue implantation is difficult to estimate 
directly from the published literature, since not all patients 
are reported. One review of 60 patients reported 3 symp-
tomatic intracerebral hemorrhages or a risk of 5% (40). 
Overall, there have been very few reports of symptomatic 
hemorrhage. For comparison, the risk of stereotactic DBS 
in a roughly similar population ranges from 1% to 3% 
(41, 42). Transient change in mental status immediately 
after grafting and a small number of seizures have been 
reported. There have been a number of reports of persis-
tent or progressive mental deterioration after grafting, 
but it is not clear whether this is attributable to the trans-
plant procedure. There have been reports of opportunistic 
infections presumably related to immunosuppression (43). 
Other perioperative complications, such as brain abscess 
and other infections, have been reported only rarely. There 
were also two troubling reports of uncontrolled growth of 
nonneuronal tissue after transplantation (44, 45). It was 
felt that both of these resulted from inclusion of nonneural 
tissue in the graft.

Surprisingly, both controlled studies involving 
human fetal tissue identified another, previously unrec-
ognized problem: severe dyskinesias or dystonia. In the 
first study, 5 of 34 implanted patients developed dyskine-
sias and/or dystonia after transplantation despite marked 
reduction and even discontinuation of anti-PD medica-
tions (27). The involuntary movements were severe in 4 of 
these patients and 3 ultimately received bilateral pallidal 
DBS with some benefit. In the second study, 13 of 23 
patients developed dyskinesias after medicine withdrawal 
overnight (28). The dyskinesias were severe in 3 patients 
and required another surgery, presumably DBS (28). The 
second study did not comment on whether the dyskinesias 
in the 3 severely affected patients improved with reduc-
tion in medication, but presumably they either did not 
improve or the patients were unable to tolerate adequate 
medication reduction. 

Although dyskinesias had been noted since the 
earliest reports of neurotransplantation, these usually 
responded to reductions in levodopa dose. Prior to the 
first double-blind transplant trial, no attention was given 
to disabling involuntary movements after cell transplanta-
tion. There were reports of 2 patients with dyskinesias 
who did not respond to medication reduction, 1 of whom 
improved with pallidotomy (40, 46). There have been 
several other reports of graft-related dyskinesias that may 
not have responded to medication adjustment, but the 
descriptions were not detailed enough to be sure (40). 
Subsequent to the publication of the controlled studies, 
a video review of 14 patients previously transplanted in 
open-label studies found that dyskinesias or dystonia in 
the “off” state either appeared or worsened after trans-
plant in 9 patients but were severe in only 1 (47, 48). That 
patient had all PD medications withdrawn for 9 weeks 
with no improvement in dyskinesias, but no further clini-
cal details were provided. 

Despite improvement after DBS or pallidotomy in 
patients with graft-related involuntary movements, this 
problem caused deep concern in the transplant commu-
nity after the blinded studies. The major concern is that 
other forms of tissue transplantation for PD, such as stem 
cell transplantation, might also produce severe involun-
tary movements. One critical issue is whether the dyski-
nesias are due to excess dopamine. Analysis of the first 
double-blind study indicated that these dyskinesias were 
in fact caused by focal areas of excess dopamine. This 
was based on the following observations:

1. The dyskinesias/dystonias were similar to presur-
gical involuntary movements except that the pre-
operative movements resolved with a reduction in 
medications.

2. This subgroup of patients had the best clinical 
response and thus presumably the largest delivery 
of dopamine by the grafts.

3. Patients with dyskinesias had patchy increased fluoro-
dopa signal on positron emission tomography (PET) 
compared with patients without dyskinesias (49).

4. Autopsy results showed patchy survival of trans-
planted tyrosine hydroxylase–positive cells.

5. The dyskinesias improved with antidopaminer-
gics such as tetrabenazine and alpha-methyl para 
tyrosine (although PD symptoms worsened).

6. The dyskinesias worsened with levodopa.

Others in the transplant community disagreed. A 
review in 2005 argued that the dyskinesias were not due 
to excess dopamine (48). The authors offered the follow-
ing observations and alternatives:

1. In their review of 14 patients, there was no correla-
tion between postgraft dyskinesias and benefit.



IX • SURGERY694

2. Lower extremity dyskinesias predominated in their 
patients, which is not typical of levodopa-induced 
dyskinesias.

3. Dystonia, which was a prominent postgraft prob-
lem in the first double-blind study, is less common 
as a peak dose phenomenon than as a diphasic or 
“off” phenomenon. In that case, increased supply 
of dopamine to the striatum may not necessarily 
produce more dyskinesias.

4. The patchy fluorodopa signal previously mentioned 
suggests that patchy or insufficient dopamine release 
might explain the dyskinesia, by analogy with the 
“low-level” dyskinesia seen in diphasic dyskinesias.

5. If dyskinesias are caused by release of dopamine 
gradually reaching supersensitive dopamine recep-
tors, this should normalize over time. In fact, the 
graft-related dyskinesias worsen or remain constant 
over time. 

6. Release of other neurotransmitters or chemicals 
from the graft might provoke dyskinesias. This is a 
theoretical possibility, but there are no data to sup-
port it.

7. Trauma to the putamen somehow predisposes 
patients to dyskinesias. This would explain why the 
dyskinesias in the first study are the most symptom-
atic, since the needle tracks were the longest.

8. Host immune response might predispose to dyski-
nesias. This fails to explain why patients in the sec-
ond controlled study did not do as well as patients 
treated by the same group in its open-label studies 
with the same immunosuppression regimen.

Although all these hypotheses are plausible, there 
is no more evidence for them than for the dopaminergic 
hypothesis. There is currently no explanation for the 
difference in the rate of severe graft dyskinesias between 
the controlled and uncontrolled studies. Efforts are 
now under way to create animal models of graft-related 
dyskinesias (50).

Can the Problems Be Fixed?

Although the results of the blinded trials were a disap-
pointment to many neurologists, the transplant commu-
nity saw this as a temporary if significant setback. One 
response has been to look for reasons that the controlled 
studies did not reflect the full potential of cell replacement 
therapy. Others have tried to suggest new directions that 
might overcome what are perceived as shortcomings of 
current practice. In 2004, Lindvall and Björklund identi-
fied the following potential problems with current fetal 
tissue transplants (19):

1. Insufficient graft survival and outgrowth. This has 
been recognized as a problem for a long time. Most 

investigators believe that improved cell survival and 
more robust outgrowth of processes will improve 
clinical outcome, and there has been research into 
solving this problem. Improving neuronal survival 
and increasing axonal outgrowth would allow for 
the use of less tissue and also possibly improve the 
magnitude of the response to grafting. Several trophic 
factors have been used to improve graft growth and 
survival. GDNF has been the most extensively stud-
ied of these factors. It increases neuronal survival, 
neuronal size, and density of tyrosine hydoxylase–
positive fibers after ventral mesencephalic graft-
ing in animal models (51, 52). Two patients with 
PD underwent grafting with GDNF-treated fetal 
ventral mesencephalon and seemed to show both 
clinical improvement and improvement in fluoro-
dopa PET (53). Other trophic factors that enhance 
survival of grafted dopaminergic neurons in animal 
models include brain-derived neurotrophic factor 
(BDNF) (54) and neurotrophin-3 (55). Attempts 
have also been made to improve cell survival using 
antioxidants such as the lazaroid tirilazad (56) and 
flunarizine (57).

2. Inadequate patient selection. Several research-
ers have suggested that more restrictive selection 
of candidates might improve the outcome after 
transplantation: younger and/or milder patients 
may do better, but the data are sparse. Each of the 
double-blind studies reached different conclusions 
about which group of patients is most likely to 
improve after transplantation: younger patients or 
patients with a better response to levodopa (27, 28). 
Patients requiring less levodopa may also be in a 
milder stage of disease and might benefit more for 
that reason (19). So far, no study has examined the 
effects of cell transplantation in mildly ill patients. 
In any case, if cell transplantation were limited to 
younger or less severely affected patients, it might 
exclude a large percentage of patients with PD.

3. Graft placement was not tailored to individual needs. 
The authors suggest the use of high-resolution PET 
so that grafts could be placed in the most dener-
vated areas (19). They also speculate that patients 
with greater denervation in mesolimbic areas may 
not do as well after transplantation. There is only 
a small amount of animal data supporting these 
suggestions.

4. Lack of standardization of the graft tissue. There is 
wide variability in the duration of storage of fetal 
tissue for grafting, methods of storing the tissue, 
and preparation of the tissue for transplantation. 
The optimal methods could be determined, at least 
in animals.

5. Lack of a standard immunosuppressive regimen. 
The role of the immune response after grafting 
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remains controversial, even with a growing num-
ber of autopsy studies. The authors of the review 
suggest long-term immunosuppression. At this 
time, there are insufficient data to determine what 
immunosuppression if any is necessary to optimize 
transplantation.

6. Strategy to avoid dyskinesias. The authors suggest 
further experimentation with animal models. There 
are many hypotheses about the etiology of this prob-
lem, but the data are sparse and contradictory.

DIRECTIONS FOR THE FUTURE

Stem Cells

Fetal cell transplants to treat PD were never conceived 
as a practical means to treat large numbers of patients 
with PD. There is not only controversy about the use of 
aborted tissue but also insufficient tissue from elective 
abortions to treat more than a small number of patients: it 
has been estimated that less than 0.01% of the tissue from 
all elective abortions is available for research use (58). 
Neither adult adrenal medullary tissue or porcine fetal 
mesencephalic tissue seems promising. Several other 
tissues, including extra-adrenal chromaffin cells (59) 
and human retinal pigment epithelial cells cultured from 
postmortem tissue (60) have been proposed as alterna-
tives to fetal tissue. Despite promising open-label data for 
retinal pigment epithelial cells in patients with PD, the 
cells that have caused the most excitement in the trans-
plantation community are stem cells. A variety of stem 
cells are candidates for cell therapy: embryonic stem cells, 
genetically engineered embryonic stem cells, embryonic 
stem cells with nuclear transfer, nonneural stem cells, 
fetal and adult neural stem cells, and in situ substantia 
nigra (SN) stem cells (61). The most attractive of all these 
possibilities is to induce stem cells already residing in the 
SN to differentiate into dopamine-producing cells and to 
establish connections with the striatum. Although glial 
precursor cells have been demonstrated in the SN of rats, 
these cells have not been shown to produce a dopami-
nergic phenotype, and it is far from clear whether newly 
generated dopaminergic cells in the SN would be able to 
establish functional connections in the adult (62). For 
every challenge, ingenious solutions have been proposed. 
For example, most stem cell transplantation runs the risk 
of immune rejection. This could be circumvented by the 
use of somatic nuclear transfer, in which a nucleus from a 
patient’s own cells replaces the nucleus of the embryonic 
stem cell. Unfortunately this is difficult to achieve and gen-
erates several serious problems of its own (61). Although 
any of these techniques may ultimately be adequate for 
human therapeutic use, currently only the use of embry-
onic stem cells seems sufficiently advanced to be ready 
for human use (61). The technical problems involved 

in producing successful cells for transplantation are far 
too numerous to be reviewed here, and there are many 
transplantation-oriented stem cell reviews in the litera-
ture (61–63). One major challenge is that transplantation 
of undifferentiated stem cells creates a risk of teratoma 
formation (the cells would have to be induced to differ-
entiate into dopamine-producing cells after transplanta-
tion), but stem cells that have fully differentiated in vitro 
have very low survival rates after transplantation (61). 
Nonetheless, initial experiments using stem cells in animal 
models of PD are promising, and it is likely that human 
trials will follow (for an example in a primate model, 
see ref. 64). Because of the large variety of techniques, it 
is difficult to predict whether stem cell transplantation 
is likely to provide an attractive alternate treatment for 
PD. We can, however, measure stem cell transplantation 
against the proposed requirements for successful fetal cell 
transplantation. How well do the new candidate tech-
niques, and stem cells in particular, address these issues? 
Stem cells have the potential to produce large quantities 
of standardized dopamine-producing cells. However, the 
introduction of large amounts of dopamine producing 
tissue have the potential for producing uncontrollable 
dyskinesias. It is not obvious that stem cell technology 
can solve the problems of uneven cell survival and incom-
plete reinnervation of the striatum. The use of stem cells 
can be expected to provide large amounts of relatively 
homogeneous tissue producing only dopamine. The use 
of stem cells will not solve the problems of patient selec-
tion and individualized transplantation. It is impossible 
to predict at this time whether stem cell transplantation 
can overcome the known problems with fetal cell trans-
plantation and whether it will supplement or complement 
existing treatments for PD.

Use of Genetically Modified Cells

Although most efforts at gene therapy have involved 
introduction of genes via the use of viral vectors or lipo-
somal DNA transfer, there have been animal experiments 
involving the use of viral-transfected cells to introduce a 
variety of factors in an attempt to improve the symptoms 
of PD or to achieve neuroprotection (65). This has been 
done to enhance the survival of fetal mesencephalic cells, 
enhance the production of dopamine, and provide poten-
tially protective trophic factors. For example, cografting 
of polymer-encapsulated baby hamster kidney cells trans-
fected with the gene for GDNF was found to improve 
fetal mesencephalic transplants in parkinsonian rats; 
myoblasts transfected with tyrosine hydroxylase pro-
duced prolonged improvement in a rat model of PD; and 
fibroblasts transfected with the gene for BDNF seemed 
to be protective in a rat model of PD (65). Encapsulation 
of the transfected cells in a polymer sheath has been used 
to prevent rejection and answer concerns about potential 
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tumor formation, but loss of expression of the transgenes 
and other technical difficulties still limit the use of this 
technology (65).

SUMMARY

We are faced with a dilemma. There is a large body of open-
label data suggesting that fetal cell transplants may pro-
duce dramatic results in some patients with PD—that they 
have the potential to reduce dyskinesias and solve some 
of the problems of medical therapy. There are 3 blinded, 
controlled studies (2 with fetal tissue and the other with 
porcine fetal tissue) that fail to confirm net benefit in 
typical PD and identify the potentially serious problem 
of increased dyskinesias, which may not be controllable 
by medication reduction. It is possible that a change in 
technique, use of stem cells, or some other innovation 
may overcome the lack of consistent response and graft 
related dyskinesias. At this time, however, cell transplants 

using fetal mesencephalic tissue cannot be recommended 
as therapy for PD. A recent evidence-based review of 
pharmacologic and surgical treatments of PD concluded 
that fetal mesencaphalic transplants were nonefficacious 
and that, because of the potential for dyskinesias, the risk 
was unacceptable (66). The review recommended that 
fetal transplantation be continued on an investigational 
basis, since the basic science might be improved. We do 
not know whether stem cell transplants or other emerg-
ing technologies can provide more predictable benefit 
in PD while avoiding the problem of dyskinesias. Based 
on current hypotheses about the problems with fetal cell 
transplant, stem cell transplants and other techniques 
can circumvent some but not all of the identified prob-
lems. Although proponents of transplant therapy for PD 
suggest a number of potential solutions, there are cur-
rently no data to reassure the medical community that 
these problems will be overcome in the near future. Until 
much more research has been done, the promise of tissue 
replacement for PD remains a distant hope.
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Stereotactic Pallidotomy 
and Thalamotomy

ver the last 2 decades, the surgical 
treatment of Parkinson’s disease 
(PD) and other movement disorders 
has evolved to a level of importance 

in the armamentarium of treatment for patients with 
advanced disease. This progress has been based mainly 
on advances in understanding the pathophysiology of the 
basal ganglia, improvements in computer technology, and 
access to better imaging and stereotactic equipment that 
make neurosurgical procedures more accurate and safe. 
Most important, the increased acceptance of these treat-
ments has related to the success of several prospective con-
trolled trials demonstrating the safety and effectiveness of 
surgical therapy. As a result, patients with advanced levels 
of disability despite optimized medical treatment now 
have recourse to a treatment that adds years of improved 
quality of life.

Generally, there are three main surgical approaches 
for PD: ablative surgery, deep brain stimulation (DBS), 
and “restorative’’ therapies, predominantly neural trans-
plantation and now also gene therapy. These therapies 
are usually reserved for patients with advanced disease 
refractory to medications or who experience significant 
adverse effects, most notably motor complications, such 
as fluctuations and dyskinesias. This chapter focuses on 
ablative surgery, specifically stereotactic pallidotomy and 
thalamotomy, which, in spite of the increased safety and 
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acceptance of DBS, still has an important role, especially 
in less developed regions.

HISTORICAL BACKGROUND

The first report of surgery for movement disorders was 
published more than a century ago and consisted of resec-
tion of the premotor area to treat choreoathetosis (1). 
Surgical procedures for PD early in this century included 
lesioning the cerebral cortex or corticospinal system and 
replacing tremor with motor deficits (2–4). Meyers (5) 
first introduced surgical lesions directed at the basal gan-
glia in 1940. He found that sectioning of pallidofugal 
fibers could improve parkinsonism, particularly tremor, 
without creating a pyramidal deficit. This pioneering 
work was followed by the development of more precise 
and safer methods using stereotactic guidance. Spiegel 
et al. (6) performed the first acknowledged stereotac-
tic pallidotomy for movement disorders in the end of 
the 1940s. Soon Leksell (7), Cooper (8), Guiot (9), and 
Narayabashi (10), developed their own instruments and 
surgical approaches to the globus pallidus and its output 
fibers. Because of the perceived variable and inconsistent 
results on tremor with pallidotomy as practiced at that 
time, Hassler introduced surgery of the ventrolateral (VL) 
nucleus of the thalamus (11). The procedure was based on 

O
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a study of the anatomic connections between the pallidum 
and the thalamus. Beginning in the mid- to late 1950s and 
reaching a peak in the 1960s, stereotactic neurosurgery, 
especially thalamotomy, became a prominent mode of 
therapy for PD. Microelectrode recording, first utilized
in the 1960s, allowed the groups of Guiot (12) and 
Narabayashi (13, 14) to define the ventral intermediate 
(Vim) nucleus of the thalamus as the best target to control 
the tremor in PD. But the Vim target was still disappoint-
ing for akinesia and rigidity. This provided a rationale 
for combining pallidotomy with thalamotomy, with the 
surgeon performing the second procedure as necessary 
depending on the response to the initial lesion (15).

About a half-century after the first discovery of 
dopamine by Guggenheim in 1913, levodopa treatment 
for PD was introduced in 1961 and was widely available 
by 1968. As it gained worldwide popularity, stereotactic 
neurosurgery declined, and the number of stereotactic 
procedures soon decreased dramatically (16). However, 
despite the striking benefits provided by levodopa, it 
quickly became evident that it too had shortcomings. 
As PD progresses and with prolonged administration 
of levodopa, symptoms become refractory to the drug 
and disabling, abnormal, involuntary movements (dys-
kinesias) and “on-off’’ fluctuations appear. Because of 
these problems, stereotactic neurosurgery was revisited 
and gained an increasing role. This new era was ush-
ered in by advances in the understanding of basal gan-
glia pathophysiology (17, 18) coincident with the work 
of Laitinen and coworkers (19, 20), who reintroduced 
Leksell’s pallidotomy, and the development of better brain 
imaging and intraoperative electrophysiologic techniques. 
Through the 1990s, pallidotomy (and to a lesser extent 
thalamotomy) was increasingly evaluated for PD and 
other movement disorders (21). However, the resurgence 
of radiofrequency ablation techniques was short-lived, as 
they were quickly supplanted by deep brain stimulation, 
which offers similar benefits but also an improved safety 
profile, especially when used bilaterally (22, 23).

RATIONALE OF SURGERY

Pallidotomy

Together with the substantia nigra pars reticulata (SNr), 
the internal segment of the globus pallidus (GPi) consti-
tutes the source of the final output of the basal ganglia. 
As a result of the dopamine deficiency, the GABAer-
gic output of the GPi is increased in PD (24–29). Two 
main mechanisms are believed to contribute to this: (a) 
increased drive from the excitatory glutamatergic sub-
thalamic nucleus (STN) via the indirect pathway, which 
derives from the striatum through the external segment 
of globus pallidus (GPe), and (b) decreased inhibition 

(dysinhibition) via a direct pathway from the motor stria-
tum (28, 30). Hyperactivitiy of the GPi is considered to 
be a hallmark of PD physiology and exerts an excessive 
inhibitory influence on the thalamus, downstream corti-
cal motor systems, and brainstem motor areas, which are 
thought to be responsible for the disrupted and impov-
erished movement that characterizes PD. In addition, 
the output from GPi is more irregular in PD, at least in 
part contributing to the downstream dysregulation of the 
thalamocortical projections (31). The surgical strategy is 
to make lesions selectively in the sensorimotor portions of 
the GPi so as to decrease the inhibitory influence of basal 
ganglia output, thus releasing brainstem motor areas 
and normalizing thalamocortical activity. It is believed 
that lesions should be limited to the sensorimotor por-
tions of the Gpi, as it is defined by the area populated 
by neurons that respond to movement. Lesions should 
spare the limbic and associative territories of the GPi 
to avoid unwanted complications, and they should also 
avoid injury to the other adjacent territories including 
the GPe, optic tract, and internal capsule.

Vim Thalamotomy

The Vim nucleus of the thalamus receives predominantly 
contralateral cerebellar inputs and projects to the ipsilat-
eral primary motor cortex, premotor, and supplementary 
motor cortical areas. Early investigations involving the 
motor thalamus in PD patients revealed that many of 
its cells have a discharge pattern synchronized to the 
patient’s tremor (32–34). These “tremor cells’’ were 
found in sites presumed to correspond to the Vim and 
Vop nuclei—the cerebellar and pallidal receiving areas 
respectively. As a result, additional studies (35–38) 
focused on the role of these ventral nuclear groups of 
the thalamus in the pathogenesis of tremor in PD. More-
over, intraoperative electrical stimulation in the regions 
where these tremor cells were recorded produced tremor 
arrest, and lesions at these same sites produced long-term 
tremor relief (39, 40).

Vim thalamotomies, however, have little effect on 
rigidity, bradykinesia, or the gait disturbances character-
istic of PD (see below). For this reason, the Vim target is 
of limited use in PD and should be restricted to a small 
subgroup of patients, who have medication-resistant 
tremor-dominant PD (41).

INDICATIONS AND PATIENT 
SELECTION FOR SURGERY

In general, stereotactic surgery for PD is indicated in 
patients who respond only suboptimally to dopaminer-
gic therapy and who are experiencing “off” periods and 
dyskinesias that impair the quality of their lives. Patients 
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must be sufficiently healthy to undergo a lengthy surgical 
procedure while awake. The presence of neuropsychiatric 
complications such as dementia and unstable medical 
conditions are contraindications to surgery. In addition, 
since the main complication of surgery is intracranial 
hemorrhage, all patients should be screened for bleeding 
tendency, coagulopathy, and hypertension. Furthermore, 
antiplatelet agents such as acetylsalicylic acid should be 
discontinued for at least a week before surgery. Hyper-
tensive patients should have their blood pressure strictly 
controlled before and during surgery. Patients with car-
diac disease should be proven stable by undergoing a 
cardiac stress test and other procedures; the surgical pro-
cedure may be the most stressful experience the patient 
has undergone for some time and thus poses the risk of 
myocardial infarction. Special consideration should be 
given to those with significant cerebral atrophy because 
of the increased risk of subdural hematoma from traction 
injury to bridging veins.

Pallidotomy

Early in the course of PD most patients respond well 
to dopaminergic agents, such as dopamine agonists or 
levodopa, and symptoms are controlled without the devel-
opment of significant “off” time or dyskinesia. This is due 
in large measure to an adequate reserve of dopaminergic 
nerve terminals in the striatum, which can take up the 
dopamine precursor, synthesize and store dopamine, and 
release it over long periods of time. However, for a variety 
of incompletely understood reasons, including progres-
sive nerve terminal loss and postsynaptic changes such 
as sensitization of receptors and tolerance, complications 
of medical treatment may develop (42, 43). These are 
characterized by “wearing off” and peak-dose dyskinesia, 
leading to periods of the day spent in the “off” state or in 
the “on” state with dyskinesia, with marked decreases in 
good-quality “on” time. The “off” state is generally char-
acterized by the presence of bradykinesia, rigidity, tremor, 
and gait disturbance. Pallidotomy is then indicated for the 
following: treatment of levodopa-induced dyskinesias, 
severe wearing off or “on-off’’ fluctuations characterized 
by rigidity, bradykinesia, and tremor; “off”-period dys-
tonia; and gait disturbance, in that order of preference. 
The presence of a good response to levodopa predicts a 
good response to pallidotomy (44). Conversely, “midline’’ 
symptoms persisting in “on’’ periods (i.e., swallowing 
difficulty, hypophonic speech, postural instability, and 
freezing) are resistant and may even worsen with palli-
dotomy. The exceptions to this are tremor and dyskinesia; 
both may be present in the “on” condition, but they 
respond well to pallidotomy.

The ideal candidate for pallidotomy (a) has asym-
metrical symptoms, (b) is young, (c) has bradykinetic PD 
with symptoms responsive to levodopa but continues to 

have significant motor impairment during “off” times, 
(d) is cognitively intact, and (e) has reasonable expec-
tations from surgery. Preoperative assessments include 
neurologic, psychiatric, neuroradiologic, and neuropsy-
chological evaluations to screen out secondary forms of 
parkinsonism or Parkinson-plus syndromes and other 
problems that would contraindicate surgery. Patients who 
do not respond to levodopa for example, are unlikely to 
have PD or to derive substantial benefit from pallidotomy. 
It is important to distinguish between PD and other causes 
of parkinsonism [e.g., multiple system atrophy (MSA), 
progressive supranuclear palsy (PSP), diffuse Lewy body 
disease, parkinsonism secondary to multifocal ischemic 
white matter disease] because these disorders are much 
less likely to benefit from pallidotomy and may actually 
worsen.

Magnetic resonance imaging (MRI) evidence of 
severe brain atrophy or multiple lacunar infarcts may 
also be a relative contraindication. The presence of lin-
ear high signal in the posterolateral putamen (on T2 or 
proton MRI scans) sometimes combined with evidence 
of low signal on T2, indicative of iron dispostion in the 
lenticular nucleus, strongly suggests a diagnosis of MSA 
(45). Fluorodeoxyglucose positron emission tomography 
(FDG-PET) may also be used for patient selection, as 
patients who show lentiform hypometabolism should 
be excluded; this finding suggests a Parkinson-plus syn-
drome, whereas PD exhibits lentiform hypermetabolism 
and reduced striatal 18F-dopa uptake, particularly in the 
posterior putamen (46–48). Moreover, Eidelberg and 
colleagues (49) reported that preoperative FDG/PET 
measurements of lentiform glucose metabolism showed 
significant correlation with clinical outcome following 
pallidotomy.

Age is not an absolute selection criterion, although 
some authors (50–52) suggest that younger patients derive 
more benefit than older patients; there has even been a 
study showing a positive correlation of age with outcome 
(53). This also raises the controversial issue of when in 
the course of the illness surgery is best performed. Sur-
gery is generally reserved for patients who have reached 
a level of impairment that prevents them from carrying 
out important activities of daily living (e.g., work or self-
care) despite (or because of, as in the case of dyskine-
sias) optimal medical therapy. Pallidotomy is not offered 
to end-stage, wheelchair-bound, or bedridden patients, 
based on the early experience of the limited benefits they 
derive and their often disabling associated features that 
are unresponsive to medication or surgery (54).

Pre- and postoperative patients should be assessed 
according to the Core assessment program for intrace-
rebral transplantation (CAPIT) protocol (55, 56), which 
incorporates the Unified Parkinson’s Disease Rating Scale 
(UPDRS) and Hoehn and Yahr staging scale, or the more 
recently developed Core assessment program for surgical 
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interventional therapies in PD (CAPSIT-PD), which incor-
porates, in addition, cognitive and behavioral evaluation 
and increased emphasis on quality of life (57).

Evaluations of patients on and off medication, a 
series of timed motor tasks, and cognitive assessment 
of potential surgical candidates are also very important. 
Patients who score 25 or less out of 30 on the Folstein 
Mini-Mental Status Examination (58) or less that 116 
out of 144 on the Mattis Dementia Rating Scale (59) are 
generally not considered to be good candidates. These 
patients may not be fully cooperative for the surgery, 
may be more prone to cognitive side effects from pallidal 
lesions, and—because of their cognitive impairment—may 
derive less overall benefit associated with an improved 
motor status. Arguably all patients, but at least in patients 
that appear “at risk” based on screening tools, more 
detailed neuropsychological evaluation should be per-
formed before and after surgery (60–73).

Because the benefits of pallidotomy are predomi-
nantly unilateral, surgery is directed toward the patient’s 
worst side. When the disease is symmetrical, the domi-
nant hemisphere is surgically treated. Although the issue 
has not been evaluated in extensive controlled trials, the 
risk to speech and cognition of bilateral pallidotomies 
is regarded by most to be too great to be an option in 
patients with PD (see below), although the same may not 
be true in patients with dystonia.

In summary, unilateral pallidotomy is relatively safe 
and effective for patients with PD who are experiencing 
complications of medical treatment including dyskinesia, 
wearing off, and “on-off” with off periods characterized 
by the presence of bradykinesia, rigidity, and/or tremor. 
The greatest and most consistent benefit is amelioration of 
dyskinesia. Other major advantages, compared to other 
surgical strategies such as deep brain stimulation, are its 
wide availability, no implantation-related problems, and 
immediate benefit. The major drawbacks of pallidotomy 
are that it is irreversible and nonmodifiable. In this sense, 
a previous pallidotomy may thereafter preclude the full 
benefit of other therapeutic modalities; thus patients 
should be informed that they may be ineligible for certain 
other medical and surgical therapeutic trials. Moreover, 
when a second procedure is contemplated on the opposite 
side, a series of complications and side effects are more 
common than with a single unilateral procedure.

Thalamotomy

Thalamotomy directed to the Vim nucleus is indicated 
for asymmetrical, severe, medically intractable tremor, 
especially when the patient is not affected by significant 
disabilities from other features of PD. Vim thalamotomy 
is not effective for bradykinesia, micrographia, or dis-
turbances of gait or speech (74). There is evidence, how-
ever, that lesioning Vop, the nucleus situated anterior 

to Vim, which is a pallidal receiving area, can result in
improvement of rigidity and dyskinesia, possibly through 
the mechanisms described earlier (75, 76). Some patients 
develop Benign tremulous parkinsonism and may prog-
ress slowly with little difficulty from other motor symp-
toms. The frequency of this form of PD is unclear, and 
it is currently not possible to predict that this will be the 
course. Having said that, it should be stressed that the 
majority of patients with PD eventually develop disabling 
symptoms other than tremor. Therefore, although thala-
motomy may be an ideal therapeutic measure to treat 
the tremor, many patients will later require consideration 
of an additional procedure(s) for other disabilities. This 
is reflected by the recent slow decline in the number 
of thalamotomies being performed in patients with PD. 
The same applies to thalamic DBS (see Chapter 54). 
Thalamotomy on the second side is effective in amelio-
rating tremor but results in a high incidence of speech 
and balance problems, and thus has largely been aban-
doned in favor of Vim DBS and DBS of GPi and STN, 
procedures that have the potential to treat all major 
motor manifestations of PD.

Selection criteria for thalamotomy include patients 
with (a) primarily tremor, (b) highly asymmetrical tremor, 
(c) drug-resistance or intolerance, (d) lack of significant 
cognitive dysfunction, and (e) disabilities due to tremor 
such that its amelioration could result in an improved 
quality of life. Medical contraindications for thalamot-
omy are similar to those for pallidotomy (e.g., uncontrol-
lable hypertension, diabetes mellitus, bleeding tendency, 
cancer, etc.).

SURGICAL TECHNIQUES FOR PALLIDOTOMY 
AND THALAMOTOMY

The surgical procedures for pallidotomy and thalamot-
omy are described together because the basic techniques 
are similar (detailed procedures are outlined in Refs. 77 
through 80). Here only a brief description of stereotactic 
pallidotomy and thalamotomy is presented. It is divided 
into 3 phases. First is stereotactic imaging; second, neu-
rophysiologic mapping; and third, lesion making.

Imaging is used to obtain the location of the ten-
tative surgical target in 3-dimensional (3D) stereotactic 
space. Currently, computed tomography (CT) and MRI 
are being used most commonly for this purpose, but 
ventriculography has been extensively used in the past 
and continues to be used in certain centers. Initially, the 
stereotactic frame is applied to provide the terms of ref-
erence for the target in stereotactic space. This is done 
under local anesthesia. Generally the patient is kept in 
an “off’’ state, the medications having been withheld 
for 12 hours overnight to accentuate the pathophysi-
ologic cellular activity in the basal ganglia and allow 
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direct observation of the effects of incremental lesions in 
either the thalamus or pallidum. On the other hand, if 
the patient is extremely uncomfortable (e.g., because of 
painful “off”-period dystonia), it may be necessary to give 
some short-acting antiparkinson medications first thing 
in the morning, perform the imaging with the patient 
“on’’ or partially “on,’’ and then allow the medication 
to wear off before performing the physiologic mapping. 
Target coordinates are chosen directly from the images 
or in relation to standard landmarks, such as the anterior 
and posterior commissures. The pallidal target usually 
corresponds quite closely to the target initially described 
by Laitinen and coworkers (81) and is usually 2 to 3 mm 
anterior to the midcommissural point, 3 to 6 mm below 
the intercommissural (IC) line, and 20 to 21 mm lateral 
to the midline. The thalamic target is usually 25% of 
anterior commissure to posterior commissure l(AC-PC) 
length posterior to midcommissural point on the IC plane 
and 13 to 17 mm from midline.

For the neurophysiologic mapping, a burr hole or 
twist-drill opening just anterior to the coronal suture on 
the side opposite the worse parkinsonian symptoms is 
made to allow the introduction of a macroelectrode or 
cannula to guide a microelectrode. There are currently 
2 widely used techniques for physiologic mapping, micro-
electrode recording/stimulation and macroelectrode 
stimulation mapping (82). The macroelectrode technique 
permits mapping based on the interpretation of macro-
stimulation responses. It has the advantage of being rapid 
and requiring minimal equipment, but it does not allow 
the recording of neuronal activity. The microelectrode 
technique permits the acquisition of direct measures 
of cellular activity from individual neurons, offering a 
high level of physiologic resolution of nuclei based on 
the pattern of neuronal activity and the determination 
of their receptive fields. These advantages come at the 
price of extra time, extra equipment, and a high level of 
expertise.

The information required to place GPi lesions safely 
includes the identification of the optic tract, the internal 
capsule, and the sensorimotor GPi, defined as that portion 
containing movement-responsive neurons (Figure 56-1). 
Additionally, to take into consideration that the loca-
tion of GPi can differ from medial to lateral based in 
part on the width of the third ventricle (83), the lateral 
border of the GPi is best determined and the final target 
adjusted accordingly (84). For thalamotomy, important 
considerations in selecting the optimal target include the 
following. Lesions should be placed (a) at least 2 to 3 mm 
anterior to the border of the tactile sensory relay thalamic 
nucleus, (b) in areas containing kinesthetic (movement-
related) cells with receptive fields corresponding to the 
distal upper extremity and cells that fire in synchrony 
with upper extremity tremor, (c) in areas where electrical 
stimulation produces arrest of upper extremity tremor, 

and (d) at the base of the thalamus to deafferent the entire 
dorsal-ventral extent of Vim from incoming cerebellar 
fibers.

Pallidotomy and thalamotomy lesions are made with 
a radiofrequency generator that heats a 1-mm-diameter 
probe with a 2- or 3-mm exposed tip. First a test lesion is 
made at 60�C for 60 s, followed by the formal lesioning 
by heating the electrode to 70�C, 80�C, and up to 90�C for 
60 s. In the thalamus, 4-mm-diameter lesions are made, 
whereas larger, 6-mm-diameter lesions are usually made 
in the GPi by repeating the lesion in 1 or 2 additional 
tracks (77, 84). A spherical lesion that measures approxi-
mately 6 mm in height and 4 mm in diameter in the GPi is 
demonstrated on a T1-weighted MR image after surgery 
(Figure 56-2). Other groups make multiple smaller lesions 
on one or more electrode tracts. Some attempt to make 
the lesion depending on the somatotopic findings and the 
clinical distribution of signs and symptoms (85). On the 
other hand, there is no convincing evidence that the clini-
cal outcome is any better using this approach than with 
the single larger lesion. Throughout lesion making, the 
patient’s speech, vision, and motor functions are tested. 
Although the optimal lesion size and location are as yet 
unclear, the lesion must to be sufficiently large to pro-
duce a long-standing clinical benefit but small enough to 
avoid unwanted side effects. The benefits of pallidotomy 
and thalamotomy are seen immediately in the operating 
room.

CLINICAL RESULTS

Pallidotomy

Clinical Benefits of Pallidotomy. The results of palli-
dotomy have been reported in nearly 2000 patients from 
40 centers in 12 countries (86). By far the most striking 
effect of pallidotomy is the nearly complete and sustained 
amelioration of drug-induced involuntary movements on 
the contralateral side (52, 53, 81, 87–107). After palli-
dotomy, patients are better able to tolerate similar or even 
higher doses of dopaminergic medication than before sur-
gery because of the striking diminution in contralateral 
and, to a lesser extent, ipsilateral dyskinesias. This trans-
lates into more dyskinesia-free “on’’ time and a striking 
improvement in quality of life.

The effects of pallidotomy on rigidity, tremor, 
and bradykinesia in the “off” condition are also quite 
significant. The results of unilateral pallidotomy from 
nonduplicated reports of series of greater than 5 patients 
followed with the UPDRS for at least 6 months are shown 
in Table 56-1. This includes 528 patients who under-
went surgery in 22 centers, and followed for 6 to 12 
months (51, 53, 87, 88, 90–94, 97–104, 106–111). The 
major impact of unilateral pallidotomy is seen during 
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FIGURE 56-1

A. Physiologic data obtained from one trajectory through the globus pallidus and optic tract (OT) plotted on the 20-mm sagittal
map from the Schaltenbrand and Wahren stereotactic atlas. B. Locations of neurons and their responses as well as intraoperative
observations of the characteristics of recordings can be seen. Thick lines represent the cellular areas and thin lines represent
the acellular (quiet) regions. Receptive fields (RFs) are shown to the left of the line along with the depth of the recordings along
the trajectory. Projection fields (PFs), or the effects of microstimulation, are shown to the right of the line along with the cur-
rent used. C. Oscilloscope traces of representative examples of the neuronal types. GPe neurons have two distinct patterns of 
spontaneous firing: a low-frequency discharge (10 to 20 Hz) punctuated by rapid bursts (so-called low-frequency burst neurons) 
and an irregular pattern at a relatively slow frequency (30 to 60 Hz), also with intervening brief pauses (termed slow-frequency
discharge-pause neurons). Neurons in GPi fire on average at a higher frequency (82 � 32 Hz, with ranges of 20 to 200 Hz) 
than that found in the Gpe, and they normally lack audible pauses (termed high-frequency discharge neurons). Some of these 
neurons, termed “tremor cells,’’ discharge in a rhythmic fashion in synchrony with peripheral tremor. Tremor cells tend to be 
found in the ventral half of the GP but have been found in some patients in the dorsal GPi as well. The white matter laminae 
that separate the GPe from GPi and GPi,e from GPi,i are flanked by “border cells,’’ which often have wide spikes with a long 
afterpotential. Border cells have the unique property of firing in a regular pattern at rates on the order of 20 to 40 Hz. The posi-
tion of the internal capsule is determined with microelectrodes by its characteristic absence of somatodendritic action potentials
and the tetanization produced by stimulating corticospinal tract fibers. The somatotopic organization of the corticospinal system
(face is medial, followed by the upper limb and leg most laterally) provides information on the laterality of the trajectory. For
the OT (optic tract), a single-pass recording is shown above the multisweep potential responses to strobe light stimulation. 
LFB � low-frequency burst neurons; AC � anterior commissure; PC � posterior commissure. [Reprinted from Lozano A et al. 
(77), with permission.]
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“off” motor examination scores (part 3 of the UPDRS) 
with a weighted average of 31% improvement across 
all series (range 11% to 65%) at short-term follow-up, 
whereas “on” medication scores decreased by 19% over-
all. Activities of daily living (ADLs) (part 2 of the UPDRS) 
scores did not improve as much in the “off” state (19% 
overall) and minimally in the “on” state (3% overall). 
These changes are reflected in other measures such as the 
Schwab and England scale and Hoehn and Yahr staging 
scale, although fewer centers have reported these par-
ticular scales.

The vast majority of studies of pallidotomy are 
retrospective case series or prospective uncontrolled tri-
als. However, several prospective controlled trials have 
now been reported, including 3 controlled, randomized, 
observer-blind trials yielding class I clinical data (51, 59, 
102, 108, 111, 112) (Table 56-2). In 2 trials, patients 
undergoing unilateral pallidotomy were compared to 
patients randomly assigned to best medical therapy, and 
in each case patients in the surgical group experienced a 
statistically significant decrease of the “off” UPDRS score 
compared to controls, ranging from 31% (108) to 34% 
(59) at 6 months. These results are consistent with the 
open-label results. Similarly, “off” ADL scores decreased 
significantly, and there was no significant change in the 
“on” motor or ADL scores. In addition, in these 2 class 
I studies, significant improvements were seen in motor 
fluctuations (59) and the PDQL, a quality-of-life scale 
(108). Thus the results of controlled trials validate the 
far greater data from noncontrolled trials.

Improvements in UPDRS motor exam scores in 
the “on” state tend to be more modest than those seen 
“off” medications and are not generally significant (see 
Tables 56-1 and 56-2). There are probably several rea-
sons for this. First, surgical candidates are patients who 

still receive substantial benefit from levodopa treat-
ment with regard to amelioration of motor symptoms. 
Hence it is difficult to improve on their “best on” state. 
In contrast, patients undergoing surgery generally are 
experiencing incapacitating “off” times and dyskinesia. 
These features are not assessed directly in the UPDRS 
motor exam scale but can affect the ADL portion and 
part IV, the complications portion of the UPDRS, and 
other quality-of-life measures. UPDRS ADL scores in 
the “on” state tend to improve because of a decrease in 
dyskinesia. This is demonstrated, for example, by Vitek 
et al., who showed a 75% decrease in contralateral 
(and 30% decrease in ipsilateral) dyskinesia and a 32% 
decrease in “off” time, which reflect on individual items 
in the “on” UPDRS ADL scale and complications scale 
(59). This magnitude of decrease of dyskinesia has been 
shown in every retrospective trial of pallidotomy and is 
the single most robust effect of pallidotomy on the dis-
ability of patients undergoing surgery (the heterogeneity 
of the scales used to assess dyskinesia precluded their 
easy synopsis, but the fact that they all show signifi-
cant improvement is a testament to the robustness of 
the improvement in this complication) (see Table 56-2). 
Decreased dyskinesia during the “on” state is independent 
of medication changes, as doses generally remain stable 
following pallidotomy. Other studies also demonstrate 
an increase in “on” time without dyskinesia by 20% to 
25% and a decrease in “off” time (90, 105), although 
in one long-term study these improvements reverted to 
baseline after 4 years (106). Another reason why “on” 
functioning is not improved is that the symptoms that 
are nonresponsive to medication also do not respond to 
surgical treatment. These symptoms include “on”-period 
gait disturbance (including freezing), postural instability, 
and speech disturbance.

FIGURE 56-2

Postoperative MRI confirming the location of globus pallidus lesion in a patient with idiopathic Parkinson’s disease in coronal 
(A), sagittal (B), and horizontal (C) planes. [Reprinted from Lozano A et al. (77), with permission.]
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Improvements in “off” functioning following uni-
lateral pallidotomy occur mostly contralateral to the 
lesion. The greatest improvements in individual items 
are in contra lateral bradykinesia, rigidity, and tremor 
(Table 56-3). This is associated with improved hand 
pronation/supination and tapping (see Table 56-1), both 

alone (113) and when performed simultaneously (114). 
Improvements in axial features including tests of gait and 
postural stability, as evaluated by the UPDRS, respond 
less well to unilateral pallidotomy. Gait and postural 
instability have been studied by several groups using com-
puterized dynamic posturography, where improvements 

TABLE 57-1
Outcome Using Standardized Measures of Contemporary Unilateral Pallidotomy Series

UPDRS MOTOR OFF UPDRS ADL OFF UPDRS MOTOR ON

AUTHOR N F/U PRE POST % PRE POST % PRE  POST %

6–12 MONTHS
Adelaide109 12 6 38.1 33.9 �11 18.4 19 3.2 nr nr nr 
Amsterdam89 26 7.5 47.5 33.0 �30 26.5 20.5 �21 17.5 15 �14
Atlanta87 10 12 50.1 37.3 �26 28.2 21.9 �33 30.6 26.3 �15
Barcelona106 17 12 51.4 35.6 �31 25.8 22.3 13.7 21.7 17.7 �18.4
Boston90 45 6 (1) nr nr 25.5 21 �18 nr nr nr 
Buenos Aires101 10 12 32 17 �45 36 63 75 16 10 �38
Chicago (Rush)104 22 6 49 41.7 �15 nr nr ns 24.5 27.3 12 
Cordoba94 13 16 49.7 31.8 �38 nr nr nr nr nr nr 
Dallas91 27 6 42 29.4 �30 nr nr nr nr nr nr 
Houston99 62 12 57.2 34.4 �40.4 30.9 19.6 �36.6 31.5 17.5 �44.5
Kaohsiung107 9 12 37.7 28.6 �24 17.4 11 �37 27.4 21.6 �22
Kerala97 20 6 58.2 35.2 �40 nr nr nr nr nr nr 
Kumamoto92 19 6 50 28 �41 nr nr nr 30 21 �30
New York (CUMC)88 12 12 nr nr nr nr nr nr nr nr nr 
New York (NYU)51 18 12 35 12 �65 19 8  �58 nd nr nr 
Oxford103 25 12 45 35 �22 24 18 �23 20 17 �16
Pittsburgh98 58 9 95.8 77.6 �23 25.2 23.7 �6 39.6 34.1 �14
San Francisco101 29 6 52.4 43.9 �16 21.4 19.6 �8 nr nr nr 
San Sebastian93 35 12 49 32.5 �33.7 nr nr nr nr nr nr 
Taipei100 9 12 44.6 33 �26 nr nr nr nr nr nr 
Toronto110 39 6 44.4 30.7 �31 24.6 17.2 �30 17.4 16.5 �5
Vancouver53 11 12 47.3 25.5 �46 23.6 17.2 �27.1 16.9 18.5 9.5 
Weighted average 528    �31.3%   �18.7%   �18.7%

24–36 MONTHS
Atlanta59 20 24 39.2 29.4 �25 23.9 21.7 �19 16 17.2 7.5 
Boston99 25 24 (1) nr nr 25.5 22.5 �12 nr nr nr 
Houston99 41 26.6 57.2 37.7 �35.7 30.9 20.9 �32 31.5 20.1 �36
New York (NYU)132 10 36 32 7.5 �77 16 4 �75
Taiwan107 9 24 37.7 30.6 �18 17.4 11 �37 27.4 25.1 �9
Toronto126 17 24 41.7 �33 �21 24.5 �20 �18 15 17.9 19 
Vancouver131 20 36 (2) nr nr 21 26 23 nr nr nr 
Weighted average 142    �33.5%   �20.6%   �12.5%

�40 MONTHS
Atlanta87 10 48 50.1 44.8 �11 28.2 30.6 8 30.6 30.7 7 
Barcelona106 17 48 51.4 39.6 �23 25.8 20.9 �19 21.7 23.9 10.1 
Toronto130 20 52 41.7 33.8 �18 24.5 22.1 �9.8 15 17.9 19.3 
Weighted average 47    �18.3%   �9.3%   13.6% 

(1) Inability to reliably obtain practically-defined off states prevented motor evaluations; (2) not reported due to poor inter-rater
reliability.

Abbreviations: UPDRS, Unified Parkinson’s Disease Rating Scale; S & E, Schwab and England scale; H & Y, Hoehn and Yahr scale; 
f/u, follow-up in months; pre, pre-operative; post, post-operative; nr, not reported.
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have been found by some (115–117) but not others 
(101), and effects on posture may be transient (118, 119). 
Beneficial effects on walking speed and stride length have 
also been observed (120). Speech intelligibility and vol-
ume have also been studied in depth, demostrating lack 
of improvement (121) or deterioration in speech (122). 

Schulz et al. (123) found that vocal sound pressure level 
increased in mildly dysarthric patients but deteriorated in 
patients with preoperative moderate or severe dysarthria. 
Hypophonic or dysarthric patients need to be informed of 
the lack of beneficial effects on speech and the possibility 
of deterioration even from a unilateral procedure.

UPDRS ADL ON S & E OFF S & E ON H & OFF H & Y ON

PRE POST % PRE POST % PRE POST % PRE POST % PRE POST %

nr nr nr 71.9 78.8 9.5 nr nr nr 3.4 2.8 �18 nr nr nr
12 11 �8 50 65 30 80 85 6 4 3 �13 2.5 2 �20
10.2 10.1 0 44.3 78.5 77.2 nr nr nr nr nr nr nr nr nr
12.5 11.4 �8.8 49.4 49.9 1 67.9 67.9 0 3.5 3.4 �2.9 2.7 2.7 0
10.5 10 �5 nr nr nr nr nr nr  nr nr nr  nr nr nr
52 71 36.5 nr nr nr nr nr nr  nr nr nr  nr nr nr
nr nr ns nr nr nr nr nr nr nr nr ns nr nr ns
nr nr nr nr nr nr nr nr nr 3.5 3 �14.3 nr nr nr
nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr

17.1 9.3 �46.6 43.1 59.8 38.7 72.7 85.6 17.3 4 3.1 �22.5 2.8 2 �28.6
14.7 9.3 �36 nr nr nr nr nr nr 3.8 3.2 �16 nr nr nr
nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr
nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr
nr nr nr 45 64.2 43 81.7 83.3 2 nr nr nr nr nr nr
nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr
12 9 �26 nr nr nr nr nr nr nr nr nr nr nr nr

15.4 16.4 6.4 44.1 48.5 9.9 81.5 76 �7 nr nr nr nr nr nr
nr nr nr nr nr nr nr nr nr 3.5 3.4 �2.9 nr nr nr
nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr
nr nr nr 64.5 74.4 15 nr nr nr 4.1 3.3 �20 nr nr nr

10.3 17.2 67 39 65.1 67 78.2 85.2 9 nr nr nr nr nr nr
7.5 7.3 �2.7 nr nr nr nr nr nr nr nr nr nr nr nr

3.4%   32.3%   6.0%   �14.7%   �21.8%

12.9 12.2 �5.5 52.5 63 20 78.1 82.2 5 4.1 3.6 �12 3 2.5 �17
10.5 11.5 10 nr nr nr nr nr nr nr nr nr nr nr nr
17.1 10.1 �41 43.1 56.2 30 72.7 84 16 4 3.3 �17.5 2.8 2.1 �25

14.7 11.6 �22 nr nr nr nr nr nr 3.8 3.3 �14 nr nr nr
8.5 11.1 31 44.5 53.5 20 81.3 80.8 �1 nr nr nr nr nr nr
8 16 94 nr nr nr nr nr nr 3.4 4 20 nr nr nr

5.1%   25.3%   9.5%   �7.6%   �22.4%

10.2 19.6 92.1 44.3 61.5 38.8 nr nr nr nr nr nr nr nr nr
12.5 11.9 �5 49.4 50 1.2 67.9 69.4 2.2 3.5 3.5 0 2.7 2.6 �3.7

8.5 11.1 30.6 44.5 53.5 20.2 81.3 80.8 �0.7 nr nr nr nr nr nr
30.8%   17.3%   0.6%   0.0%   �3.7%
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The relationship between lesion characteristics, 
improvement in the UPDRS overall, and individual par-
kinsonian features has been examined by several groups. 
Some have found no association between lesion loca-
tion and outcome (124, 125) or, grossly, that location 
within the GPi is associated with better outcomes (44). 
Kishore et al. (97) found that ventral lesion volume was 
associated with improved dyskinesia but that there was 
no relationship between lesion size and location with 
other signs. These studies are limited by insufficient 
patient numbers, lack of variance or too much variance 
with respect to lesion location, or inadequate statisti-
cal techniques. However, the authors found that a lesion 

location within the GPi was statistically correlated with 
improvement in selective symptoms such that anterome-
dial, central, and posterolateral lesions of the GPi more 
significantly improved rigidity, akinesia, and tremor, 
respectively (Figure 56-3) (85). In agreement, Eskandar 
et al. (90) found that tremor was improved more with 
posterolateral lesions, and dyskinesia more with more 
medial lesions. Improvements in postural stability and 
akinesia were seen, albeit transiently, with more centrally 
located lesions (85).

Improvements in “off’’ period parkinsonian features 
on the ipsilateral side to the pallidal lesion have been 
reported (50, 51, 127, 128), but these changes are not 

TABLE 57-2
Outcome in Controlled Trials of Unilateral Pallidotomy for Parkinson’s Disease

DESIGN
UPDRS TOTAL SCORE UPDRS III MOTOR

AUTHORS CLASS (FOLLOW-UP) GROUPS N PRE POST % P-VALUE PRE POST % P-VALUE

Vitek58 1 Randomized        OFF   
Observer blind U/L palli 18 80.4 54.9 �32.7 0.0001 43.2 28.7 �34 0.0002 
6 month Med ther 18 72.8 76.6 5.2 36.9 38.4 4.1  

         ON   
U/L palli 18     18.4 16.6 �10 0.32 
Med ther 18     16.2 16.4 1  

de Bie107 1 Randomized       OFF   
Observer blind U/L palli 18     47 32.5 �31 0.0004
(6 month) Med ther 15     52.5 56.5 7.6

         ON   
U/L palli 18     19 22 16 0.24 
Med ther 15     18 22 22  

Esselink111 1 Randomized       OFF   
Observer blind U/L palli 13     46.5 37 �20 0.002
(6 month) B/L STN DBS      51.5 26.5 �48.6

         ON   
U/L palli      15.5 19 23 0.02 
B/L STN DBS      21 13 �38

Dogali50 3 Control group       OFF   
(12 month) U/L palli 18     35 12 �65 �0.001

Med ther 7     28 32 14 ns 

Merello101 3 Randomized       OFF   
Non-blinded U/L palli 7     27.8 19.5 �19.7 �0.05
(3 month) U/L GPi DBS 6     28.5 20.3 �28.7 �0.05

         ON   
U/L palli 7     13 12.5 �3.8 ns 
U/L GPi DBS 6     17.3 16 �7.5 ns 

Merello110 3 Control group       OFF   
(12 month) U/L palli 10     32 17.5 �55 �0.005

Med ther 10     26 27 4 ns 
U/L palli 10     ON   
Med ther 10     16 10 �37 �0.05

14 14.5 4 ns 
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as striking or consistent with the possible exception of a 
moderate reduction in bradykinesia. On the other hand, 
ipsilateral dyskinesias are consistently improved in up 
to 50% of patients (52, 53). However, the authors have 
found that this benefit is lost between 1 and 2 years fol-
lowing surgery.

Related to the improvements in “on”-period dys-
kinesia, pallidotomy significantly improves “off”-period 
painful dystonia, the presence of which is an appropriate 
indication for surgery (59, 88, 129).

Predictors of good response to pallidotomy have been 
examined in a few studies. Van Horn and colleagues (44) 
found that young age, tremor, unilateral predominance, 

levodopa responsiveness, the presence of fluctuations with 
dyskinesia, and good lesion placement predicted better 
response to surgery. However, Kishore (53) found that 
older patients actually improved more, whereas de Bie 
(124) found no relationship with age. The only predictor 
in the latter study was lower medication dosages.

Long-term follow-up (36 months or more) was 
tabulated in 179 patients (59, 87, 90, 99, 106, 107, 
130–132) (Table 56-1). Improvements in motor UPDRS 
“off”-period scores decline to a weighted average of 
18% in studies by 4 years (48 months) and beyond. The 
apparent maintenance of the benefit up to 36 months is 
driven by one outlying study (132); without this study 

UPDRS II ADL DYKSINESIA RATING SCALE  SCHWAB AND ENGLAND

PRE POST % P-VALUE PRE POST % P-VALUE PRE POST % P-VALUE

OFF   Contralateral (from UPDRS)    OFF
24.7 18.9 �23 0.0001 2.4 0.6 �75 0.0001 50.3 71.5 42 0.0001
24.3 25.6 5  2.1 2.2 4.8  51 50.9 �0.2

ON    Ipsilateral (from UPDRS)    ON 
11.5 10.3 �10 0.11 2.2 1.4 �30 0.0001 79.3 86.2 6.9 0.0001
12 14.3 19  1.6 1.7 6.3  75.9 72.5 �4.5

OFF    DRS (Goetz)   OFF  
30 21 �30 0.002 2 1 �50 0.02 35 70 50 0.0009
32 35 9  2 2 0  35 30 �16.6

ON       ON  
12 12 0 0.09     80 80 0 0.09
10 12 20      80 80 0 

OFF    CDRS    OFF  
27.5 18 �35 0.15 9 3 �66.7 0.62 50 80 60 0.08
27 14.5 �46  8 3.5 �56  55 80 45.5 

ON       ON  
10 11 10 0.16     90 90 0 0.82
10 7.5 �25      90 90 0 

OFF          
19 8 �58 �0.001        
14 19 36 ns        

OFF    Contralateral upper limb     
40 58.5 46 �0.05 2 0.13 �93.5 �0.05    
38 6 �57.8 �0.05 2.9 1.8 �37.9     

ON    Ipsilateral upper limb     
55 62.5 13.6 ns 0.2 0.13 �35 ns    
53 65 22 ns 0.3 0.17 �43 ns    

Contralateral (from UPDRS)     
1.6 0.25 �84 �0.05    
1.8 1.6 �11 ns    

Ipsilateral (from UPDRS)     
0.75 0.4 �47 ns    
1.2 0.9 �25 ns    
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patients experienced a 28% benefit at 18 to 36 months 
after surgery. Improvement in “off”-period ADL scores 
also declined (to �9.3%), while on-period motor and 
ADL UPDRS scores actually are worse after 40 months 
as compared to baseline (13.6% and 30.8% worse than 
preoperative baseline, respectively). This reflects the 
worsening of patients’ responses to medications with 
more advanced disease and the failure of pallidotomy to 
affect “on”-period dysfunction with the notable excep-
tion of dyskinesia.

The effect of pallidotomy on response to levodopa 
has been evaluated beyond the simple assessment of “on”-
period clinical scores. Merello and coworkers (133) found 
a nonsignificant reduction (by 50%) in the latency to 
benefit from a single oral dose of levodopa, although the 
duration of benefit was significantly prolonged bilaterally. 
Generally the dose of dopaminergic medication remains 
the same postoperatively. However, this may vary, since 
some patients are able to increase levodopa dosage because 
of an improvement in dose-limiting dyskinesias, whereas 

TABLE 57-2
(Continued)

DESIGN HOEHN AND YAHR OTHER   
AUTHORS CLASS (FOLLOW-UP) GROUPS N PRE POST % P-VALUE PRE POST % P-VALUE

Vitek58 1 Randomized    OFF  Motor fluctuations
Observer blind U/L palli 18 4.1 3.2 �22 0.0001 4.38 3 �32

�0.0001
6 month Med ther 18 4.1 4.1 0  4.23 4.25 0.5 

     ON   
U/L palli 18 2.8 2.5 10.7 0.047   
Med ther 18 2.9 3 3.4    

de Bie107 1 Randomized       PDQL
Observer blind U/L palli 18     113 88 �22.1 0.004
(6 month) Med ther 15     104 108 3.8

           
U/L palli 18        
Med ther 15        

Esselink111 1 Randomized       PDQL
Observer blind U/L palli 13     111.5 104 �6.7 0.15
(6 month) B/L STN DBS      99 76 �23.2

           
U/L palli         
B/L STN DBS         

Dogali50 3 Control group         
(12 month) U/L palli 18        

Med ther 7        

Merello101 3 Randomized       PIGDS ON
Non-blinded U/L palli 7     5.1 3.2 �37 ns
(3 month) U/L GPi DBS 6     5 4 �20 ns

PIGDS OFF
U/L palli 7     2.7 2.7 0 ns
U/L GPi DBS 6     4 3.6 �10 ns

Merello110 3 Control group        ADL OFF*
(12 month) U/L palli 10     37 63 70 �0.05

Med ther 10     50 51 2 ns
U/L palli 10      ADL ON*
Med ther 10     52.5 71 35 �0.05

         61 57 �7 ns

Primary outcome measure denoted by bold lettering; P-values reflect difference between the two groups.
*ADL is not from UPDRS; larger values are better.
Abbreviations: UPDRS, Unified Parkinson’s Disease Rating Scale; U/L palli, unilateral pallidotomy; Med ther, medical therapy; CDRS,

Chicago Dyskinesia Rating Scale; PDQL, Parkinson’s Disease Quality of LIfe scale; PIGDS, postural instability and gait disturbance score.
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others may reduce their daily drug intake because of an 
improvement in “off” periods. Studying responses to single 
oral doses and intravenous infusions of levodopa, Skalabrin 
and coworkers (134) found changes in motor benefit and 
dyskinesias suggesting that pallidotomy significantly wid-
ens the therapeutic window of levodopa in PD.

The issue of performing bilateral pallidotomy 
in patients is still controversial. The need for bilateral 
surgery is usually driven by appendicular symptoms on 
both sides and also the notion that axial symptomatology 
such as gait and postural disturbance requires bilateral 
intervention. However, Jankovic and coworkers (118, 
119) found that unilateral surgery improved gait and 
balance in both “on” and “off” states and that this was 
maintained. However, after bilateral pallidotomies, “off” 
period measures which had improved initially returned 
nearly to preoperative levels in the long term and no “on” 
period improvements were seen. Despite the beneficial 
effects described by some authors (20, 95, 135), most 
investigators have either avoided this approach or given 
it up, primarily because of the accompanying compli-
cations of speech deterioration, worsening of cognitive 
deficits, and gait disorders (136, 137), which are usually
more frequent and more serious than with unilateral 

surgery. For patients with bilateral symptomatology, 
alternatives to bilateral pallidotomy include unilateral 
pallidotomy and contralateral GPi DBS (138), bilateral 
GPi, or bilateral subthalamic nucleus (STN) stimulation. 
Merello et al. (139) randomized patients to bilateral palli-
dotomy or unilateral pallidotomy with contralateral GPi 
DBS. The bilateral pallidotomy arm was halted after all 
3 patients experienced serious adverse effects including 
apathy and depression and marked worsening in motor 
performance, whereas the pallidotomy/contralateral GPi 
DBS group all experienced improved motor performance 
without adverse effects. With the safer alternatives avail-
able, the issue of the safety vs. effectiveness of bilateral 
pallidotomy has all but disappeared except in developing 
nations that may not have access to DBS technology.

Neuropsychological Effects of Pallidotomy. The neuro-
psychological effects of unilateral pallidotomy have been 
extensively studied. One randomized controlled trial found 
small but significant declines in verbal fluency with respect 
to nonsurgical controls and decreases in Boston Naming 
Task and California Verbal Learning Test at 3 months 
but not at 6 months (59), whereas another (124) found 
decreased verbal fluency and increased perseveration in 

TABLE 56-3
Changes in Individual Measures of after Unilateral Pallidotomy

TEST (AND REFERENCES) PERCENT CHANGE

CAPIT Mean Range
Walk times31,89,108 �29% �13, �24, �50
Pronation-supination31,59,89,97 �33% �18 – �46
Finger dexterity31,59,89,97,108,110 �27% �14 – �42
Hand/arm31,59,97 �39% �33 – �48
Pro/sup � Fing dex � Hand/arm)132 �42% �40, �44

UPDRS
Tremor53,59,87�89,92�94,97�100,106,107,110,111,130,131 �69% �33 – �100
Rigidity53,59,87,89,92�94,97�100,106,107,110,111,130 �49% �22 – �64
Brady53,59,87,89,92�94,97�100,106,107,109�111,130,131 �36% �9 – �67
Tremor � Rigidity � Bradykinesia93,104 �43% �26, �60
Axial93,106,107 �19% �9 – �38
Postural Stability53,59,94,100,87,97,130 �17% �8 – �42
Gait53,59,87,94,97,98,100,103,110,130 �26% �4 – �32
Postural Instability and Gait Disturbance88,89,92,100,110,111,130 �27% �10 – �41
Speech89 �42% �32, �50
Freezing59,98,100,110,130 �13% �4 – �39
Motor fluctuations53,59,109 �20% �12, �16, �32

Pain Visual Analog Scale108 �48% �48
Barthell Index108   71% 71%
PDQL On Medication108 �22% �22

CAPIT, Consensus Assessment Protocol for Intracerebral Transplantation; UPDRS, Unified Parkinson’s Disease Rating Scale; PDQL, 
Parkinson’s Disease Quality of Life scale; Mean % Change: Average of the % Changes reported in each of the referenced papers for this item; 
Range of % Changes: if more then 3 references contained this data, the range is shown; if 3 or less, each reported % change is given.
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left-sided lesions, with decreased perseveration following 
right sided lesions. The most consistent findings across 
studies are changes in frontal lobe function, likely related 
to the frontosubcortical circuitry involving the GPi (see 
Figure 56-4). Verbal fluency is consistently decreased fol-
lowing left-sided pallidotomies (60, 61, 65–68, 105, 124, 
140–150). Stebbins et al. (146, 151) found that all measures 
sensitive to frontostriatal dysfunction showed significant 
declines after pallidotomy, but not in a nonsurgical control 
group. These included tasks assessing working memory 
capacity and other aspects of frontal executive functioning 
and visuoconstructional functions studied 1 year after 
surgery. Scott et al. (63) and Perrine et al. (62) reported 
a decline in verbal memory postoperatively in 18% to 
25% of patients. Similarly, Jahanshahi et al. (152), using 
a control group to control for improvements related to 
practice effects, found declines in measures of working 
memory and executive function. Further analysis of the 
decline in verbal fluency by Troster et al. (153) showed 
that a decrease in switching occurs following pallidotomy, 
which is consistent with the declines observed by others 
in the Wisconsin Card Sorting Test, and which is a frontal 
executive function. Other groups have found decreases in 
learning (154, 155), which may relate to impaired novelty 
detection, a function of frontosubcortical circuits involving 
the ventral striatum (154). These results support a role for 
frontobasal ganglia circuits in lexical and semantic search 
and access processes (147).

While many of the changes noted are not very robust 
albeit statistically significant and may not affect indi-
vidual patients’ daily function, frontostriatal dysfunction 
might not be so benign in certain cases. Trepanier and 
coworkers (65) reported frontal behavioral dyscontrol 
in 25% of patients, which interfered with patients’ abil-
ity to function properly at work or in social settings. 
Lack of insight into these changes was noted in some 
patients, making behavioral management more difficult. 
However, these changes were outweighed by the positive 
clinical benefits obtained following the surgery. Frontal 

FIGURE 56-3

The relationship of lesion location along the anteromedial-to-posteroventral axis of the globus pallidus internus to outcome fol-
lowing pallidotomy in Parkinson’s disease. A to C show representative axial MR images of pallidotomies that are relatively more
anteromedial (A), central (B), or posterolateral (C) within the GPi. The relative location along this axis (D) was quantified for 34 
patients who underwent prospective evaluation of the effects of pallidotomy on both motor and cognitive function. A significant
relationship was seen between motor function on the motor subscale of the UPDRS in the “off” state and location (E), such 
that patients with more centrally located lesions had greater improvement than those with more anteromedial or posterolateral 
lesions. Relationships to individual items on the motor scale (F) further revealed that more centrally located lesions improved
akinesia and postural instability/gait disturbance to a greater extent, whereas anteromedial lesions had a greater impact on 
rigidity (and dyskinesia, not shown); posterolateral lesions had a greater impact on tremor. With respect to cognitive outcome,
as expected because of the organization of cognitive and motor circuitry in GPi, more anteromedial lesions led to a decline in 
certain measures of cognitive function such as category fluency (G) and learning with proactive interference (H) as compared 
to more posterolateral lesions, which actually improved performance in these areas. [Reprinted from Gross RE et al. (83) and 
Lombardi WJ et al. (144), with permission.]

FIGURE 56-4

Model of frontosubcortical circuitry. Five segregated circuits 
through the basal ganglia are illustrated, each originating in a 
distinct area of the frontal lobes. The anatomic arrangement 
of the 5 circuits through each of the structures is shown. In 
the globus pallidus, the cognitive regions from the premotor 
cortex lie more dorsomedial than the motor regions from the 
supplementary and premotor regions, which are ventrolateral. 
SM � sensorimotor regions of the putamen; PUT � putamen.
[Reprinted from Lombardi WJ et al. (144), with permission.]
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behavioral dyscontrol has also been rarely observed by 
others (104, 125, 132). There are few long-term follow-
up studies of neuropsychological changes after pallidot-
omy, however, so it is not clear how long-lasting these 
findings are. Several studies have found that short-term 
changes (e.g., 3 months) did not translate into permanent 
changes after pallidotomy (67, 70, 150, 156).

Lesion side and location seem to be important deter-
minants of cognitive effects of pallidotomy (67, 147). In a 
review, Green and Barnhart (142) concluded that frontal 
lobe deficits are associated with left-sided lesions. Indeed, 
right-sided lesions have sometimes been found to improve 
certain frontal functions, such as visual memory (65, 145), 
visuospatial function (157), word recall during proactive 
interference (144), and verbal fluency (68). These authors 
(142) posited that effects on frontal lobe function result 
from impingement on nonmotor regions of the GPi or GPe. 
Indeed, this was supported by the authors, who showed 
that lesion location was related to neuropsychological out-
come following pallidotomy (see Figure 56-3) (144). More 
anteromedial lesions within GPi, which may impinge on 
the cognitive frontal-basal ganglionic circuits (Figure 56-4), 
led to declines in category fluency, continuous mental arith-
metic (a measure of working memory), and the second 
list-learning on the California Verbal Learning Test (CVLT) 
(proactive interference), whereas more posterolateral lesions 
led to improvements in these measures.

While a number of studies have found short- and/or 
long-term neuropsychological deficits, others have found 
no change (50, 64, 67, 73, 156, 158–160), while still oth-
ers have reported improvements (67, 68, 70, 144, 157). 
However, there are many methodologic issues that contrib-
ute to inconsistencies and affect interpretation across neu-
ropsychological studies, including differences in selection 
criteria, sample sizes, the use of control groups, length of 
follow-up, battery of tests performed, technique of palli-
dotomy, and statistical methods (73, 161). Nevertheless, 
the overall picture that emerges is fairly consistent, with 
left-sided pallidotomies leading to mostly transient declines 
in lexical frontal lobe functions; some patients, especially 
older (71, 143, 145) or more cognitively impaired patients 
at baseline (71, 145), experiencing more disturbing changes 
in behavior related to frontal lobe dysfunction (71).

Complications of Pallidotomy. Adverse effects and compli-
cations of pallidotomy are common. de Bie (162) performed 
a comprehensive review of all studies from 1992 through 
2000. When only prospective series screened for various 
stringent inclusion criteria were considered, of 334 patients 
treated, 30% experienced adverse effects and nearly 14% 
experienced “permanent” complications (lasting more than 
3 months). A similar figure was reported in a review of 1510 
patients (Table 56-4) (86). Interestingly, the group of ret-
rospective series, which included 359 patients, revealed an 
overall rate of 20% of patients experiencing adverse effects 
with only 6.4% permanent complications, demonstrating 

that retrospective studies probably underestimate complica-
tion rates. Symptomatic (permanent) hemorrhage or infarc-
tion, the most ominous complication, occurred in 4% of 
patients in the prospective group. The most frequent adverse 
effects were in speech (dysarthria, hypophonia, dysphasia), 
which was permanently affected in 6% of patients. Acute 
confusion occurred in approximately 10% (162) but varied 
greatly (86). Personality or behavioral changes that lasted 
more than 3months occurred in nearly 4% of patients. 
Longer-term follow-ups would likely show that at least some 
of these problems resolve with time. Facial paresis (2%) 
or visual field defects (2%) due to lesioning of the internal 
capsule or optic tract, respectively, likely decreased in the 
course of time with increasing experience (84). Mortality 
was 1.2% in the prospective series, 0.3% in the retrospective 
series (162), and 0.4% in another review of 1959 patients 
(86). Other less frequent (1% or less) complications include 
hypersalivation, memory loss, depression, seizure, psychosis, 
and urinary incontinence. Although comprehensive reviews 
of complication rates are invaluable for their estimate of 
the range and incidence of historical consequences of palli-
dotomy, decreased incidence with progressive experience is 
not generally assessed. Vitek et al. (84), for example, noted 
a marked decrease in their complication rate with experi-
ence. They had 2 symptomatic hemorrhages in their first 23 
patients and none in the next 137 patients.

A controversial issue has been the relative benefits 
and consequences of the microelectrode recording tech-
nique. Comprehensive literature reviews have shown a 
higher rate of symptomatic intracranial bleeding in series 
reporting the use of microelectrode recording (1.3% and 
2.7%) vs. macroelectrode stimulation (0.25% and 0.5%) 
(86, 163), or 4.9% higher (162). The overall rate of com-
plications was higher with microelectrode recording in 
some reviews (86, 162), but not in others (163), and 
the rate of persistent complications was not significantly 
different in 2 reviews (86, 163). Differences in reporting 
in retrospective series limit the conclusions that can be 
drawn from them. In the end, complications of micro-
electrode recording must be considered in the context of 
possible improvements in targeting and outcome.

In 5 reports regarding bilateral pallidotomy reviewed 
by de Bie et al. (162), all historical cohort series, 70% of 
patients had complications, and in 60% they were per-
manent, including 25% of patients with speech problems 
and 20% with cognitive decline. Inasmuch as these were 
retrospective series and the rate of complications is under-
estimated in such series as compared to prospective series 
by almost 50%, the true complication rate is likely even 
higher. Nevertheless, others have performed bilateral palli-
dotomies, either staged or contemporaneously, with few 
complications. The largest experience is that of Iacono 
and colleagues (137). In a retrospective review of their 
own experience in 796 consecutive cases, they did not 
find any significant difference in speech and swallowing in 
patients undergoing bilateral simultaneous pallidotomy as 
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compared to unilateral pallidotomy. Bilateral pallidotomy 
was, however, a significant risk factor for acute postopera-
tive confusion in this series. Unfortunately, the authors did 
not report on the incidence of permanent cognitive decline 
in their patients (137). The other published series are very 
small. Schuurman et al. (164) performed staged bilateral 
pallidotomies on 3 patients without significant speech and 
swallowing difficulties or cognitive sequelae. In 4 patients, 
Ghika et al. (136) reported that 2 patients experienced 
mood disturbance (depression, obsessive-compulsive dis-
order), 2 experienced frontoexecutive disturbance, and 
1 had memory loss. One patient experienced both severe 
apraxia of eyelid opening and “psychic akinesia,” thought 
to be related to corticobulbar damage. Finally, Merello 

et al. (139), in their prospective randomized evaluation of 
bilateral pallidotomy vs. unilateral pallidotomy with con-
tralateral GPi DBS, found that all 3 bilateral pallidotomy 
patients experienced severe adverse effects, including unin-
telligible speech, marked sialorrhea, swallowing difficulties 
requiring nasogastric feeding tubes, apathy, and severe loss 
of initiative, motivation, and motor drive. Moreover, these 
patients experienced a deterioration of gait freezing that was 
resistant to levodopa treatment. These adverse effects were 
persistent at 3 months; no such adverse effects were found 
with unilateral pallidotomy and contralateral GPi DBS.

More detailed neuropsychological assessment has 
been reported in a small number of papers regarding 
bilateral pallidotomy. In a study of 8 patients, Scott et al. 

TABLE 56-4
Complications of Unilateral Pallidotomy

 ALKHANI AND LOZANO86 DE BIE ET AL.162

Type of studies reviewed All Historical Prospective Combined
Number of patients 1510  359 334 693

Percent of Patients

Symptomatic Infarciton or Hemorrhage 2.0 3.9 2.9
Infarction   0.9
Cerebral hemorrhage 1.7
Deep   1.5
Superficial    1.2

Paresis, visual loss
Visual field defect (persistent) 1.5  2.4
Facial weakness (persistent) 1.3  2.4
Limb weakness 0.9  0.3
Contralateral neglect   0.6

Behavioral, neuropsych, mood
Postop confusion 2.6  0
Postop psychosis 0.5  0.9
Changes in personality or behavior   3.9
Impaired memory 0.9
Worsened dementia   0.3
Depression 0.9  0

Speech, language
Hypophonia 1.3  1.2
Dysarthria (persistent) 1.6  3.6
Anarthria   0.3
Dysphagia (persistent) 0.5  2.4
Dysphasia   0.9

Other
Postop Seizure 0.5  0.3
Postural instability   1.2
Urinary incontinence   0.3
Deep vein thrombosis   0
Hypersalivation 0.6  2.1
Other 2

Percent with any adverse effect 23.1 20.3 30.2 25.1
Percent with persistent adverse effects 14.3 6.4 13.8 10.0
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found generally well-preserved cognitive abilities, with 
selective loss of verbal fluency (as with unilateral left-
sided lesions) (63) and loss of the ability to shift atten-
tion to novel dimensions (a frontal executive function) 
(165). The only deficit seen in a group of 17 postbilat-
eral pallidotomy patients by Turner et al. was also in a 
frontal-executive function (Tower of London task) (166). 
Finally, in 6 patients, Whelan et al. (167) did not see 
any groupwise statistical changes in neuropsychological 
function but did observe clinically meaningful changes in 
language function on a case-by-case basis.

In sum, the issue of the safety of bilateral palli-
dotomy is unresolved, with some groups finding serious 
adverse effects unrelated to whether the procedure was 
staged or contemporaneous and others seemingly observ-
ing little in the way of long-term sequelae. However, with 
the advent of nondestructive procedures such as DBS 
performed either bilaterally or contralateral to a palli-
dotomy, this topic will likely become moot.

Quality of Life following Pallidotomy. All of the above 
factors (i.e., degree of improvement, neuropsychologic 
effects, and complications/adverse effects) summate to affect 
the quality of patients’ lives following surgery and influence 
the decision of patients to consider surgery.  Quality-of-life 
(QOL) measures are increasingly being incorporated into 
prospective and retrospective evaluations of the outcome of 
surgery such as pallidotomy. The ADL subsection (part II 
of the UPDRS) addresses QOL to some extent. Aside from 
this, the most utilized QOL measure for PD is the PDQ-39 
questionnaire. Following unilateral pallidotomy, significant 
improvements have been seen in the ADL (168–170) and 
mobility (169, 170) measures of this instrument. Improve-
ments in other measures (emotions, bodily pain) were sig-
nificant (169) or tended to change in the right direction 
(170). The global “summary index” improved significantly 
in only 1 study (169). In a prospective study using the PDQ-
L, de Bie and colleagues (124) found improvements on 
all psychosocial and physical subscales. Other indices also 
manifest improvement. The Sickness Inventory Profile (SIP) 
has documented physical, psychosocial, and total function-
ing improvement (170), including alertness and social inter-
action. Similarly, the Medical Outcomes Study short form 
(SF-36) showed improved physical role, energy/vitality, 
and general health (168). In a controlled study, Carr et al. 
(141) showed improvements in SF-36 measures of bodily 
pain and social functioning but not physical functioning 
or mood in operated patients as compared to wait-listed 
controls. Improvements in depression and anxiety (59, 170) 
also have been shown. Interestingly, despite the associated 
complications shown by some, bilateral pallidotomy has 
been found to lead to marked improvements in the PDQ-39 
(mobility, ADLs, emotional well-being, cognition, commu-
nication, bodily discomfort, summary index) (168, 171), 
which was largely maintained 2 years following surgery in 
one study (172).

Thalamotomy

Clinical Benefits of Thalamotomy. Thalamotomy has 
been performed almost universally for tremor-dominant 
PD. However, rigidity and/or dyskinesia may be an indi-
cation for some investigators (76, 173). One difficulty in 
evaluating the reported results of thalamotomy for PD 
arises from differences in target selection. Vim is the pre-
ferred target for thalamotomy for tremor of various eti-
ologies, including PD and essential tremor. However, this 
target, which interrupts the cerebellar afferent pathway 
to the thalamus, may not be the best target for other PD 
symptomatology. In contrast, more anterior target location 
within the pallidal receiving area [i.e., ventralis oralis ante-
rior and posterior (Voa, Vop)] may provide greater benefits 
for rigidity, akinesia, and/or dyskinesia (174–176). Confu-
sion arises because both Voa/Vop and Vim are contained 
within the VL thalamus of the so-called American nomen-
clature (essentially equivalent to the anterior and posterior 
divisions, VLa and VLp, respectively) (177). Thus, some 
VL thalamotomies might target Voa/Vop whereas others 
might target Vim and still others may target other regions 
or combinations thereof. Lesions performed by differing 
groups have varied in location by up to 7 mm (178).

Numerous reports suggest that up to 80% of patients 
achieve total abolition or marked reduction of contralat-
eral tremor after unilateral thalamotomy for PD (Table 56-
5) (36, 40, 76, 79, 179–192). A more posterior location 
near the Vop/Vim border was more effective than more 
anteriorly located lesions (193). A recent prospective ran-
domized trial compared Vim thalamotomy to Vim DBS 
for severe tremor of various types (187). In patients with 
PD, a measure of functional status (Frenchay activities 
index) improved significantly more following DBS than 
thalamotomy after 6 months. It should be noted that thala-
motomy is most effective in relieving appendicular tremor. 
Midline symptoms, such as head tremor and voice tremor 
(more typical of essential tremor), seem to respond less well 
and may progress relentlessly, limiting function in about 
25% of patients (194–196). VanBuren et al. (195) found 
that impairment from the midline symptoms and speech 
deficits due to surgery exceeded any gains from the reduced 
limb tremor; their average patient functioned less well after 
thalamotomy. Therefore, before making a final decision to 

TABLE 56-5
Published Results of Unilateral Thalamotomy 

for Tremor in Parkinson’s Disease

Tremor  % of patients
Total Abolition 45 – 93
Significant reduction 66 – 100

*Percent of patients based on data reported in literature 
(36, 40, 76, 79, 179–192).
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proceed to surgery, patients should be informed of what 
they can reasonably expect.

Several groups have demonstrated that Voa/Vop thal-
amotomy improves dyskinesia (197, 198); Narabayashi 
actually showed near complete resolution of dyskinesia, 
but not with Vim thalamotomy. However, there is little 
reliable confirmation of these claims (199, 200). Rigidity 
has also been shown by some groups to improve follow-
ing Voa/Vop thalamotomy (200). Recently, Moriyama 
et al. (184) demonstrated that rigidity but not akinesia 
improved following thalamotomy, and this effect was 
sustained for up to 15 years. Nevertheless, ADL improve-
ment fell off with time, associated with progression of 
symptoms including akinesia. Bilateral thalamotomy in 
4 patients failed to recapture benefits.

Although a blinded long-term follow-up study 
by Diederich et al. (180) showed significant persistent 
improvement or amelioration of the tremor, other studies 
with follow-up periods up to 10 years indicated that as 
many as 48% of patients returned to their preoperative
state and only 22% to 44% continued to show improve-
ment from their preoperative baseline (179, 201). Also, as 
thalamotomy does not arrest general disease progression 
and has little effect on other parkinsonian features, it is 
usually necessary to continue pharmacologic therapy.

Complications of Thalamotomy. Published complications 
of unilateral thalamotomy for PD are listed in Table 56-6 
(74, 79, 181, 189, 192, 194, 196, 202–205). The mortal-
ity rate is approximately 0.5% (range 0% to 5%), with 
intracranial hemorrhage being the major cause of death 
(incidence of intracranial hematoma, 1.5% to 6%). Other 
complications include dysarthria, cognitive difficulties, per-
sistent hemiparesis or limb weakness, dystonia, unilateral 
auditory neglect, neglect of the contralateral extremities, 
arm dyspraxia, and ‘’cerebellar’’ complications, including 
limb ataxia and astasia. Side effects such as paresthesias 
or numbness with a predominant hand-mouth distribution 
may be seen often, but these usually subside spontane-
ously (74, 79, 181, 189, 192, 194, 196, 202–205). Facial 
paresis has also been reported but is usually transient in 
the majority of cases. Memory and language dysfunctions 
following thalamotomy are probably more common than 
traditionally thought or recognized. They occur in about 
one-third of patients and up to double this figure with 
bilateral thalamotomy. One-half of these patients can be 
expected to recover to baseline within several months 
(206). However, a recent review of neurocognitive studies 
indicated that, rather than impairing cognitive status, uni-
lateral thalamotomy can be associated with improvements 
in some measures, including verbal memory (207).

Bilateral Thalamotomy

Among patients who have undergone unilateral thalamot-
omy, many will eventually develop sufficiently disabling 

tremor in the opposite limb to consider contralateral sur-
gery. Table 56-7 lists the outcome data for bilateral thala-
motomy reported in the literature (36, 183, 201–203, 
208). Although its effect on abolishing tremor has been 
reported to be similar to that of the unilateral procedure 
(205), there has generally been significant reluctance to 
perform bilateral thalamotomy because of the high inci-
dence of adverse effects. Most surgeons prefer bilateral or 
contralateral thalamic DBS over bilateral thalamotomy. 
Table 56-8 reviews the  published complications of bilat-
eral thalamotomy for PD (36, 79, 183, 190, 201–203, 
208). The incidence of complications tends to be two- to 
threefold higher than that for unilateral thalamotomy. 
The predominant complication is speech and language 

TABLE 56-7
Published Results of Bilateral Thalamotomy 

for Parkinson’s Disease

Tremor  % of Patients
Complete abolition 33 – 100
Significant reduction 67 – 71

*Percentage of patients based on data reported in the 
literature (36, 54, 183, 201, 203, 208).

TABLE 56-6
Published Complications of Unilateral 
Thalamotomy for Parkinson’s Disease

 PERCENTAGE OF PATIENTS*

SYMPTOM TRANSIENT PERSISTENT

Death   0 – 5
Hemorrhage   1.5 – 6
Cognitive 1 – 43  0.8 – 14
Hemiparesis 0 – 26  0 – 9
Dysphasia 1 – 29  0 – 3
Dysarthria 1 – 43  0.8 – 11.2
Hand ataxia 5 – 61  1.3
Gait 1 – 30  1.2 – 6
Equinovarus

deformity 2.7  3.5 – 5.3
Hyperkinesia   0.3 – 9
Numbness 1 – 20  0.5 – 3.3
Confusion 0 – 16  0 – 1
Blepharospasm 0 – 2  0 – 1
Hypertonia 0 – 9
Dystonia 0 – 3
Seizure  0.5 – 8
Dsyphagia/

pseudobulbar
symptoms  0.3 – 0.3

Infection  0.5 – 4

*Percentages based on data reported in the literature (74, 
79, 181, 192, 194, 196, 202–205).
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impairment, characterized by hypophonia, dysarthria, 
and dysphasia. Significant dysphagia and transient con-
fusion may also be seen in up to 10% of cases. Cognitive 
dysfunction is also much more common and concerning 
following bilateral thalamotomy than after unilateral 
surgery.

Radiosurgical Thalamotomy. Ohye and colleagues 
(209–211) reported the results in 53 patients, includ-
ing 32 tremor-dominant PD patients and 3 PD patients 
treated for rigidity with thalamotomy using the gamma 
knife. Tremor response took 12 months to become mani-
fest, although a shorter time course was found following 
reloading of the device. Insufficient quantitative infor-
mation has been reported to determine its effectiveness 
except to note that about 80% to 85% of patients (not 
stratified by diagnosis) experienced reduction of tremor 
to less than one-third of the preoperative level (but no 
quantitative data have been presented). Young et al. 
(212) reported on 102 PD patients treated for tremor. 
At 12 months, 76.5% were tremor-free and an additional 
2.7% nearly so; at 48 months, 89.2% maintained this 
response. Tremor scores from the UPDRS significantly 
decreased from 6 to 48 months. Complications from 
gamma thalamotomy include contralateral paresthesia, 
paresis, dysphasia, dysarthria, and balance difficulties as 
well as incoordination (210–214). Given the case-series 
nature of the published reports, the rate of adverse effects 
is hard to gauge, although Young et al. (212) reported an 
incidence of 1.3%. It has been argued that the true rate of 
complications may be underreported (215), although this 
is true of any retrospective series. Care in the use of this 
procedure, utilizing current standards of radiosurgical 

practice, must be exercised. Most practitioners limit the 
use of gamma thalamotomy to patients in whom invasive 
surgical procedures are contraindicated (216).

Subthalamotomy

Although ischemic or hemorrhagic lesions of the STN 
may lead to hemiballism, recent work has shown that 
stereotactic radiofrequency ablation of the STN may be 
safe and effective in the treatment of PD (Table 56-9). 
Several series, comprising a total of 96 lesions performed 
in 78 patients (18 bilateral lesions), have been reported 
(217–220). Contralateral lesion–induced dyskinesia has 
occurred in a significant number of patients but is usually 
mild and transient. More severe dyskinesia has occurred 
in 3 of 18 bilaterally lesioned patients (217) and, follow-
ing unilateral lesions, in 5 of 60 patients (218–220). In 
2 of the series, the dyskinesia resolved with either DBS 
or thalamotomy. In addition, in 2 series, the dyskinesia 
resolved spontaneously in 5 of 6 patients, but 1 patient 
died due to aspiration pneumonia possibly related to the 
severe dyskinesia. Alvarez et al. (217) performed bilat-
eral (staged or simultaneous) subthalamic nucleotomy 
in 18 patients, resulting in a decrease in “off” UPDRS 
motor score of 50% and also a decrease of 36% in the 
“on” motor score. ADL scores were also significantly 
decreased, and dyskinesia declined by 50%, probably 
due to a 50% drop in medications doses. Complications 
included dysarthria/ataxia/disequilibrium in 3 patients 
but no significant cognitive impairments. Three trials 
involved unilateral lesions, with contralateral DBS if 
there were bilateral indications for surgery (218–220). 
Significant decreases in contralateral motor scores were 
observed in each trial (Table 56-9). As in the experience of 
Alvarez et al. (217), improvements in motor on function-
ing was seen in each study. This could be due in part to 
improvement in dyskinesia (in all 4 studies, medication 
doses were reduced by approximately 50%) but also to 
improvements in gait and tremor that were not com-
pletely responsive to dopaminergic therapy. Aside from 
infrequent lesion-induced dyskinesia, complications were 
rare. Patel (218) noted few neurocognitive adverse effects 
on detailed neuropsychological testing aside from some 
decrease in frontal functioning and verbal fluency, not 
unlike that seen with unilateral pallidotomy. Despite these 
preliminary findings, given the risk of ablative surgery, 
especially when performed bilaterally, at this stage sub-
thalamic nucleotomy should be considered only when the 
implantation of DBS hardware is contraindicated or the 
economic burdens associated with it are prohibitive.

CONCLUSION

Unilateral stereotactic pallidotomy results in unequivo-
cal clinical benefits and is generally well tolerated in 

TABLE 56-8
Published Complications of Bilateral 

Thalamotomy for Parkinson’s Disease

 PERCENTAGE OF PATIENTS*

SYMPTOM TRANSIENT PERSISTENT

Death   0 – 4.3
Cognitive  1.8 – 34.8
Hemiparesis  0.8 – 1.8 
Dysphasia 5.5  3.6
Dysarthria 1.8 – 50  18 – 60
Dysphagia  3.6 – 5.4
Gait 48  17.4
Equinovarus

deformity  2.2
Hyperkinesia  5 – 7.2
Foot dystonia  0 – 1.8
Infection  0 – 3.6

*Percentages based on data reported in the literature 
(36, 79, 183, 190, 201–203, 208). 
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correctly selected patients; it has therefore has become 
an important treatment modality in patients with later-
stage PD who, despite optimal medical therapy, are dis-
abled by levodopa-responsive “off”-period symptoms or 
levodopa-induced dyskinesias. Unilateral thalamotomy 
is also effective but primarily for tremor; therefore its 
usefulness in PD is limited and its use disappearing. Nei-
ther procedure is well tolerated when administered bilat-
erally. However, pallidotomy and thalamotomy have, in 
the developed world, been essentially replaced by either 
unilateral or bilateral deep brain stimulation of the STN 
or GPi because of an improved safety profile. Moreover, 
the safety of bilateral DBS offers improved outcomes for 
patients with bilateral symptoms. “The best fate of a new 
treatment is to be replaced by an even better treatment” 
(A-L Benabid, personal communication), and pallidot-
omy certainly met this fate after less than a decade had 

lapsed since its renaissance. Only time will tell whether 
DBS itself is fated to be replaced by another novel sur-
gical therapy, such as human fetal cell transplantation 
(221–224), implantation of encapsulated cells (225–227) 
or of retinal pigment epithelial cells (228, 229), infusion 
of trophic factors (230–236), or gene therapy (237–249). 
Although many of these approaches are in current clini-
cal trials, it will be some time before their safety and 
effectiveness are established. On the other hand, STN 
and GPi DBS have been shown to be at least as safe and 
effective as pallidotomy (23, 102, 112, 250, 251), so it is 
reasonable to offer this nondestructive approach to most 
patients, keeping in mind the potential for a response to 
new treatments as they become available. However, prac-
tical issues—including availability, cost, and the extensive 
amount of time required to optimize DBS—may still per-
suade some patients to undergo pallidotomy.

TABLE 56-9
Results of Radiofrequency Ablation of the Subthalamic Nucleus (Subthalamic Nucleotomy)

 SURGERY TYPE UPDRS

AUTHOR F/U U/L B/L U/L � DBS OFF SCORES ON SCORES

Alvarez et al.217 3 – 4 yrs  18  49.5% decrease in  35.5% decrease in Motor
Motor subscale (III)  subscale (III)

Patel et al.218 6 mo 17  4 36.8% decrease in c/l  39.0% decrease c/l
Motor subscale (III)  Motor subscale (III)

Su et al.219 6 mo 7  5 55.3% decrease in c/l  56.1% decrease in c/l
tremor, rigidity,   tremor, rigidity, 
bradykinesia   bradykinesia

Vilela Filho et al.220 n/r 21*   75% decrease in c/l
tremor, rigidity, 
bradykinesia

*8/21 had ipsilateral thalamotomy. 
Abbr.: UPDRS, Unified Parkinson’s Disease Rating Scale; III, UPDRS Motor Scale; c/l, contralateral; n/r, not reported.
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Parkinson’s-plus Disorders

ver the last several decades we 
have come to appreciate that James 
Parkinson described a syndrome, 
not a disease, in his famous 1817 

monograph (1). This syndrome is known by the name 
parkinsonism. What we now call Parkinson’s disease 
(PD) is a form of parkinsonism that, like other diseases, 
has characteristic clinical features, epidemiology, clinical 
course, prognosis, pathology, and treatment. The concept 
of “Parkinson’s-plus” disorders arises from the realiza-
tion that there are a variety of diseases that mimic PD 
in some respects but produce unique additional features 
that are not seen in PD (Table 57-1). Unfortunately, one 
of the problems we must address for these disorders, as 
with PD, is a lack of knowledge regarding etiology and 
an absence of curative therapies.

Parkinson’s-plus diseases share many of the symp-
toms and signs of PD; in addition, they affect people of 
a similar age group and, at least at first, tend to develop 
in the same insidious, progressive manner. Thus they are 
often mistaken for the more common and more familiar 
PD. Pathologic studies indicate this is no small problem. 
Up to 25% of patients who are thought to have PD on a 
clinical basis, not just initially but until death, have another 
pathologic explanation for their neurologic problems 
(2, 3). Our inability to identify these patients promptly 
after presentation means, first, that the opportunity to 

Meredith Broderick
David E. Riley

study these other diseases is lost and, second, that inclu-
sion of these patients confounds the results of PD studies. 
Both PD and Parkinson’s-plus patients suffer as a result.

We acknowledge at the outset that “Parkinson’s-
plus” is a poor term with which to describe the major 
diseases discussed in this chapter. The implication of this 
phrase is that these diseases look just like PD but with 
some added features, which is certainly not the case. The 
parkinsonism seen in so-called Parkinson’s-plus diseases 
differs in relation to the frequency of individual features, 
their distribution, and their chronological occurrence in 
the course of the disease. For example, a resting tremor 
is a relatively rare finding in patients with any of the 
Parkinson’s-plus diseases, while they develop disequilib-
rium and falls much earlier in their course. Because they 
usually lack the responsiveness to levodopa that charac-
terizes PD, Niall Quinn has suggested that “Parkinson’s-
minus” might be a more appropriate designation for these 
diseases (4). In other words, PD is not a diagnosis of 
default that depends solely on the absence of other find-
ings. There are both characteristic and relatively exclu-
sionary clinical features for all of these disorders.

This chapter should be regarded as one category in the 
differential diagnosis of PD. The chief disorders under con-
sideration here are progressive supranuclear palsy (PSP), 
multiple system atrophy (MSA), cortical-basal ganglionic 
degeneration (CBGD), and dementia with Lewy bodies 

O
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(DLB). Also reviewed briefly is frontotemporal dementia 
and parkinsonism linked to chromosome 17 (FTDP-17).

PROGRESSIVE SUPRANUCLEAR PALSY

Progressive supranuclear palsy was first described in 
1964 by 3 Canadian neurologists whose names have 
been honored in the British eponym for this disease, the 
Steele-Richardson-Olszewski syndrome (5). Although in 
retrospect there were previous case reports, these authors 
merited this distinction by virtue of having placed PSP on 
the parkinsonian map.

Clinical Findings

While the ocular motility disorder that Steele and col-
leagues chose to highlight remains the most distinctive 
feature of the clinical syndrome of PSP, strict reliance on 
this single physical sign leads to a lack of sensitivity, or at 
least a delay, in diagnosis. Most patients do not present 
with symptoms or signs related to their eyes. The most 
common initial feature of PSP is a disturbance of gait and a 
history of falling, which typically begins within 12 months 
of onset (6).

The parkinsonism of the classic syndrome of PSP 
differs from that of PD in the lack of tremor, the relative 
sparing of limb movement (except writing), the greater 
rigidity in the neck than the limbs, and the early develop-
ment of freezing and marked micrographia. The speech 
disturbance shares the hypophonia and lack of modulation 

of PD speech but differs in the frequent additional presence 
of spastic dysarthria and dysphonia. Nevertheless, in one 
large series of pathologically confirmed PSP cases, a subset 
comprising 32% of patients was found to have a syndrome 
more consistent with PD, including tremor, asymmetric 
onset, and modest responsiveness to levodopa (7).

The distinctive supranuclear gaze palsy (SNGP) 
begins with slowing of vertical saccades, followed by a 
limitation of their range. Pursuit movements are affected 
later. Horizontal gaze is eventually impaired, but verti-
cal gaze palsies always precede and predominate. Other 
ocular motor findings include saccadic intrusions into 
fixation (“square-wave jerks”), loss of convergence, 
blepharospasm, abnormal vertical optokinetic nystag-
mus and eyelid freezing, also known as apraxia of eyelid 
opening or closure.

Other clinical clues indicative of PSP include stutter-
ing, palilalia, early dysphagia, personality changes, sleep 
disturbances, apraxia, and dementia. One characteristic 
feature is a facial expression of perpetual astonishment due 
to continuous frontalis contraction and a low blink rate. 
Another is extensor neck posturing, although this dystonia 
has come to represent to PSP what coprolalia has to Gilles 
de la Tourette syndrome: both were features described by 
the original authors that have been stressed by subsequent 
authors but actually occur in fewer than 25% of cases. An 
“applause sign,” where patients perseverate in clapping 
beyond a requested total of 3 handclaps, may be specific 
for PSP (8). Other clinical findings in PSP include action 
tremor, pseudobulbar palsy, hyperreflexia, and Babinski 
signs. Infrequent occurrences in PSP that lead to problems 
in differential diagnosis include an absence of ocular motor 
abnormalities, resting tremor, hemidystonia, asymmetric 
apraxia, and urinary incontinence. Autonomic dysfunction 
may be more common than is generally appreciated, result-
ing in misdiagnosis of PSP as MSA. Patients who present 
with apraxia or aphasia also present a diagnostic challenge, 
as they run the risk of being mislabeled as having CBGD 
or Alzheimer’s disease (AD).

Symptoms invariably begin insidiously and prog-
ress gradually. Golbe and colleagues surveyed the clinical 
course of PSP and found that it took a mean of 3 years 
for patients to require gait assistance, 8 years to become 
confined to a wheelchair or bed, and 10 years to die (9). 
However, the duration of illness varies widely, from 2 to 
more than 15 years (10). The isolated triad of hypo-
phonic stuttering speech, micrographia, and freezing of 
gait known as “pure akinesia” is associated with a more 
benign course (11). Common causes of death include pul-
monary and urinary tract infections, pulmonary emboli, 
head trauma, and complications of hip fractures.

Diagnostic criteria for clinical research into PSP 
were established at an international workshop in 1995 
(12). These criteria were validated retrospectively with 
pathologically confirmed cases. The published report 

TABLE 57-1
General Features of Parkinson’s-Plus Syndromes

Features in common with PD
Insidious onset in middle to late life
Progressive course measured in years
Akinesia and rigidity
Lack of diagnostic laboratory tests
Definitive diagnosis requires appropriate data from both 

clinical and pathologic sources
Lack of knowledge regarding etiology, prevention, 

and cure
Only symptomatic treatment is available

Features distinctive from PD
Rest tremor unusual or rare
Frequent corticobulbar/corticospinal tract signs
Early postural instability 
Frequent abnormal imaging studies
Poor response to antiparkinsonian medication
More rapid progression, shorter life expectancy 
Pathology involves brain areas not typically involved 

in PD
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appended helpful descriptions of clinical and neuropsy-
chological testing methods. Considered the most impor-
tant clinical features in favor of the diagnosis of PSP 
were a vertical SNGP, slowing of vertical saccades, and 
prominent postural instability with falls within a year 
of onset (12).

Epidemiology and Genetics

Patients with PSP are more uniformly aged than those 
with PD. The mean age of onset is in the early seventh 
decade. Males outnumber females by as much as 2:1. 
Incidence rates in population studies indicate one can 
expect up to 11 new cases per million per year (13), 
approximately one-fifth the incidence of PD. However, 
the shorter life expectancy means that PSP patients make 
up a correspondingly lower proportion of patients in 
parkinsonism clinics. The prevalence of PSP is around 
6 per 100,000 (14). No specific occupational or other 
environmental risk factors are known. Hypertension may 
be a risk factor (15).

A number of families are known in which PSP is 
transmitted in an autosomal dominant fashion (16). 
Genetic analysis has detected a high frequency of the 
allele A0 of the tau gene in patients with PSP (17, 18) but 
also in asymptomatic relatives of PSP patients. A novel 
tau gene mutation was found in one pedigree with early-
onset familial PSP (19). In another family, a linkage locus 
at 1q31.1 was discovered (20). Mutations in LRRK2 may 
also produce a PSP-like pathologic picture (21).

Investigations

There are no helpful indicators in common laboratory 
tests. Routine magnetic resonance imaging (MRI) studies 
may demonstrate atrophy of the midbrain (22–24) and 
superior cerebellar peduncles (25). Longitudinal MRI 
studies show accelerated midbrain and whole-brain vol-
ume loss compared to controls (26, 27). Formal neuropsy-
chological testing indicates disproportionate impairment 
of frontal lobe function (28–30).

Pathology

There are no striking gross abnormalities in PSP. Atrophy 
of the midbrain, milder cortical atrophy, pallor of the sub-
stantia nigra, and enlargement of the third ventricle and 
Sylvian aqueduct may all be present. Microscopically, the 
characteristic features of PSP are neurofibrillary tangles 
(NFTs), tufted astrocytes, threads, and oligodendroglial 
coiled bodies distributed in varying densities through-
out subcortical and brainstem structures (31). The most 
consistently affected regions are the basal ganglia and 
particularly the substantia nigra, subthalamic nucleus, 
and internal globus pallidus. Other parts of the brainstem 

commonly affected in PSP include the superior colliculi, 
pretectal nuclei, periaqueductal gray matter, and pontine 
tegmentum. Involvement of the cerebral cortex may be a 
prominent feature (32, 33). Aside from the neuronal loss 
and gliosis common in degenerative diseases, NFTs are 
cytoplasmic inclusions found in surviving neurons. They 
are not specific to PSP, also being found in AD, posten-
cephalitic parkinsonism, dementia pugilistica, and the 
parkinsonism-dementia complex of Guam, among others. 
Ultrastructurally, the NFTs of PSP are mainly composed 
of single straight filaments (34), in contrast to the paired 
helical filaments that predominate in AD.

The major structural element of NFTs in PSP appears 
to be abnormally phosphorylated tau, a protein associated 
with the microtubules responsible for axonal transport. 
Tau exists in multiple isoforms consisting of complete or 
partial translations of a single gene on chromosome 17. Its 
ability to promote formation of microtubules and stabi-
lize them is thought to derive from its state of phosphory-
lation. It is speculated that abnormal phosphorylation of 
tau interferes with microtubule function, impairs axonal 
transport, and leads to tau aggregation as NFTs. Tau-
positive inclusions are also common in oligodendroglia 
in PSP and may cause the formation of “tufted” astro-
cytes. Thus, abnormal tau modifications in both neurons 
and glia may be central to the pathophysiology of PSP. 
However, tau pathology is also seen in cortical-basal gan-
glionic degeneration (CBGD), Pick’s disease, and other 
degenerative diseases. In fact, the 4-repeat pattern of tau 
isoform accumulation in PSP is identical to that seen in 
CBGD, suggesting strong pathogenetic bonds between 
the two conditions (35).

Among patients diagnosed with PSP during life, 76% 
to 78% have had the diagnosis confirmed postmortem 
(36, 37). The main sources of false-positive diagnoses of PSP 
have been diffuse Lewy body disease, MSA, and CBGD.

Management

The treatment of PSP can be difficult, as there is no cure 
and no symptomatic medications work in a majority of 
individuals (38); When they do work, their effects are 
usually modest at best (39, 40). Nevertheless, many symp-
toms can be relieved in a variety of ways (Table 57-2). 
The primary goals of management are to identify the 
patient’s major problems, decide which can be remedied, 
and treat them.

Most studies involving medication have focused on 
the movement disorders present in PSP, where dopaminer-
gic medications are much less useful than in PD because 
of the neuroanatomic substrate including striatum and 
globus pallidus. In a retrospective review of treatment of 
381 PSP patients, amitriptyline and other antidepressants, 
levodopa and dopamine agonists were the least ineffective 
(41). Perhaps not unexpectedly in a disease that is complex 
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TABLE 57-2
Symptomatic Treatment of Parkinson’s-Plus Syndromes

MOTOR PROBLEMS AVAILABLE TREATMENTS

Blepharospasm Botulinum toxin, eye crutches, surgery
Disequilibrium, falls Gait and safety training, canes, weighted walkers, 

handrails, grab bars, low-heel nonstick shoes
Drooling Conscious swallowing, drying medications,

botulinum toxin
Dysarthria Facial exercises, speech therapy, written

communication, talking keyboard
Dysphagia Head posturing, dietary changes, gastrostomy
Dystonia Anticholinergic drugs, clonazepam, botulinum toxin,

surgery
Freezing of gait Visual cues, rhythmic cues, arc (not pivot) turns
Hypophonia Speech therapy (posture, breathing, swallowing,

speaking), voice amplifiers
Micrographia Change pen or wrist position, keyboard device
Myoclonus Clonazepam, valproate
Oculomotor palsy Prisms, pursuit (not saccade) movements, levodopa
Parkinsonism Exercise, levodopa, dopamine agonists, amantadine, 

other medications, physical and occupational therapy
Tremor (action type) Primidone, propranolol, metazolamide, gabapentin

AUTONOMIC PROBLEMS AVAILABLE TREATMENTS

Constipation Increase fluids and fiber, exercise, bulk-forming 
agents, laxatives, suppositories, enemas

Postural hypotension Eliminate causative drugs, increase salt and fluid 
intake, elevate head of bed, eat smaller meals, 
physical maneuvers, schedule afternoons for 
activity, midodrine, fludrocortisone, other 
medications, elastic stockings

Sexual dysfunction Sildenafil, vardenafil, tadalafil, yohimbine, 
papaverine, vacuum pump, penile implant

Urinary incontinence/ Treat infection, oxybutinin, tolterodine, 
retention  incontinence pads/diapers, catheterization

OTHER PROBLEMS AVAILABLE TREATMENTS

Cognitive impairment Simplify routines, reminders, rivastigmine, donepezil, 
galantamine, memantine, tacrine

Psychosis Quetiapine and clozapine
Dental care Avoid dry mouth, electric toothbrush
Depression Psychotherapy, antidepressant medication
Hypersomnia Treat insomnia, treat obstructive sleep apnea, 

stimulant  medication
Insomnia Treat depression, behavioral treatment, hypnotics
REM-sleep behavior disorder Clonazepam
Restless legs syndrome Dopamine agonists, levodopa, clonazepam, 

gabapentin, opiates
Stridor Tracheostomy
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and poorly understood, contradictory medications may 
yield benefit in different patients. Methysergide, a sero-
tonin antagonist (in contrast with serotonergic antide-
pressants), initially resulted in success when used in some 
PSP patients; however, with further experience it has been 
abandoned as ineffective. Similarly, anticholinergic drugs 
may occasionally improve motor symptoms, while the 
cholinesterase inhibitors may support cognitive function. 
Amantadine is less effective than other antiparkinsonian 
drugs, but worth trying. In the now discarded category of 
noradrenergic agonists, idazoxan was somewhat effective 
for PSP but poorly tolerated, while efaroxan was better 
tolerated but ineffective. Limited studies of electrocon-
vulsive therapy suggest that it offers some benefit for the 
parkinsonism, but practical difficulties and posttreatment 
confusion limit its usefulness. The multifocal pathologic 
nature of PSP thwarts potential benefit from stereotactic 
surgery, as it does for medications.

Exercise is an important measure for motor symp-
toms. Physical and occupational therapy may be valu-
able for limitations of gait and motor independence. 
Hypophonia is best treated with breathing exercises, 
which may be taught by a speech therapist. Drooling 
patients need to be reminded to swallow consciously. The 
side effect of dry mouth caused by anticholinergic drugs 
such as atropine and glycopyrrolate can be exploited 
to relieve drooling. Botulinum toxin injections into the 
parotid and submandibular glands may also be helpful. 
Changing pens, stiffening the wrist, or typing may cir-
cumvent handwriting difficulties. Balance problems are 
poorly responsive to any intervention, although patients 
and families occasionally state that they benefit from 
canes or walkers. Patients need frequent reminders to 
take precautionary measures against falls.

Dysarthria may be helped by facial exercises, but 
written or keyboard communication is often a necessary 
substitute. A formal swallowing evaluation is mandatory 
for dysphagia, which is best managed in early stages by 
a speech therapist who will advise patients and fami-
lies regarding the mechanics of swallowing and possibly 
advantageous changes in the consistency of foods. In later 
stages, gastrostomy is often required. The leading cause 
of death in PSP is aspiration pneumonia (42). Dystonia 
is typically poorly responsive to medication (clonazepam, 
anticholinergics), but botulinum toxin may be very help-
ful, especially for blepharospasm. Management of non-
motor complications such as depression is similar to that 
of depressed patients without PSP.

MULTIPLE SYSTEM ATROPHY

From a tentative beginning 4 decades ago in the discus-
sion of a single case report (43), the concept that striato-
nigral degeneration (SND), sporadic olivopontocerebellar 

atrophy (OPCA), and Shy-Drager syndrome (SDS) are 
variants of one and the same disease has taken firm 
hold. Multiple system atrophy (MSA) has emerged as the 
most difficult disease to distinguish from PD. The name 
not only describes the pathology but also helps keep in 
mind the various combinations of clinical manifestations 
encountered in MSA.

Clinical Findings

The clinical manifestations of MSA are often divided 
into motor and autonomic categories, the latter reflect-
ing the involvement of the autonomic nervous system 
that is emphasized in descriptions of SDS. The motor 
syndromes can be subdivided into basal ganglia (chiefly 
parkinsonism) and cerebellar types, known as MSA-P 
and MSA-C, respectively reflecting the presence of SND 
and OPCA. The most common presentation of MSA 
is parkinsonism, but cerebellar or autonomic symptoms 
may also predominate as initial features. These distinctions 
become arbitrary over time, since one sees all permutations 
of disease manifestations as MSA evolves. Ultimately, over 
85% of MSA patients develop parkinsonism, about 75% 
have autonomic problems, and over 50% show evidence of 
cerebellar degeneration (44). Thus, categorization as MSA-P 
or MSA-C is usually relevant only to the initial presenta-
tion, and sometimes the referral pattern through the health 
care system is affected until the time of diagnosis. However, 
the concept of dividing MSA into clinical subtypes is useful 
for purposes of research and management.

As with the other diseases discussed in this chapter, 
the parkinsonism of MSA tends to manifest as akinesia, 
rigidity, and early postural instability, with tremor being 
uncommon. However, MSA mimics PD more closely than 
PSP in the prominence of limb involvement, often asym-
metric, and the less striking postural instability. Cerebellar 
findings in MSA include limb ataxia, a wide-based gait, 
dysarthric and scanning speech, and nystagmus. Dystonia 
is often quite prominent, with the most common mani-
festations being antecollis, limb dystonia, and levodopa-
induced action dystonia of facial muscles (45). Other 
motor signs (spasticity, hyperreflexia, Babinski signs) are 
attributable to involvement of the corticospinal tract as it 
courses through the pons. Common autonomic symptoms 
include orthostatic light-headedness, syncope, urinary 
retention or incontinence, impotence (in males) or anor-
gasmia (in females), fecal incontinence, loss of sweating, 
and paroxysmal bursts of excessive sweating. Other clini-
cal features of MSA may include action myoclonus, respi-
ratory stridor (46), dysphonia, Raynaud’s phenomenon, 
pain, contractures, and rapid-eye-movement (REM) sleep 
behavior disorder, which may precede motor manifesta-
tions (47).

A consensus committee published formal criteria for 
the clinical diagnosis of MSA (48). The essential elements 
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of diagnosis were felt to be a combination of autonomic 
dysfunction and either cerebellar ataxia or parkinsonism 
poorly responsive to levodopa.

Epidemiology and Genetics

The mean age of onset of MSA, at 54 years, is slightly 
younger than that for PD and considerably younger than 
that for PSP. The youngest reported age of onset was 31. 
The prevalence has been determined to approximate 3 per 
100,000 population (49).

Current criteria specify that the diagnosis of MSA 
should be restricted to patients with sporadic disease 
(48, 50); thus familial cases are unknown. Although 
adherence to this diagnostic principle enhances the speci-
ficity of criteria for clinical research purposes, it closes 
off what has been a fruitful avenue of research for PD 
and PSP. In part, the reasons for adopting this posture 
are historical. Authorities in this field have only recently 
managed to persuade medical orthodoxy to accept that 
sporadic OPCA occurring in the context of MSA is a 
different disease from hereditary OPCA (also known as 
spinocerebelllar ataxia). It may simply be too soon to 
turn around and advance the argument that some cases of 
MSA are inherited but still distinct from familial OPCA. 
One can predict, however, that familial cases of MSA 
will eventually be discovered, as has occurred with nearly 
every other common degenerative neurologic disease. 
Identification of a biological marker for MSA would 
naturally make this task much easier.

Investigations

There is no definitive diagnostic test for MSA. We have 
available a “battery of nonspecific tests in which abnor-
mal results help to sway the balance of diagnostic proba-
bility” (50). “Two types of investigations are  particularly
useful in supporting a diagnosis of MSA, autonomic stud-
ies and imaging. Formal autonomic testing can provide
evidence of widespread autonomic dysfunction in a 
patient with a single autonomic symptom or sign, or it 
can detect dysautonomia in a patient with a pure parkin-
sonian or cerebellar syndrome. A cardiovascular battery, 
including tilt table testing and measurement of cardiac 
responses to deep breathing and the Valsalva maneu-
ver, and  urodynamic testing are common tools for such 
clinical situations.” However, autonomic testing cannot 
reliably distinguish MSA from PD in individual patients 
(51). Anal sphincter electromyography (EMG) may show 
denervation signifying degeneration of Onuf’s nucleus, 
but this too has proven to be nonspecific.

Imaging studies may be of diagnostic value. Com-
puted tomography (CT) scans are relatively insensitive to 
changes in MSA but may detect evidence of cerebellar, 
pontine or putaminal atrophy. Far more helpful has been 

MRI, which is not only more sensitive to changes in struc-
tural appearance but also may show evidence of metabolic 
dysfunction. A variety of MRI abnormalities have been 
associated with MSA. Putaminal atrophy, a hyperintense 
lateral putaminal rim, and infratentorial signal change 
(hyperintense middle cerebellar peduncles, transverse pon-
tine fibers and midline raphe) on T2-weighted or proton 
density images are thought to be highly sensitive findings
in MSA (52). Degeneration of pontine fibers is thought 
to be the basis for the “hot cross bun” sign (53). A com-
bination of dorsolateral putaminal hypointensity with a 
lateral linear hyperintensity on T2-weighted studies may 
be particularly characteristic (54).

Nerve conduction studies may disclose a mild sen-
sorimotor polyneuropathy, although clinical evidence 
is much less common than upper motor neuron signs. 
Sleep studies in the majority of MSA patients demonstrate 
abnormalities consisting of REM sleep behavior disorder, 
obstructive sleep apnea, and periodic limb movements 
during sleep (55).

Pathology

The gross findings at autopsy can include atrophy and 
darkening of the putamina and atrophy of the pons and 
cerebellum. Depigmentation of the substantia nigra may 
be present but is not universal. Microscopic examination 
reveals a distribution of degenerative changes (neuro-
nal loss, astrocytosis) involving the putamen, substantia 
nigra, pontine nuclei, Purkinje cell layer of the cerebel-
lum, inferior olives, locus ceruleus, and intermediolateral 
columns of the spinal cord. Involvement of the basal 
ganglia (SND) is more common than that of the cerebel-
lum (OPCA) (56).

The hallmark of the microscopic pathology of MSA 
is the finding of oligodendroglial inclusions known as 
glial cytoplasmic inclusions (GCIs) (57). These are found 
not only in the areas of greatest neuronal degeneration 
but also in the frontal cortex, globus pallidus, and cere-
bral and cerebellar white matter. Electron microscopy 
reveals that GCIs are composed of tubular filaments 20 to 
30 nm in diameter. Immunostaining identifies �-synuclein 
as a major constituent of GCIs, as it is of Lewy bodies.

Management

The management of MSA is more difficult than that of 
PD because of the greater resistance of its motor mani-
festations to medications, and the wider assortment of 
problems usually encountered. Nevertheless, many of its 
symptoms are amenable to therapy (Table 57-2). Ten per-
cent of MSA patients may show a dramatic response to 
levodopa, comparable to that of patients with PD (50). 
Overall, however, only one-third of MSA patients show 
any response to levodopa, and then the response is almost 
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always atypical in some way. If levodopa is unsuccessful or 
poorly tolerated, it is worth pursuing treatment with dopa-
mine agonists or amantadine, because individual patients 
may respond better to one of these agents. There is no 
consistently effective treatment for the cerebellar mani-
festations, but isoniazid, clonazepam, or wrist weights 
occasionally dampen an ataxic tremor. Spasticity almost 
never reaches the point of requiring therapy.

Autonomic disturbances are the most amenable to 
treatment (58). A variety of measures are effective for 
orthostatic hypotension (59, 60). A priority is to iden-
tify and reduce or eliminate medications that may be 
contributing to the problem. Nonpharmacologic mea-
sures include elevating the head of the bed, increasing 
salt and fluid intake, avoiding heat, and adopting spe-
cific body postures such as crossing the legs or squatting. 
Elastic stockings are effective but poorly tolerated due to 
the annoyance of constant pressure on the legs and the 
heat of summer. Orthostatic hypotension is most pro-
nounced on getting up after prolonged recumbence, as 
in the morning, and best in the middle of the day. Slow, 
staged arising from bed is advised, and activities are best 
scheduled during afternoons. Smaller meals make lower 
demands on the circulatory system. The most effective 
medications for orthostatic hypotension are the periph-
eral alpha-adrenergic antagonist midodrine and the min-
eralocorticoid fludrocortisone. Other potentially useful 
medications include low-dose propranolol, pyridostig-
mine, desmopressin, phenylpropanolamine, yohimbine, 
and indomethacin.

Urinary incontinence may be related to detrusor 
hyperreflexia, which may respond to anticholinergics such 
as oxybutinin or tolterodine. Urinary retention usually 
can be managed by intermittent catheterization. Either of 
these problems may ultimately require indwelling cath-
eterization. Consultation with a urologist to diagnose 
and treat these ailments is highly recommended. Male 
sexual dysfunction may also be treated with a variety of 
pharmacologic and nonpharmacologic measures, which 
are also best directed by a urologist. Patients with parkin-
sonism are frequently constipated. There are numerous 
measures to relieve this: increased fluid intake, exercise, 
a high-fiber diet, bulk-forming agents, laxatives, and oth-
ers. Respiratory stridor demands a consultation with an 
otolaryngologist. Tracheostomy may be indicated.

CORTICAL-BASAL GANGLIONIC 
DEGENERATION

In 1968, a report entitled “corticodentatonigral degenera-
tion with neuronal achromasia” (61) described 3 cases 
of the disorder we now know as corticobasal ganglionic 
degeneration (CBGD), often abbreviated as corticobasal 
degeneration. No further attention was paid to CBGD 

until 1985. Since then, however, it has generated a level 
of interest comparable to that of PSP and MSA.

Clinical Findings

The most striking aspect of the clinical picture of CBGD 
is the asymmetry with which it presents and pursues its 
course. In this it resembles PD more than any other type 
of degenerative parkinsonism. However, the addition 
of other motor findings such as dystonia, myoclonus, 
and apraxia (62) to the akinesia and rigidity results in 
CBGD being the least likely of the disorders discussed 
in this chapter to be mistaken for PD. As is typical of 
degenerative diseases, CBGD develops insidiously and 
progresses gradually.

The clinical findings in CBGD can be divided into 
3 categories: movement disorders (usually reflecting dys-
function in the basal ganglia), cerebral cortical signs, and 
others. Parkinsonism in the limbs consist almost exclu-
sively of akinesia and rigidity, with rest tremor being 
extremely rare. Other evidence of basal ganglia involve-
ment includes dystonia (usually fixed and often caus-
ing pronounced and/or painful deformities), postural 
instability, athetosis, and orofacial dyskinesias. Signs of 
cerebrocortical dysfunction consist of apraxia, cortical 
sensory loss, the alien limb phenomenon, dementia, and 
frontal lobe reflexes. Other manifestations of other or 
uncertain localization include an action tremor, focal 
reflex-action myoclonus, hyperreflexia, Babinski signs, 
and impaired ocular and eyelid motility.

The above description pertains to “classic” CBGD 
with a predominantly motor presentation. A variety of 
proposals for clinical diagnostic criteria have been pub-
lished, the latest being by Kumar and colleagues (63). The 
key concept in all these schemes is that patients must dem-
onstrate a combination of signs pointing to both basal 
ganglia and cerebral cortical involvement. Authors of 
one pathologic series have suggested that dementia may 
be the most common clinical syndrome associated with 
the pathologic picture of CBGD (64). Presentations can 
also include speech apraxia and progressive aphasia. It 
should also be noted that the “classic” CBGD picture 
described above is not specific to CBGD and has been 
associated with a variety of other pathologic findings (65). 
Thus, for a variety of reasons, the definitive diagnosis of 
CBGD requires compatible findings in both clinical and 
pathologic domains.

Epidemiology and Genetics

CBGD is the least understood of the Parkinson’s-plus 
disorders. Its relatively delayed rise to prominence has 
led to a lower profile among physicians in general and a 
presumably high rate of false-negative diagnoses. Never-
theless, it is likely that CBGD is somewhat less common 
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than either PSP or MSA. The average patient with CBGD 
is similar to one with PSP, a little older than a typical 
patient with PD. No cases with onset below age 40 have 
been recognized. The mean life expectancy from onset is 
8 years (66). There are no known risk factors.

The hereditary status of CBGD is unclear. One 
report describes 2 brothers with typical motor findings, 
but there has been no pathologic confirmation. Two fami-
lies were reported where the pathology was characteristic 
of CBGD, but the clinical presentation consisted almost 
exclusively of cognitive and behavioral deterioration with 
only rare basal ganglia manifestations (67).

Investigations

The most helpful type of study is brain imaging, either 
by CT or MRI. This will detect asymmetric atrophy of 
the cerebral cortex greater on the side opposite that more 
clinically involved, but this is seen in less than half the 
cases. Symmetric atrophy occurs in a like number. Signal 
hyperintensities on T2-weighted MRI in subcortical white 
matter may be found; these have been attributed to gliosis 
(68). A few patients will have normal imaging (69). Other 
routine studies are normal. Positron emission tomogra-
phy (PET) may demonstrate asymmetric striatal uptake 
of fluorolevodopa, and reduction of cortical metabolism 
using fluorodeoxyglucose as a marker.

Pathology

The clinical findings and imaging studies presage the 
pathologic findings. The cerebral cortex and basal gan-
glia, particularly the substantia nigra, carry the bur-
den of disease. Macroscopically, there is usually visible 
cerebral atrophy, often asymmetric and predominating 
in the medial areas of the frontal and parietal lobes. 
Sectioning of the brain usually reveals pallor of the sub-
stantia nigra.

Under the microscope the abnormalities follow the 
same pattern. In the cerebral cortex—particularly the supe-
rior frontal, precentral, and postcentral gyri—are abundant 
swollen (“ballooned”) poorly staining (“achromatic”) 
neurons amid nonspecific degenerative changes. These 
abnormal neurons are the most characteristic pathologic 
finding of CBGD. They do not contain discrete inclusion 
bodies such as neurofibrillary tangles or Pick bodies, but 
some surviving nonswollen cortical neurons do contain 
tau-positive inclusions. However, CBGD distinguishes 
itself from other tauopathies in that tau immunoreactiv-
ity predominates in cellular processes rather than in cell 
bodies, and these processes are mainly of glial origin. Tau-
positive “astrocytic plaques” in CBGD (70) are distinct 
from the “tufted astrocytes” of fellow tauopathy PSP (71). 
Oligodendroglial inclusions, known as coiled bodies, may 
be identified. In the substantia nigra, neuronal loss, depig-

mentation, extraneuronal melanin, and gliosis are found. 
Some residual nigral neurons contain inclusions known 
as corticobasal bodies that are morphologically similar 
to NFTs. Tau-positive cell processes and glial abnormali-
ties are abundant here as well. The putamen, caudate 
nucleus, globus pallidus, and subthalamic nucleus usually 
show similar changes to a more modest degree. The tau 
that accumulates in CBGD contains the same 4-repeat 
isoforms as seen in PSP.

Management

As with the other disorders discussed, there is no specific 
treatment for CBGD; therapy is currently purely symp-
tomatic (see Table 57-2) (40). Parkinsonism in CBGD is 
particularly resistant to treatment, and medication rarely 
provides any meaningful benefit. Somewhat more ame-
nable to therapy are the myoclonus (with clonazepam 
or valproate) and dystonia (with botulinum toxin) (72), 
but treatment of CBGD is usually a dismal exercise in 
frustration for patients, families, and physicians.

DEMENTIA WITH LEWY BODIES

Of all these disorders, dementia with Lewy bodies (DLB) 
is the one that most deserves the appellation “Parkinson’s 
plus.” DLB is best regarded as one facet of a triad of 
dementia, parkinsonism, and dysautonomia with under-
lying degenerative and Lewy body pathology (73–75), 
often called “diffuse Lewy body disease.” When demen-
tia is the presenting feature, this disease is diagnosed as 
DLB; when it begins as parkinsonism, we recognize it as 
PD; when dysautonomia is the initial manifestation, it 
is called pure autonomic failure (76). Much like MSA, 
the 3 component disorders of DLB can be seen in any 
sequence or combination (77).

Although some investigators maintain a division 
between DLB and the dementia that complicates preex-
isting PD (Parkinson’s disease dementia, or PDD) (78), the 
consensus committee that originally drew this distinction 
stated from the start that this was an arbitrary distinction 
intended to define a research cohort rather than reflect 
any true clinical or pathologic difference (79). The notion 
of the identity of DLB and PDD is supported by their 
common clinical (80, 81), neuropsychological (82–84), 
anatomic (85), and metabolic (86–88) imaging, and 
pathologic (89–92) manifestations. Reported differences 
between the two disorders are sequential, quantitative, 
and topographic rather than qualitative. Most authors 
currently accept the concept that DLB and PDD are the 
same disorder with differing presentations (80, 93, 94).

Indeed, the intraneuronal inclusions that give DLB 
its name were first described by Friederich Lewy in the 
basal forebrain and dorsal motor nucleus of patients 
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with PD (95). Tretiakoff would later name these inclu-
sions “Lewy bodies.” It was not until 1961 that a syn-
drome associating cortical Lewy bodies with dementia 
was described (96). Recent advances in ubiquitin and 
alpha-synuclein immunocytochemistry have led to the 
emergence of an increasingly well-defined syndrome, 
DLB. Owing to the complex nature of this syndrome, a 
consensus committee was organized to draw up diagnos-
tic guidelines. First published in 1996 (79), the consensus 
criteria have already undergone 2 revisions (97, 98).

Clinical Findings

The defining clinical feature of DLB is dementia. The 
cognitive impairment in DLB can manifest itself in 
numerous ways, including memory impairment, prob-
lems in executing multistepped tasks, losing one’s train 
of thought, or spatial disorientation. Major distinguish-
ing features from Alzheimer’s-type dementia include the 
much greater incidences of psychosis and cognitive fluc-
tuations in DLB. Hallucinations are typically visual in 
nature, and the subjects are usually human and mute. 
In mild cases, patients retain insight into the hallucina-
tions; they can describe them and ignore their presence. 
In more advanced cases, patients may feel alarmed or 
threatened; they may telephone police or emergency ser-
vices for help. Even when patients later acknowledge the 
absurdity of their psychosis, the utter realism that these 
hallucinations manifest may make it difficult for patients 
to accept their imaginary nature. DLB psychosis can also 
manifest as delusions, typically with a paranoid theme 
such as theft or infidelity. Cognitive fluctuations in DLB 
can involve variations in level of alertness or lucidity 
(99). Patients with DLB suffer from excess somnolence 
(100) and often spend the majority of their time in sleep. 
They frequently exhibit episodes of staring unresponsive-
ness (sometimes called “zoning out” episodes, or similar 
names, by caregivers) or times when their flow of ideas 
seems disorganized, unclear, or illogical, punctuating peri-
ods of relatively intact cognitive function (101).

In addition to cognitive and psychiatric features, 
the manifestations of clinical DLB include parkinsonism 
consistent with PD, REM sleep behavior disorder, and 
autonomic dysfunction (98). Although it is often stated 
that DLB patients do not respond well to levodopa, this 
likely reflects the conflicting effects of levodopa on cogni-
tion (102), which is also true of PD patients with subse-
quent dementia and limitations on dosage due to men-
tal side effects. From a motor standpoint, 75% of DLB 
patients improve on levodopa (103). Historically, dysau-
tonomia has been more closely related to PD than DLB 
but nevertheless is clearly associated with DLB as well 
(104–107). Indeed, autonomic dysfunction is common in 
DLB, where it may be even more pronounced than in PD 
(105, 108), suggesting that DLB can be associated with 

more widespread Lewy body pathology than PD. Patients 
with DLB demonstrate the same postganglionic cardiac 
sympathetic denervation as those with PD (109–111); 
paroxysmal orthostatic hypotension may be responsible 
for many of the cognitive fluctuations reported in DLB, 
particularly as characterized by staring unresponsiveness 
(104). The most common autonomic manifestation in 
DLB is orthostatic intolerance or the inability to tolerate 
standing upright, typically due to a loss of blood pressure 
in that position (105).

The above clinical description is reflected in the 
diagnostic criteria developed by the DLB Consortium 
(98). The consortium outlined criteria for (a) probable, 
(b) possible, and (c) no diagnosis of DLB. According to 
these criteria, any diagnosis of DLB requires the “central” 
feature of dementia, typically associated with deficits on 
tests of attention, executive function, and visuospatial 
ability. For a diagnosis of “probable” DLB, 2 of 3 “core” 
features—namely fluctuating cognition, recurrent visual 
hallucinations, and spontaneous (i.e., not drug-induced) 
parkinsonism—are required. Alternatively, a diagnosis 
of probable DLB may be made in the presence of one 
core feature and one of the following “suggestive” fea-
tures: REM sleep behavior disorder, severe neuroleptic 
sensitivity, or low dopamine transporter uptake in basal 
ganglia (all phenomena associated with PD) on single 
photon emission computed tomography (SPECT) or PET. 
Any core or suggestive feature in isolation in a demented 
patient leads to a diagnosis of “possible” DLB. Clinical 
features “supportive” of the diagnosis of DLB are com-
mon but lack diagnostic specificity and include repeated 
falls, syncope, transient losses of consciousness, auto-
nomic dysfunction, delusions, and depression. Factors 
weighing against a diagnosis of DLB are cerebovascu-
lar disease, other physical illness, neurologic disorders, 
or onset of parkinsonism at a severe stage of dementia 
(the arbitrary distinction discussed above). Diagnostic 
accuracy using previous versions of the DLB Consortium 
criteria has consistently combined high specificity with 
low sensitivity (112).

Epidemiology and Genetics

Accurate epidemiologic data regarding DLB are sparse. 
Clinical recognition and diagnostic pathologic studies 
are relatively recent in origin. Thus incidence and preva-
lence estimates continue to grow; they vary widely in 
the limited number of available studies (113). DLB is 
now recognized as the second most common cause of 
dementia, probably responsible for 10% to 20% of all 
cases (112). There is a mild but consistent male pre-
dominance. The age of onset is typically between 50 
and 80 years. No epidemiologic studies have established 
any identifiable environmental risk factors. Although 
most cases of DLB are not familial, pathologic studies 
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have determined that having a parent with cortical Lewy 
body disease confers a risk of developing dementia in 
offspring of up to 20% (91). The E46K mutation of the 
alpha-synuclein gene may produce a syndrome of DLB 
as well as PD (114, 115).

Investigations

There is no definitive laboratory test for DLB, although 
several studies can aid in diagnosis, particularly in dis-
tinguishing DLB from AD. Low dopamine transporter 
(DAT) uptake in the basal ganglia, as assessed by SPECT 
or PET imaging, favors a diagnosis of DLB over AD 
(116, 117). Metaiodobenzoguanidine (MIBG), which 
quantifies postganglionic sympathetic innervation to the 
heart, is reduced in DLB and normal in AD (109, 110). 
Anatomic MRI findings in DLB should reflect relative 
preservation of hippocampal and medial temporal lobe 
volume with atrophy of the putamen. 

Pathology

The fundamental pathologic finding in DLB is the pres-
ence of abundant Lewy bodies in cerebral cortex (91). 
The classic Lewy body is a microscopic structure 5 to 
30 µm in diameter. It is a cytoplasmic (intracellular and 
extranuclear) inhabitant with a dense eosinophilic center 
and a pale outer region on hematoxylin and eosin stain-
ing. Under the electron microscope, the core is composed 
of dense granular material, while the halo contains radi-
ally arrayed filaments. In recent years, we have come to 
recognize that Lewy bodies of the cerebral cortex have a 
less stratified and more homogeneous appearance, essen-
tially resembling a core without a halo. The chemical 
composition of Lewy bodies remained largely a mystery 
until 1997, when Polymeropoulos and colleagues discov-
ered that the gene carrying the mutation in a family with 
autosomal dominant PD coded for the protein �-synuclein 
(118). Further study led to the discovery that Lewy bod-
ies, even in sporadic cases, consist of dense aggregations 
of �-synuclein along with a multitude of other proteins 
including parkin, ubiquitin, ubiquitin C-terminal hydro-
lase L1 (UCH-L1), synphilin 1, torsin A, Pael-R, a num-
ber of other components of the ubiquitin-proteasome sys-
tem, and heat-shock proteins (119–121). Perhaps equally 
notable is the absence of other major proteins such as DJ-1 
(122) and non-alpha forms of synuclein. Tau is usually 
considered absent as well, although it has been spotted 
in the periphery of some Lewy bodies (123).

The DLB Consortium revised its recommendations 
for identifying cortical Lewy bodies and Lewy neurites 
to include immunohistochemical staining for �-synuclein
(89). The consortium also emphasized semiquantitative 
grading of inclusion density into 5 categories: none, mild, 
moderate, severe, and very severe. At autopsy, coinciding 

neuropathologic findings consistent with AD (cortical 
amyloid plaques and neurofibrillary tangles) are fre-
quently seen (124).

Management

Effective management of DLB rests on the prerequisites 
of accurate diagnosis and prompt recognition of com-
plications. As with other degenerative diseases, treat-
ment is symptomatic in nature. The main symptoms 
amenable to treatment are cognitive decline, psychosis, 
REM sleep behavior disorder, parkinsonism, and auto-
nomic complications.

First-line treatment for cognitive impairment con-
sists of cholinesterase inhibition (125, 126), which is 
sometimes felt to be more effective in DLB than AD (103). 
Cholinesterase inhibitors may improve not only cognitive 
impairment but also hallucinosis, delusions, and sleep 
disturbances (93, 127). Psychosis can be treated with 
quetiapine or clozapine with minimal risk of aggravating 
parkinsonism (126, 128).

Levodopa therapy is the most appropriate therapy 
for parkinsonism in DLB owing to its efficacy (103) and 
relatively low incidence of cognitive side effects. Anticho-
linergic medications, on the other hand, have the high-
est propensity among antiparkinsonian medications to 
cause cognitive and psychiatric side effects and should 
be avoided. Treatment of depression is identical to that 
of depression outside of DLB. Clonazepam at bedtime 
can be helpful for REM sleep behavior disorder. For a 
discussion of management of autonomic complications, 
see Table 57-2. In all cases, owing to the precarious cog-
nitive state of patients, care should be given to starting 
pharmacologic therapy with small doses and keeping 
dosage adjustments small. Nonpharmacologic treatments 
involve patient and caregiver awareness, increased daily 
stimulation, and supplemental aids for activities of daily 
living, including weighted utensils and writing devices 
and physical and speech therapy.

FRONTOTEMPORAL DEMENTIA WITH 
PARKINSONISM

The term frontotemporal dementia and parkinsonism 
linked to chromosome 17 (FTDP-17) has been coined to 
unify a group of hereditary disorders that share important 
clinical and pathologic features (129) as well as a genetic 
basis of mutations in the tau and progranulin genes on 
the long arm of chromosome 17. FTDP-17 is included 
in this chapter because of the link to tauopathies, PSP, 
and CBGD. However, it is the obvious exception among 
these diseases in that there are confirmatory diagnostic 
tests, even though gene sequencing is not yet routine or 
widely available.
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Although individual kindreds express seem-
ingly distinctive clinical features, the presentation of 
FTDP-17 can be roughly categorized as either demen-
tia or parkinsonism. If cognitive changes predominate, 
other manifestations including parkinsonism tend to 
occur late or not at all. In these patients behavioral 
abnormalities may be striking, including aggression, 
disinhibition, irritability, withdrawal, and paranoid 
actions. If an akinetic-rigid syndrome develops first, 
dementia soon follows, and there are a greater variety 
of additional features such as amyotrophy, dystonia, 
spasticity, and ocular motor dysfunction. This broad 
division may reflect the presence of mutations in differ-
ent regions of the tau and progranulin genes. However, 
this is likely an oversimplification in view of the clinical 
heterogeneity within families. For example, in one family 
with FTDP-17, the father developed a typical dementia 
while his son presented with a motor syndrome sugges-
tive of CBGD (130).

The pathologic findings of FTDP-17 reflect the clini-
cal features. The most consistent abnormality is atrophy, 
often with spongiform changes, of the cerebral cortex, 
predominating in the frontal and temporal lobes. Depig-
mentation, neuronal loss, and gliosis in the substantia 
nigra are common. Degeneration of other basal ganglia—
including the caudate nucleus, putamen, and subthalamic 
nucleus—may be prominent (131). A variety of tau-positive 
neuronal and glial inclusions are present.

Recognition of FTDP-17 is a recent phenomenon, 
and cases remain rare.

CONCLUSION

Growing interest in Parkinson’s-plus diseases has resulted 
in the accumulation of an impressive body of information 
about PSP, MSA, CBGD, and DLB. Yet we are unable to 
make fundamental changes in the outlook for patients 
because the etiology and pathogenesis have eluded the 

grasp of research so far, and it appears that we remain a 
long way from developing definitive treatments. Fortu-
nately, frustration has not set in, and efforts at untangling 
this mysterious area of neurology have intensified. Never 
has the degree of interest in these disorders been as great 
as it is at present.

Much of the recent scientific excitement surround-
ing Parkinson’s-plus diseases stems from the realiza-
tion that mutations in the tau gene produce nervous 
system disease that is not far removed from PSP and 
CBGD. The potential that the study of FTDP-17 holds 
for shedding light on the etiology and pathophysiol-
ogy of PSP and CBGD is enormous. Furthermore, the 
discovery of FTDP-17 has accelerated a paradigm shift 
in the nosology of degenerative diseases, moving from 
clinicopathologic entities to clinicopathogenetic correla-
tions. Unfortunately, this has reminded us that although 
genetic knowledge gives us crucial information regarding 
the identity or multiplicity of hereditary conditions, it is 
insufficient to predict either clinical or pathologic effects 
on the nervous system. Production of seemingly disparate 
clinical and pathologic syndromes from identical muta-
tions is common to many genes other than that coding 
for tau (132). Clearly we will need to understand more 
than simply the genetic trigger to explain how members 
of the same family with the same mutations develop 
different clinicopathologic “entities.”

Nevertheless, optimism that we are near to solving a 
major riddle of this complex puzzle is difficult to restrain. 
The identification of biological markers for specific dis-
eases, which is among the most coveted of research goals, 
seems almost within our grasp. Perhaps the closest of 
these diseases to being understood is PSP, because of the 
number of well-documented affected families. The infor-
mation we derive from them should enlighten us to a great 
degree about the pathogenesis and pathophysiology of 
PSP in general. The most encouraging development in 
this field has been the increasing dedication to study of 
all the diseases discussed in this chapter.
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Symptomatic Parkinsonism

arkinson’s disease (PD) is an idio-
pathic condition resulting from 
degeneration of the pigmented nuclei 
in the brain, particularly the substan-

tia nigra. The pathologic hallmark is the presence of intra-
cytoplasmic eosinophilic inclusions called Lewy bodies (see 
Chapter 21). The symptoms are typically asymmetrical and 
insidious in onset, with gradual progression.

The term “parkinsonism” refers to a variable clini-
cal combination of signs including bradykinesia, tremor, 
rigidity, and postural instability. Bradykinesia plus 1 of 
the other 3 signs meets the criteria for parkinsonism. 
Symptomatic parkinsonism describes a heterogeneous 
group of disorders due to an identifiable agent or etiology. 
A variety of etiologies may cause parkinsonism, includ-
ing infections, drugs, toxins, and structural lesions. In 
some cases, it may be impossible to distinguish PD from 
symptomatic parkinsonism by clinical features alone. An 
extensive review of the medical history and diagnostic 
tests, such as neuroimaging, can aid in making the cor-
rect diagnosis. A classification of symptomatic parkin-
sonism appears in Table 58-1. The discussion of more 
widespread central nervous system degenerative diseases 
causing parkinsonism has been excluded, as they are cov-
ered in Chapter 53. In this chapter, various etiologies of 
symptomatic parkinsonism, their evaluation, and their 
treatment are discussed.

Sanjay S. Iyer
William T. Garrett
Kapil D. Sethi

INFECTION

In 1893, Blocq and Marinesco first reported parkinson-
ism secondary to infection in a patient with a tubercu-
loma residing in the substantia nigra (1). In the 1920s, 
infection with the influenza type A virus was associated 
with the development of postinfectious parkinsonism 
in a large number of patients. Since that time, there 
have been sporadic reports of other infectious processes 
causing parkinsonism. At present, infectious causes of 
parkinsonism are very rare.

Encephalitis Lethargica and 
Postencephalitic Parkinsonism

From 1919 to 1926, there were several pandemic out-
breaks of encephalitis lethargica (EL; also known as Von 
Economo’s encephalitis), which presented with headache, 
fever, somnolence, and ophthalmoplegia (2). After a vari-
able delay, a number of patients developed parkinsonism 
associated with psychiatric abnormalities, ophthalmople-
gia, oculogyric crisis, blepharospasm, and tics (3, 4). In 
postencephalitic parkinsonism (PEP), tremor tends to be 
less prominent than in PD, and other movement disorders, 
like dystonia, may be seen. Oculogyric crisis (OGC) does 
not occur in PD and is characterized by forceful deviation 
of the eyes, usually down or upward and laterally (5). 

P
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The attacks are sometimes accompanied by obsessional 
thoughts, fear, and anxiety. The parkinsonism tends to 
follow a relatively static course, but the worsening of 
signs and symptoms is well documented (6).

The clinical features and pathologic findings are simi-
lar to those of progressive supranuclear palsy (PSP) (7–9). 
However, in contrast to PSP, PEP has an earlier age of onset, 
a history of encephalitis, a longer disease course, OGC, and 
responsiveness to levodopa (4). The pathology includes 
devastation of the zona compacta of the substantia nigra 
and less often the locus ceruleus. Microscopically, Lewy 
bodies are not seen; instead, neurofibrillary tangles are 
found. In patients who died soon after disease onset, peri-
vascular cuffing with lymphocytes was seen. Although EL 
is associated with the influenza type A virus of 1918–1919, 
the relationship has never been definitively proven.

Parkinsonism is rarely associated with other forms 
of viral encephalitis, including the arboviruses, measles, 
polio, coxsackievirus, echoviruses, herpes simplex, vari-
cella, Japanese encephalitis, and Western equine encepha-
litis (2, 10, 11). Parkinsonian features such as masked 

facies, tremor, rigidity, and gait impairment can be seen 
during the acute infection but usually resolve following 
recovery from the encephalitis. If parkinsonian symptoms 
persist, neuroimaging may demonstrate lesions in the sub-
stantia nigra, thalamus, and basal ganglia (10).

Before the advent of levodopa, PEP was treated with 
amphetamines and belladona. Levodopa was shown to be 
of benefit in a double-blind study (12). The response to 
levodopa in PEP is inconsistent and may wane after excel-
lent improvement. In a follow-up of 50 patients, one-third 
continued to benefit, one-third showed no response, and 
the other patients could not tolerate levodopa (13). OGC 
may respond to anticholinergics and levodopa. However, 
levodopa may sometimes worsen OGC.

Other Infectious Etiologies

Neurologic complications, including parkinsonism, may 
occur in patients with acquired immunodeficiency syn-
drome (AIDS) (14). The parkinsonian features may be 
caused by secondary AIDS-associated cerebral infections 
or primary cerebral infection with human immunode-
ficiency virus (HIV) alone (14, 15). In addition, AIDS 
patients are particularly sensitive to neuroleptics and 
may develop severe drug-induced parkinsonism very 
quickly and on low doses. Some patients, including chil-
dren with HIV-associated progressive encephalopathy 
and parkinsonism, may respond to levodopa (16).

Other infectious processes may also rarely be asso-
ciated with parkinsonism. Adler et al. described a case 
of an intravenous drug user with subacute parkinson-
ism secondary to bilateral fungal striatal abscesses (17). 
Mycoplasmal pneumonia may lead to bradykinesia and 
chorea in some children (18). Parkinsonism associated 
with syphilis and cryptococcal and cysticercal infection 
has also been described (19–22). Eleven patients have 
also been reported with parkinsonism as a neurologic 
manifestation of West Nile virus (23).

DRUG-INDUCED PARKINSONISM

Drug-induced parkinsonism (DIP) is the most common 
cause of symptomatic parkinsonism. DIP is often mis-
diagnosed as PD because the clinical features of these 
conditions may be indistinguishable. Although several 
medications may be associated with DIP (Table 58-2), 
dopamine-blocking agents (DBA) are the most common 
offenders.

Dopamine-Blocking Agents

Parkinsonism may be secondary to DBAs, such as neu-
roleptics (25, 26) and metoclopramide (27). All classes 
of neuroleptics have been implicated. Veralipride, a ben-
zamide derivative now used more commonly to treat hot 

TABLE 58-1
A Classification of Parkinsonism

1. Infections
Encephalitis lethargica and postencephalitic 

parkinsonism
Other encephalitids

Western equine encephalitis
Japanese B encephalitis
Cytomegalovirus
West Nile virus

Human immunodeficiency virus
Creutzfeldt-Jakob’s disease
Fungal infections
Mycoplasmal pneumonia
Tuberculosis

2. Drug-Induced Parkinsonism (Table 58-2)
3. Toxin-Induced Parkinsonism

Manganese
Carbon monoxide
Cyanide
Carbon disulfide
Methyl alcohol

4. Structural lesions
Hydrocephalus
Brain tumors
Intracranial hemorrhage
Multiple infarcts

5. Miscellaneous
Posttraumatic parkinsonism
Demyelinating disease
Alcohol withdrawal
Sjögren’s syndrome
Psychogenic parkinsonism
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flushes, can induce parkinsonism (28). Additionally, reports 
have implicated two newer atypical antipsychotics, ziprasi-
done and aripiprazole, as causing DIP (29, 30). DIP may 
be indistinguishable on physical examination from PD; 
therefore it may not be recognized (25, 26). The incidence 
of DIP is between 15% and 40% in patients receiving neu-
roleptics, and its prevalence increases with age (26). DIP 
tends to occur subacutely after drug exposure. However, 
the length of time from the initiation of a neuroleptic drug 
to the onset of symptoms is variable; in one series, the mean 
length of exposure was as much as 6.3 years (26).

All motor parkinsonian features may be seen in DIP, 
including rigidity, bradykinesia, tremor, and a gait distur-
bance (26, 31). Some authors suggest that symmetric signs 
and the absence of tremor are typical of DIP (31); however, 
asymmetric tremor may be seen in 33 to 50 percent of 
patients (26, 31). In contrast to PD, rigidity is more com-
mon than tremor in DIP, but a tremor-dominant disorder 
may also be seen (26).

The exact pathophysiologic mechanism of DIP is 
not clear, but it is probably related to direct D2 dopamine 
receptor blockade. The majority of patients treated with 
neuroleptic medications will not develop DIP; this sug-
gests that individual susceptibility exists. Risk factors 
include age, female gender, the use of a higher-potency 
DBA, and possibly previous brain injury. There is some 
evidence that patients who develop DIP may have sub-
clinical Lewy body PD, in which disease onset is hastened 
by the DBA. This unmasking may be the reason that 
parkinsonism fails to resolve in some patients following 
withdrawal of the DBA. In a clinicopathologic study of 
2 patients with presumed DIP, Lewy bodies were found at 
autopsy even though the symptoms and signs of parkin-
sonism had resolved after the DBA was stopped (32). An 
F-dopa PET study demonstrated similar findings. Patients 
with DIP and normal putamenal uptake of F-dopa had 
subsequent improvement in their parkinsonism following 
neuroleptic cessation, while those with reduced uptake in 
the putamen had continued or progressive disease despite 
stopping the offending agent (33).

Treatment of DIP depends largely on the ability to 
withdraw the offending medication. If it is not possible 
to withdraw it, patients should be placed on the lowest 
efficacious dose or changed to an atypical agent such 
as clozapine or quetiapine. Levodopa treatment has not 
been studied systematically and the concern is that it may 
worsen existing psychosis (26). Although anticholinergics 
may be beneficial, amantadine proved to be superior in 
one double-blind study (34).

Other Medications Associated 
with Parkinsonism

Dopamine-depleting agents, such as reserpine and 
tetrabenazine, may also produce DIP (35). These medi-
cations are currently used in the treatment of hyperkinetic 
movement disorders such as chorea and dystonia. Flu-
narizine and cinnarizine, calcium channel blockers chemi-
cally related to neuroleptics (currently unavailable in the 
United States), are also associated with parkinsonism. 
The parkinsonism may persist for long periods (36). 
Possible mechanisms include prevention of striatal cell 
activation due to the inhibition of calcium influx vs. 
direct dopamine receptor antagonism (37). Other cal-
cium channel blockers—including amlodipine, diltiazem, 
and verapamil (38–40)—have also rarely been associated 

TABLE 58-2
Drugs Inducing Parkinsonism

Inhibitors of Dopamine Synthesis or Formation of 
a False Neurotransmitter
Alpha methyl-paratyrosine
Alpha methyldopa

Inhibitors of Presynaptic Dopamine Storage
Reserpine
Tetrabenazine

Blockade of Postsynaptic D2 Receptors:
Neuroleptics

TRADE NAME GENERIC NAME

1. Phenothiazines
   Compazine Prochlorperazine

  Etrafon (Triavil) Perphenazine and
Amitriptyline

  Mellaril Thiordazine
  Phenergan Promethazine
  Prolixin Fluphenazine
  Serentil Mesoridazine
  Stelazine Trifluoperazine
  Thorazine Chlorpromazine
  Torecan Thiethylperazine
  Trilafon Perphenazine

2. Butyrophenones
  Haldol Haloperidol

3. Thioxanthenes
   Navane Thiothixene
4. Benzamides
   Reglan Metoclopramide
   Agreal Veralipride
5. Dihydroindolone
   Moban Molindone
6. Dibenzoxazepine
   Loxitane Loxapine
Miscellaneous D2 Blocking Agents
   Tetrabenazine
   Flunarizine
   Amoxapine
   Trimetazidine
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with parkinsonism. The existence of lithium-induced 
parkinsonism is debatable (41). While the patients treated 
with lithium often have tremor and myoclonic jerks, 
typical parkinsonism appears to be rare. The symptoms 
resolve after discontinuation of the drug. Trimetazidine, 
an antianginal agent, has also been reported to cause 
parkinsonism (42).

A variety of other medications have been rarely asso-
ciated with parkinsonism. These include chemotherapeutic
agents (5-fluorouracil, doxorubicin, and vincristine), 
cardiac medications (amiodarone, alpha methyldopa), 
histamine-2 (H2) antagonists (cimetidine), immunosup-
pressants (cyclosporine), antiepileptics (valproic acid), and 
antidepressants, including the serotonin-specific reuptake 
inhibitors trazodone and bupropion (43–52). 

TOXIN-INDUCED PARKINSONISM

Parkinsonism may be caused by a variety of toxins, 
including carbon monoxide, 1-methyl-4-phenyl-1,2,5,
6-tetrahydropyridine (MPTP), manganese, and cyanide. 
The onset of symptoms is usually subacute following 
exposure to the toxin and the course may be progres-
sive. Historical clues can suggest possible toxin exposure 
leading to an appropriate diagnosis.

Carbon Monoxide

Carbon monoxide is a colorless, odorless, nonirritating 
toxic gas. Sources of carbon monoxide that may lead to 
poisoning include natural gas, smoke, automobile exhaust, 
and methylene chloride in paint remover (53). The diagno-
sis of carbon monoxide exposure is usually suggested by the 
history and clinical suspicion. The diagnosis is confirmed by 
elevated carboxyhemoglobin levels in the blood (54).

Clinically, patients with carbon monoxide poi-
soning present with tachycardia, tachypnea, headache, 
nausea, syncope, seizures, or coma. The classic findings 
of cyanosis—cherry-red lips and retinal hemorrhages—
rarely occur (54). Delayed clinical presentations include 
neuropsychiatric symptoms such as cognitive and person-
ality change, psychosis, dementia, and parkinsonism (55). 
Although all features of parkinsonism may be observed, 
rigidity, bradykinesia, and postural instability may be 
more common than tremor (54).

Carbon monoxide is easily absorbed from the lungs 
and competes with oxygen for binding to hemoglobin. The 
toxicity appears to result not only from hypoxia but also 
from direct cellular injury (54). The most common findings 
on computed tomography (CT) are symmetrical, diffuse, 
low-density lesions in the globus pallidus and cerebral 
white matter (53). Changes seen on magnetic resonance 
imaging (MRI) may be dramatic, with pallidal lesions, 
representing necrosis, being the dominant feature.

In the acute setting, the patient should be quickly 
removed from the source of carbon monoxide exposure 
and treated with 100% oxygen. A carboxyhemoglobin 
level should be checked; however, that level does not 
correlate with clinical symptoms. Patients with respira-
tory compromise may require mechanical ventilatory sup-
port. Other than coma, the indications for hyperbaric 
oxygen therapy are controversial (54). The parkinsonism 
responds poorly to levodopa. The delayed clinical symp-
toms may resolve over time (54).

MPTP

MPTP (see Chapter 34) is a chemical by-product of 
1-methyl-4-phenyl-4-propionoxy-piperidine (MPPP) syn-
thesis and can contaminate MPPP manufactured in illicit 
drug operations. In fact, this adulteration is what led to 
the appearance of MPTP-induced parkinsonism. Irrevers-
ible parkinsonism associated with MPTP exposure was 
originally reported in a drug addict in 1979 (56) and was 
characterized more fully in 1983 (57).

Acute MPTP intoxication produces symptoms that 
differ from those due to heroin, such as severe burning 
at the injection site, dimming of vision during drug injec-
tion, and a different feeling of euphoria (57). Individuals 
exposed to MPTP may develop all the classic features of 
parkinsonism subacutely, with the onset of symptoms 
approximately 2 weeks following exposure (56). The 
most common clinical features include bradykinesia, 
rigidity, and postural instability. Rest tremor can occur 
but is much less common than in PD (57). The parkinson-
ism becomes severe very quickly.

MPTP toxicity results in parkinsonism by selectively 
damaging dopaminergic neurons in the substantia nigra. 
After intravenous injection, MPTP crosses the blood-brain 
barrier and is then converted to 1-methyl-4-phenyl-pyridine 
(MPPC) by monoamine oxidase B in the glia.  MPPCis taken 
up by dopamine-containing cells in the substantia nigra, 
where it causes degeneration by inhibiting mitochondrial 
energy production (58). This selective destruction of nigros-
triatal neurons led to the development of animal models 
that have become a research tool in PD (58).

Patients with MPTP-induced parkinsonism respond 
to levodopa in a manner similar to that seen in those 
with PD. However, these patients may develop levodopa-
induced side effects including dyskinesia, fluctuations, 
and hallucinations very early (59).

Manganese

Manganese is used in the manufacture of chlorine gas, 
dry-cell batteries, paints, varnish, enamel, linoleum, and 
as an antiknock agent in gasoline. Manganese enters 
the body through the inhalation of dust particles or by 
ingestion (60).
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The effects of chronic manganese intoxication were first 
described by Couper in 1837 (61). The clinical presentation 
is stereotypical and includes bradykinesia, postural instabil-
ity, and rigidity. The gait is characterized by extension of the 
spine, elbow flexion, and toe-walking (cock-walk). Tremor 
is less frequent and may have a flapping quality similar to 
that seen in Wilson’s disease (61). A psychiatric prodrome 
of irritability, emotional instability, psychosis (locura man-
ganica), and dystonia occur, typically from manganese dust 
inhalation in miners; however, these features are not seen 
in industrial manganese intoxication (62).

The severity of the clinical features of manganese 
intoxication does not correlate with tissue manganese levels 
(61, 62). Pathologic studies have demonstrated degeneration 
in the internal segment of the pallidum, caudate nucleus, 
putamen, and rarely of the substantia nigra (60, 61). Possi-
ble mechanisms of manganese toxicity include dopaminer-
gic toxicity, free radical production, or 6-hydroxydopamine 
production (61). MRI scans generally show high signal in 
the globus pallidus on T1-weighted images.

Treatment with chelating agents has proven ineffective, 
possibly because tissue injury may occur even when tissue 
levels of manganese are low (61, 62). Removal of the man-
ganese source may lead to stabilization or improvement of 
the symptoms. Levodopa may be beneficial in some patients, 
although in most the improvement is transient. Severely 
affected patients may not respond to levodopa (62).

Carbon Disulfide

Carbon disulfide is a solvent used as a fumigant in the 
grain storage and rayon industries (63). Patients exposed 
to carbon disulfide may clinically exhibit cerebellar dys-
function, hearing loss, peripheral neuropathy, chorea, 
and parkinsonism. The parkinsonian features include 
rest tremor, gait and postural instability, rigidity, and 
bradykinesia (64).

The exact mechanism by which carbon disulfide tox-
icity occurs is not known, but it may involve the binding 
of trace metals that interrupt certain enzymatic activities 
(64). Brain MRI may reveal findings consistent with cen-
tral demyelination (64). 

Other Toxins

A variety of other toxic exposures have also been associ-
ated with parkinsonism. These rare causes include petro-
leum waste, hydrocarbons (n-hexane), diquat, paraquat, 
cyanide, and methanol (65–68).

STRUCTURAL LESIONS

Structural lesions that, either directly or indirectly, affect 
the basal ganglia may produce parkinsonism. Lesions 
secondary to hypoxia, hydrocephalus, tumors, vascular 

disease (including strokes and vascular malformations), and 
demyelination have been associated with parkinsonism.

Hydrocephalus

Hydrocephalus has been reported as a cause of 
parkinsonism (69). Patients may develop parkinsonian 
symptoms months or years after their initial presentation 
with hydrocephalus, or the parkinsonism may develop 
acutely from shunt failure. Revision of the shunt results 
in amelioration of the acute exacerbation (70). Clinically, 
patients may manifest tremor, rigidity, and bradykinesia. 
They can also have a characteristic shuffling gait with 
postural instability. Patients often develop Parinaud’s 
syndrome prior to the onset of parkinsonism (69).

Normal-pressure hydrocephalus (NPH) is a condi-
tion characterized by the triad of gait apraxia, mental 
status changes, and urinary incontinence. Poor postural 
reflexes and flexed posture may be seen (71). NPH should 
be differentiated from dementia with atrophy and hydro-
cephalus ex vacuo.

The hydrocephalus should be treated either by shunt-
ing or by shunt revision in the case of malfunction. If 
the parkinsonian symptoms do not respond to shunting, 
some patients will respond to dopaminergic therapy with a 
dopamine agonist or levodopa. Most patients will achieve 
adequate control of their symptoms and some may eventu-
ally be weaned off dopaminergic therapy (69).

The mechanism that leads to parkinsonism from hydro-
cephalus is not known; however, it is believed that pressure 
on the white matter tracts or striatum plays a role.

Tumors

Tumors, appropriately placed, can be a rare cause of 
parkinsonism. The tumors associated with parkinsonism 
may occur in several regions of the brain including the 
striatum, frontal lobe, temporal lobe, parietal lobe, thala-
mus or hypothalamus, substantia nigra, midbrain, and 
third ventricle (72, 73). A variety of tumor types have 
been reported, including glioma, meningioma, lymphoma, 
fibrosarcoma, and metastasis (72).

The pathologic mechanism leading to parkinson-
ism may be either the direct infiltration of tumor cells or 
indirect mass effect causing impaired metabolism of the 
striatum. Rarely, direct or indirect compression of the 
midbrain leads to parkinsonism (72).

Vascular Disease

The concept of vascular or arteriosclerotic parkinsonism 
was introduced by Critchley in 1929 (74) and has been a 
matter of debate for decades. The existence of this phe-
nomenon now appears to be supported by both clinical 
and pathologic studies (75–77).
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Vascular parkinsonism may have a variety of clinical 
presentations and may be acute or subacute in onset. The 
symptoms may include all the classic motor features of 
PD. Symptoms are usually bilateral but may be unilateral 
(78). Unlike those with PD, the majority of patients with 
hemiparkinsonism due to a focal ischemic lesion do not 
exhibit tremor (79). The course of vascular parkinsonism 
may be stable from onset, may be progressive, or may 
resolve spontaneously (80). A subgroup of patients may 
present with lower body parkinsonism—minimal upper 
extremity involvement with predominant lower extremity 
symptoms, including a freezing gait (81). The symptoms 
may occur as the result of multiple small vessel infarcts or 
a large single one (74, 77). These patients have risk factors 
for stroke, including hypertension and diabetes mellitus.

Vascular parkinsonism may result from interruption 
of the nigrostriatal pathway or by direct involvement of the 
striatum or globus pallidus externa, causing decreased inhibi-
tory input to the globus pallidus interna. This cascade would 
lead to excessive inhibition of the thalamus by the globus 
pallidus interna, thus producing parkinsonism (77).

Some patients with persistent symptoms may respond 
to levodopa, especially if the vascular lesion interrupts the 
nigrostriatal pathway. Cases secondary to direct striatal 
involvement may not respond (77).

Intracranial Hemorrhage

Intracranial hemorrhage may occur secondary to head 
trauma, arteriovenous or other vascular malformations, 
or aneurysm. They may be subdural, epidural, intrace-
rebral, or subarachnoid in location. The first report of a 
chronic subdural hematoma producing parkinsonism was 
by Samily in 1968 (82). This problem may also aggravate 
the symptoms already present in PD.

Clinically, patients may exhibit any of the classic 
features of parkinsonism (82). Patients with hemorrhagic 
lesions may complain of headache or have other findings, 
such as altered mental status, suggestive of a diagnosis other 
than PD (82). Hemorrhagic lesions may cause parkinson-
ism by anatomically distorting the basal ganglia and mid-
brain structures. This may affect metabolic function of 
the involved neurons (82). It is important to realize that 
sudden worsening in a patient with PD may be due to a 
subdural hematoma caused by negligible trauma.

Surgical intervention, such as draining a subdural 
hematoma, or spontaneous resolution of the hemorrhage 
may result in improvement in the patient’s symptoms. 
Levodopa may be useful in some patients with persistent 
symptoms (82).

Posthypoxic Parkinsonism

Anoxic brain injury from cardiac arrest or other events 
may result in parkinsonism. Neuroimaging may reveal 
lesions in the striatum or the globus pallidus.

Demyelinating Disease or Multiple Sclerosis

A few cases reported in which parkinsonian symptoms 
emerged in patients with multiple sclerosis (MS). How-
ever, most of these are attributable to the coincidental 
occurrence of PD in patients with MS; a clear anatomic 
lesion correlating with the parkinsonian features could 
not be identified (83). There is one case of a patient 
with MS who developed bilateral cogwheel rigidity and 
akinesia associated with a demyelinating lesion in the 
substantia nigra. This patient’s symptoms resolved with 
corticosteroid treatment (83).

Posttraumatic Parkinsonism

An isolated head injury usually does not lead to parkin-
sonism unless it is severe enough to cause loss of con-
sciousness and significant brain damage, especially to the 
basal ganglia (84). However, multiple minor (subconcus-
sive) head injuries may cause cumulative damage to the 
brain, resulting in characteristic dysarthria, parkinsonism 
(all features), and dementia. This syndrome occurs in 
boxers who have experienced multiple knockouts (i.e., 
dementia pugilistica) (85). In this situation, the severity 
of symptoms correlates with length of career, number of 
fights, and number of blows. The damage may be due to 
rotatory forces of the skull and brain in opposite direc-
tions and tearing of neurons. Despite cessation of box-
ing, the encephalopathy usually progresses to very severe 
levels (86). Radiologically, this is characterized by diffuse 
brain atrophy and a large cavum septum pellucidum. 
Pathologically, diffuse neurofibrillary tangles and neu-
ronal loss are seen. The parkinsonism may not respond 
to levodopa. Rarely, parkinsonism has been described 
following electrical injury (87).

Psychogenic Parkinsonism

Psychogenic parkinsonism is not common; however, psy-
chogenic tremor is often seen (88). This tremor is usually 
complex (occurring at rest as well as with changes in pos-
ture and action) and of variable frequency, direction, and 
location. The bradykinesia takes the form of a deliberate 
slowness, with no change in amplitude of movement, 
and can be variable. These patients often have bizarre 
gait disorders, deliberate stiffness, and dramatic, cata-
strophic responses to shoulder pull without falling. Psy-
chogenic disorders usually have an abrupt, severe onset 
and secondary pain may be present. A normal neurologic 
examination and distractability further support a func-
tional problem. Detailed history often reveals underlying 
psychiatric illness or secondary gain. Prolonged careful 
observation may be necessary to make the diagnosis of 
psychogenic parkinsonism. Normal 	-CIT single photon 
emission computed tomography may help to exclude PD 
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in difficult cases (89). Early diagnosis, confrontation, and 
psychiatric therapy offer the best chance for recovery.

MISCELLANEOUS CAUSES OF 
SECONDARY PARKINSONISM

Parkinsonism may occur transiently during alcohol with-
drawal (90). Metabolic causes include hypoparathyroidism 

with basal ganglia calcifications and hypothyroidism (91). 
There are a few reports of Sjögren’s syndrome with asso-
ciated parkinsonism. Whether parkinsonism is related to 
Sjögren’s syndrome directly or the association is coinci-
dental is not clear (92). Parkinsonian features have been 
reported in central pontine and extrapontine myelinolysis 
(93), following a wasp sting (94), and in Behçet’s disease 
(95). Reversible parkinsonism has also been described as 
a manifestation of CNS lupus (96).
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Outcome Measures

edical progress, resulting in increased 
life expectancy and mobility for peo-
ple with Parkinson’s disease (PD), 
has led to difficulty in finding mean-

ingful and valid outcome measures. When acute illness 
was more prevalent than chronic conditions, the impact of 
disease was traditionally measured in terms of life expec-
tancy or mortality. Advances in the management of PD 
have resulted in marked extensions of life expectancy; it 
is not uncommon to see patients 2 to 3 decades after the 
onset of symptoms. In the current era, where chronic ill-
ness predominates, impairment, disability, and quality of 
life have replaced longevity as more practical and mean-
ingful endpoints. This chapter compares these 3 outcome 
measures for the assessment of patients with PD.

Impairment, Disability, and Quality of 
Life in Parkinson’s Disease

The terminology utilized for outcome measures can be 
confusing. Terms such as disease severity, symptoms, 
impairment, function, disability, and quality of life are 
often used interchangeably in the medical literature, 
although their definitions are distinct. Impairments are
the symptoms and signs of a disease process. The impair-
ments of PD include tremor, bradykinesia, freezing of gait, 
depression, and fatigue. Information about impairment 

Lisa M. Shulman

comes from both subjective and objective sources (history 
and physical examination). The World Health Organiza-
tion defines disability as “any restriction or lack of ability 
to perform an activity within the range considered normal 
for a human being due to an impairment” (1). Disability 
can also be assessed based on subjective and objective 
data. Inquiries about performance of basic activities of 
daily living (ADLs), including dressing and bathing, or 
instrumental activities of daily living (IADLs), such as 
shopping and preparing food, give the patient or family 
perspective on disability. Objective data about disability 
are often also assessed during the office visit, as when 
patients are unable to undress themselves for the exam 
or handle toileting independently. Objective quantitative 
data regarding function may be collected with physical 
performance measures, including timed gait testing or 
simulations of daily activities.

Quality of life is a complex measure that comprises 
elements of impairment and disability but also encom-
passes patients’ subjective perception of their health and 
well-being. By definition, quality of life is a subjective 
measure; understanding the subjectivity of quality of life 
data is the key to understanding its strengths and weak-
nesses as an outcome measure. The individual’s view of his 
or her health is influenced by numerous factors including 
expectations, mood, responsibilities, and personal goals. 
Similar levels of disease severity in PD are likely to have 

M
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different impacts on the lives of a 43-year-old husband 
and father as compared to a 67-year-old retiree, and their 
quality-of-life reporting is likely to be markedly different 
in spite of similar impairment ratings. The idiosyncratic 
nature of quality-of-life assessment can result in perplex-
ing and seemingly contradictory data. Nevertheless, it is 
difficult to quarrel with patients being the final arbiters 
of the success or failure of their health care.

Assessment of all three outcome measures (impair-
ment, disability, and quality of life) has limitations in terms 
of the accuracy and precision of measurement. Two neu-

rologists may have different assessments of the severity of 
rigidity or bradykinesia. Yet objective assessment of the 
cardinal impairments of PD is likely to be more reproduc-
ible than are assessments of disability or quality of life. 
The motor impairments of PD are a direct manifestation 
of the neurodegenerative process, whereas disability is less 
directly related to the underlying disease, since other influ-
ences including medical comorbidity and age are likely to 
contribute. Quality of life can be thought of as being even 
more remote from the disease process, since it is gauged 
through the filter of the patient’s personal viewpoint.
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FIGURE 59-1

A. Self-reported disability on the Older Americans Resource and Services Scale (OARS) is shown at progressive stages of 
Parkinson’s disease at both best function and worst function. B. Health-related quality of life on the SF12 Health Status Survey
is shown at progressive stages of Parkinson disease for both the Mental Health and Physical Health Summary scores. The 
horizontal line at the 50th percentile shows the mean score of a normative population in the United States.
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It is well recognized that disease severity in PD is 
correlated with both disability and quality of life. At 
the University of Maryland PD and Movement Disor-
ders Center, visiting patients are routinely assessed for 
impairment with the Unified Parkinson’s Disease Rating 
Scale (UPDRS) (2), disability with the Older Americans 
Resource and Services Scale (OARS) (3), and quality of 
life with the SF-12v2 Health Status Survey (4). Based on 
cross-sectional data on about 800 PD patients, disease 
progression represented by advancing Hoehn and Yahr 
stages (HY) is accompanied by progressive increased 
disability (Figure 59-1A) and reduced quality of life 
(Figure 59-1B). The development of motor fluctuations 
in PD is represented by the progressive increase in dis-
parity between patient reports of best function vs. worst 
function over the previous week (see Figure 59-1A). The 
SF-12 yields 2 summary scores, Physical Health (PH) and 

Mental Health (MH). These scores are expressed as a per-
centile, where the 50th percentile is the average score of a 
U.S. adult normative population. Patients with unilateral 
parkinsonism (HY 1) have no reduction in quality of life; 
but progressive decline is seen with each advancing HY 
stage, with the greatest slope of decline observed between 
HY 2.5 and 3, with the onset of loss of balance. The 
impact on PH quality of life is greater than MH quality 
of life at all stages, with advanced stage 5 PD associated 
with about the 30th percentile on the PH summary score 
and the 40th percentile on MH.

When the relationships between impairment, dis-
ability, and quality of life are shown as individual data 
points for each of nearly 800 patients, a different picture 
emerges (Figures 59-2 to 59-4). Although all 3 outcome 
measures are correlated with each other (P � .001), the 
degree of scatter of the data is revealed. In Figure 59-2B, 

FIGURE 59-2

A. A scatterplot of 759 subjects with Parkinson’s disease showing the individual data points of self-reported disability on the
OARS scale and the objective physician rating of impairment on the UPDRS Motor examination (r � 0.635, P � 0.001). B. The 
horizontal bar highlights those subjects with either no disability or early disability. C. The vertical bar highlights those subjects
with moderate to severe impairment (UPDRS � 30 to 40).

Disease Severity and Disabilities
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FIGURE 59-3

A. A scatterplot of 776 subjects with Parkinson’s disease showing the individual data points of self-reported quality of life on the 
SF-12 Health Status Survey and the objective physician rating of impairment on the UPDRS Motor examination. Quality of life 
is reported as both physical and mental health summary scores. Physical health quality of life is depicted in the left panel (r �
� 0.483, P � .001) and mental health in the right panel (r � �0.300, P � .001). The vertical line at the 50th percentile shows the mean 
score of a normative population in the United States. B. The horizontal bars highlight individuals with UPDRS motor scores of 20
to 40. C. The vertical bars highlight individuals reporting SF-12 scores of in the 30th to 40th percentiles (reduced quality of life).
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the horizontal band at the lower portion of the graph 
highlights the patient subgroup reporting the lowest 
level of disability. Indeed, even among patients report-
ing no disability, the UPDRS motor examination (part 
III) score ranges from 5 to 40. Similarly, if we focus only 
on the patients scoring between 30 to 40 on the UPDRS 
motor exam (Figure 59-2C), the subjective OARS dis-
ability ratings range from the lowest possible score of 
14 to over 50, from normal function to loss of inde-
pendence. The scatterplots of the relationship between 
impairment and quality of life also depict a broad range 
of quality-of-life ratings at a given level of impairment 
(Figure 59- 3A to C). For example, in Figure 59-3B, 
patients with UPDRS motor exam ratings of 20 to 40 
report PH quality-of-life ranging from the 20th to the 
55th percentiles and MH quality of life from the 25th 
to the 65th percentiles. Since the 50th percentile is the 
population norm, PD subjects with similar disease sever-
ity report a quality of life that ranges from markedly 
reduced to moderately increased.

Impairment ratings (UPDRS part III, the motor 
exam) have a stronger correlation with disability than 
with quality of life [r � 0.64 (OARS) vs. 0.48 (SF12 PH) 
or 0.30 (SF12 MH)]. And quality of life has a stronger 
correlation with disability than with impairment [r � PH: 
0.62 (OARS) vs. 0.48 (UPDRS III) and MH: 0.46 (OARS) 
vs. 0.30 (UPDRS III)]. These comparisons emphasize the 
significance of choosing suitable outcome measures tar-
geted to specific needs. Is the assessment being done in the 
context of clinical evaluation, a clinical trial, or a needs 
assessment for social services? Clinical trials also have 
varying needs based on the study aims, the particular 

intervention under study, and even the changing regula-
tory environment. It is not uncommon to find that an 
intervention results in a significant change in 1 but not 
all 3 types of outcome measures.

To illustrate this point, contrast the needs of three 
different clinical trials that are assessing the efficacy of 
(1) an antiparkinsonian medication, (2) an antidepres-
sant, and (3) a rehabilitation program. The antiparkinso-
nian medication under study is particularly efficacious for 
tremor. The rehabilitation program focuses on the use of 
various assistive devices that enhance daily activities. In 
the first example, the antiparkinsonian medication results 
in improvement in ratings of impairment (tremor), but 
the changes in disability and quality of life ratings do 
not achieve significance. The antidepressant results in 
improvements on a validated scale of depression and the 
mental health quality-of-life ratings but no change in PD 
severity or disability. The rehab program emphasizes the 
use of assistive devices and results in marked improve-
ments in ratings of disability and quality of life but no 
change in the PD motor examination (impairment). 
A better understanding of the performance of these dif-
ferent outcome measures is necessary to guide the choice 
of clinical outcome measures and their positioning as 
primary or secondary endpoints.

The Impact of Parkinson’s Disease Impairment 
on Disability and Quality of Life

Many studies have focused on the relationship between PD 
and quality of life and, increasingly, both general health 
status and disease-specific qualify-of-life scales are being 

FIGURE 59-4

A scatterplot of 744 subjects with Parkinson’s disease showing the individual datapoints of self-reported disability on the OARS
scale and health-related quality of life on the SF12 Health Status Survey (physical health summary score r � � 0.620, P � 0.001
and mental health summary score r � � 0.457, P � � .001).
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included as outcome measures in clinical research trials. 
Assessment of the impact of PD on disability is included 
in most clinical trials, although the most commonly 
used scales have limitations. The Schwab and England 
Activities of Daily Living (S&E) (5) is a single measure-
ment of dependency in ADLs. The UPDRS part II ADL 
combines a subset of ADLs (walking, dressing, handwrit-
ing) with some impairment ratings (sensory complaints, 
tremor, salivation, and gait disorder) and omits the major 
ADL of toileting. IADLs include shopping, meal prepara-
tion, housework, medication and money management, 
and these are not covered in the UPDRS part II scale. 
Assessment of IADLs is less commonly used in studies 
of PD, although they may be more sensitive to early dis-
ability than ADLs and are a good indicator of dependency 
with the need for social services.

A review of more than a dozen studies of PD and 
quality of life shows that depression has a robust cor-
relation with reduced quality of life (6–27). Disease 
severity and disability are, as expected, common deter-
minants of quality of life, although disease duration is 
not. Complications of advanced PD—including motor 
fluctuations, dyskinesia, cognitive impairment, and psy-
chosis—have also been associated with poor quality of 
life. Most studies have found that age and gender are 
not significant correlates, although a study by Schrag 
et al. (26), which focused on young- vs. older-onset PD, 
concluded that young-onset patients more frequently 
experience loss of employment, disruption of family life, 
greater perceived stigmatization, and greater depression, 
resulting in greater reduction of quality of life.

Studies of PD reveal a complex and even contradic-
tory relationship between levodopa and quality of life, 
with some studies showing a detrimental effect and others 
demonstrating improvement. These inconsistencies suggest 
differences in the disease stage of the study populations 
as well as the measurement of quality of life applied. For 
example, in the CALM-PD study (28), early results indi-
cated that quality of life was better in the levodopa than 
in the pramipexole group among patients with early PD, 
but this discrepancy resolved with more time for follow-
up. Variables such as levodopa dosage and cumulative 
levodopa exposure are inextricably linked to disease 
severity and duration. When the variable was levodopa 
response, Schrag and Quinn (14) found that quality of life 
was significantly better among those with a good response 
than those with a moderate or poor response.

Some factors that have a prominent influence on 
quality of life have rarely been measured, including self-
efficacy, mastery, and personality attributes of optimism 
and locus of control. Unexpected correlates are likely 
to continue to be identified such as “satisfaction with 
explanation at time of diagnosis,” as was reported by 
the Global Parkinson Disease Survey (22).

Depression also has a strong correlation with dis-
ability in PD (29–32). Disease severity and complications 

of advanced PD have also been associated with disability. 
Rubenstein et al. (10) reported that disability was highly 
correlated with motor fluctuations and dystonia, moder-
ately correlated with dyskinesia, and weakly correlated 
with orthostatic hypotension and sleep disturbance. Inter-
estingly, Diamond et al. (33) highlighted the association 
between later age of onset of PD with both disability and 
mortality, while younger age of onset was associated with 
worse quality of life by Schrag et al (26).

Recent studies of disability and quality of life at the 
University of Maryland PD Center show that both motor 
and nonmotor symptoms are important determinants 
(34–36). Gait impairment, postural instability, and bra-
dykinesia are the motor symptoms that have the strongest 
correlation with disability and quality of life. Tremor 
showed no correlation with either of these outcome 
measures. Among the nonmotor symptoms, cognitive 
dysfunction, psychotic ideation, urinary incontinence, 
motivation, and depression all had strong correlation 
with either disability or quality of life. However, sleep 
disturbance and orthostatic hypotension were weakly 
correlated. When a comparison was performed of the 
impact of advanced PD symptoms—including cognitive 
dysfunction, psychosis, motor fluctuations, and dys-
kinesia—on disability and quality of life, it was found 
that cognition and psychosis have a stronger influence 
than motor fluctuations or dyskinesia (36). Self-efficacy, 
defined as the sense of confidence an individual has to 
manage selected activities, was shown to be an unexpect-
edly strong determinant of both disability and quality of 
life (34, 35). Self-efficacy to manage PD in general or do 
the household chores proved to be as potent an influ-
ence on disability and quality-of-life ratings as any of the 
motor or nonmotor factors.

Impediments to Accuracy of 
Outcomes Measurement

Every clinician and clinical investigator has experienced 
the difficulty of collecting accurate and reproducible 
data regarding PD symptoms, progression of disease, 
and disability. There are pitfalls in the collection of 
both objective and subjective data. The phenomenology 
of movement disorders including parkinsonism can be 
changeable. Important factors that can alter the neu-
rologic examination include the timing of medications, 
fatigue, and patient effort. Assessments of impairment, 
disability, and quality of life all rely upon patient-reported 
data to varying degrees, and self-reported data have a 
number of important limitations. In a recent study of sub-
jective vs. objective assessments of ADLs in PD, we found 
discordance between these assessments in the majority of 
patients (37). While most of the study subjects underrated 
their objective disability, there was a tendency for those 
with early PD to underrate while those with advanced 
PD tended to overrate their disability.
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Outcomes data are commonly collected from both 
patient and family, yet many studies have shown that 
there is discordance between patient- and “proxy”- gener-
ated data, with proxies tending to rate disability higher 
and quality of life lower than do patients (38). Response 
shift is another important factor in the accuracy of self-
reported data. “Response shift” refers to a change in 
self-reporting of health information overtime related to 
diminished expectations and recalibration of internal 
standards (39, 40). This phenomenon is likely to occur 
in the context of a chronic condition like PD, when people 
gradually adjust to progressive symptoms. Response shift 
results in the tendency for the person with PD to report a 
higher quality of life than a healthy person would assign 
to the same level of function. Notably, when data from 
a population with a chronic condition are compared to 
those from a healthy population, the presence of response 

shift tends to depress the size of the disease effect. Simi-
larly, recognition of disability in PD may be hindered 
by a very gradual alteration in function that may not be 
apparent to the patient or family.

Accuracy in outcomes measurement is integral to 
clinical decision making, clinical trials, and public policy. 
Yet methodologies for the assessment of outcomes for 
chronic medical conditions have a number of shortcom-
ings. Efforts are in progress to develop better scales for 
the assessment of PD-related impairments, disability, and 
quality of life, but there is growing interest and debate 
regarding the meaningfulness of these outcome measures. 
Should our health care dollar be focused on ameliora-
tion of PD-related impairments, delay of disability, or 
improved quality of life? Societal values are likely to play 
a role in determining the relative importance of the vari-
ous measures of outcomes of disease.
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Family Caregiving

aregiving is part of all relationships. 
It is the act of providing assistance 
to someone with whom one has a 
personal relationship. It is usually 

an extension of caring and a reciprocal act. In conditions 
of chronic progressive disease such as Parkinson’s disease 
(PD), the act of caregiving is primarily from one person, 
and reciprocal caregiving is diminished. In these situa-
tions, caregiving can become stressful and threaten the 
well-being of the caregiver and the care recipient, with 
significant negative economic, social, and psychological 
impact.

DEMOGRAPHIC TRENDS IN FAMILY 
CAREGIVING FOR THE TWENTY-FIRST 

CENTURY

Growth of the Elderly Population

During the past century the United States experienced 
unprecedented growth in the population 65 years of age 
and older. Indeed, the rate of growth for this subpopu-
lation exceeded the rate of growth for the country as a 
whole: there was an 11-fold increase in elders between 
1900 and 1994, compared with a 3-fold increase in the 
population below age 65 (1). A further dramatic increase 
in the actual numbers and relative percentage of elders 
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is expected as the baby boomers enter old age between
2010 and 2030. The elderly are projected to grow from 
the current 35 million (12.8%) to 70 million (20%). In 
addition, the percentage of racial and ethnic minority 
elders will increase at a much higher rate. From 2000 
to 2005, it is projected that white elderly will double, 
African-American elderly will quadruple, and Hispanic 
elderly will increase 7-fold (2).

The elderly population is most at risk for functional 
loss and declines in health. The percentage of community-
dwelling elders needing help with one or more activities of 
daily living (ADLs) (e.g., bathing and dressing) increases 
with age. Among those aged 65 to 74, only about 10% 
need help with such activities; but by age 85, about 50% 
need help (1). In 1990, some 4.5 million elders needed 
assistance with one or more ADLs.

IMPORTANT ROLE OF FAMILY CAREGIVING 
IN CHRONIC ILLNESS

The family is the linchpin of the health and long-term-care 
system for patients in this country. Families provide 80% 
to 90% of the care received by community-dwelling chroni-
cally ill elders. Because families are the main providers of 
care and support to chronically ill persons, including per-
sons with PD, the need for family care is growing unpreced-
ently as the number of persons with chronic illness increases. 

C
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This can be expressed quantitatively as the parent- support 
ratio, or the number of persons 85 years of age and older 
divided by the number of persons 50 to 64 years old times 
100. In 1993 the parent-support ratio was 10; by 2050, 
it is projected to triple (1). Having living parents who are 
85 of age or older will become commonplace in just over 
50 years.

In 1996, a national phone survey of randomly 
selected English-speaking families was conducted to 
identify caregivers who provided unpaid assistance to a 
relative or friend 50 of age or older. Nearly 25% of house-
holds contained at least one caregiver. Three-quarters of 
these caregivers were providing care at the time of the 
phone survey and the remaining 24% had provided such 
care in the year preceding the survey (3). About half of 
the family caregivers who participated in the Caregiver 
Supplement of the National Long-Term Care Survey had 
been providing unpaid assistance to an elder for 1 to 
4 years; another quarter had been providing assistance 
for 5 years or more (4). Eighty percent of these caregiv-
ers provided unpaid assistance 7 days a week and spent 
an average of 4 hours per day, or more than a half-time 
job, on caregiving tasks (4). In a report of the economic 
burden of PD, Whetten-Goldstein and colleagues found 
that hidden costs of PD included the significant costs of 
uncompensated informal care (M � $5386 per family 
per year); these are costs that would be borne by society 
if the family did not provide care (5, 6).

THE RISKS ASSOCIATED WITH 
FAMILY CAREGIVING

Not only are the number of potential caregivers not 
increasing as fast as the elders in our society but clini-
cians and researchers are also concerned that the strain of 
caregiving can bring with it health risks that may threaten 
a caregiver’s ability to continue in that role. In their 1995 
review of the caregiving literature related to psychiatric 
and physical effects of dementia caregiving, Schulz and 
colleagues found that all studies reported elevated levels 
of depressive symptoms in caregivers (7). In Pinquart and 
Sörensen’s 2003 meta-analysis comparing the health of 
caregivers and noncaregivers, caregivers had worse rat-
ings on depression, stress, self-efficacy, and general sub-
jective well-being (8). The present authors found a 27.1% 
prevalence rate of depressive symptoms in spouses of 
persons with late-stage PD, not quite as high as the 27.9% 
to 55% prevalence rates found with Alzheimer’s disease 
(AD) caregivers (9). Pinquart and Sörensen found that 
the evidence for physical health effects in caregivers was 
weaker than the psychological effects noted above (8). In 
their 2003 meta-analysis comparing the physical health 
of dementia caregivers with that of demographically 
matched noncaregivers, Vitaliano and colleagues found 

that there was a slightly greater risk of health problems 
in caregivers, with the largest risks involving increased 
stress hormones, decreased antibodies, and poorer global 
reported health (10). One of the most concerning findings 
from the Caregiver Health Effects Study is that caregiving 
in and of itself is not harmful, but that spouses who expe-
rience high strain are at greater risk for mortality (11).

PREDICTORS OF CAREGIVER STRAIN

Most clinicians have had the experience of seeing patients 
with similar symptoms and dependencies, yet one family 
caregiver is coping well whereas another is visibly on the 
verge of burnout. An understanding of this disparity may 
provide insight into how to help struggling families. A 
focus of many researchers has been to look at factors that 
predict strain and factors that reduce or buffer strain as 
well as, more complexly, the interaction between the two. 
Various models with theoretical underpinnings, offering 
ways to conceptualize this multifactorial problem, have 
been developed (12). Rather than choosing a specific 
model, this chapter synthesizes the research on strain and 
the various factors linked to it and organizes them into 
3 categories: (1) caregiver strain (i.e., perceived difficulty), 
(2) characteristics of the caregiver, and (3) the caregiving 
situation. Inherent in this thinking is that the greater the 
strain, the greater the risk for negative outcomes such as 
decreased physical and emotional health of the caregiver, 
nursing home placement, and economic burden. Most 
caregiving research has been done in dementia. Research 
that is specific to PD is also discussed.

Caregiver Role Strain

Caregiver strain is defined as the perceived difficulty of 
fulfilling the caregiving role. Strain can lead to negative 
outcomes that may prevent a family member from con-
tinuing in this role. Research in family caregiving has 
identified a number of variables associated with strain. 
Some of these predict more strain and some less. These 
factors are reviewed below, under “Caregiver Charac-
teristics” and “The Caregiving Situation.” An under-
standing of the predictors of strain makes it possible 
to identify caregivers who are at risk for higher strain. 
It also holds the potential for developing interventions 
that may reduce strain.

In addition to understanding factors linked to strain, 
it is important to recognize that within the global con-
cept of strain there are subtypes. Archbold, Stewart, and 
colleagues identified nine subtypes of strain that include 
strain from worry, tension, frustration from communica-
tion, direct care, role conflict, mismatched expectations, 
economic burden, lack of personal resources, and feel-
ings of being manipulated (13). If a clinician knows that 
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a caregiver’s frustration from communication is greater 
than the strain from lack of personal resources (e.g., 
exhaustion), he or she might refer that individual to a 
specialist in augmentative communication techniques 
rather than for respite care.

In PD, strain increases as the disease progresses 
(9, 14). By ferreting out types of strain, it becomes clear 
that strain occurs at all stages of disease and accumulates 
with each advancing stage. In early-stage disease, when 
motor signs are minimal and before direct-care activi-
ties have started, worry emerges as an area of significant 
strain. In middle-stage disease, worry continues, but 
now there is the addition of tension, frustration from 
communication problems, strain from direct care, and 
role conflict. By late disease, significant levels of strain 
from lack of personal resources, economic burden, feel-
ings of being manipulated, and mismatched expectations 
are added to the strain seen at earlier stages (9). For 
clinicians, having a general profile of the types of strain 
that a family member might be experiencing at different 
stages of disease may be helpful in considering referral to 
appropriate resources. A longitudinal study in PD spouses 
who had been providing care for over 10 years looked 
for warning signs early in caregiving that might predict 
those at greatest risk for increased strain and declining 
health. The study used predictive variables of health sta-
tus, depression, strain, optimism, pessimism, mutuality, 
early changes in these variables (a change over 2 years), 
and late changes (change over 10 years). Early deteriora-
tion was found to predict spouse caregivers who were at 
the greatest risk for increased strain and declining health 
(15). The ability to identify warning signs in early disease 
may help to focus interventions on high-risk families.

Caregiver Characteristics

The response to caregiving is directly influenced by char-
acteristics of the caregiver. These include (1) age and 
gender, (2) economic status, (3) physical and emotional 
health, (4) whether the caregiver is a spouse or adult child, 
(5) ethnicity, (6) personality, (7) mutuality (i.e., positive 
quality of the relationship), and (8) preparedness (how 
prepared one feels for the caregiving role). Most of these 
variables cannot be influenced by interventions, but their 
relationship to caregiver burden is important in identify-
ing people at risk.

Age and Gender

Caregiver age has been inversely correlated with caregiver 
strain (7, 16–18). It has been suggested that younger care-
givers experience more strain because they are subjected 
to multiple, often conflicting role demands as well as 
greater economic burdens. In caring for a spouse with 
PD, young caregivers (40 to 55 years of age) reported 

more strain than did older caregivers (70 to 87 years 
of age) from lack of resources as well as more difficulty 
in handling symptoms such as hallucinations; however, 
these groups did not differ in terms of strain from worry 
or tension (18).

In general, women caregivers report more negative 
emotional and physical responses to caregiving than do 
men (19, 20). This may be because of women’s greater 
awareness of their emotions, differences in coping styles, 
differences in the amount and type of direct care tasks 
that women perform , or differences in social support 
(20–22). Although most of the research examining gender 
differences has been done in caregiving for patients with 
dementia, the limited comparison of PD to AD would 
suggest that the findings are similar (23). Gender differ-
ences are important because the majority of caregivers 
are women.

Economic Status

The association of lower economic status and increased 
caregiver strain is more equivocal (16, 17, 24, 25). A 
clear understanding of this relationship is difficult to 
achieve because better education is usually seen with 
better economic status. More education may result in 
better problem-solving and coping skills, whereas more 
economic stability may allow for more paid support and 
opportunities for respite (19).

Preexisting Health

The relationship of a family member’s precaregiving 
physical and emotional health to caregiver outcomes 
has been difficult to study because most research is done 
after caregiving has begun. Poor health is a predictor of 
higher strain. It is understandable that poor physical and 
emotional health might limit an individual’s capacity to 
respond to the demands of caregiving and that caregiv-
ing might exacerbate underlying vulnerabilities (24–26). 
What is not clear is whether this is reinforcing, with more 
strain producing worse health and worse health resulting 
in more strain. Longitudinal studies are needed to answer 
this question.

Relationship to Patient

The majority of caregivers are either spouses or adult 
children of the care recipient. Spouses compared with 
adult children experience more strain in the caregiver role 
(27). In spite of this, it should be kept in mind that adult 
children have unique characteristics that contribute to 
their strain and which may limit side-by-side comparison 
to a spouse caregiver. Some of these are (1) a sense of filial 
responsibility, (2) employment demands, (3) conflict with 
other siblings regarding care of a parent, (4) responsibility 
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to their own spouses and children, (5) prior relationship 
with parent, and (6) role reversals (28–31).

Ethnicity

Ethnic differences influence the long-term outcomes of 
family caregiving. With predictions that the proportion 
of minority elders will increase 23% by the year 2020, 
knowledge of these differences will be important in care 
delivery to families (32).

A review article of 116 studies evaluated what is 
known about ethnic differences in family caregiving. 
These studies included primarily caregivers of demented 
or frail elderly. The ethnic minorities included in this meta-
analysis were African Americans, Hispanics, and Asian 
Americans. Comparisons were made to white caregivers. 
Differences in background characteristics, stressors, social 
resources, coping processes, caregiver rewards, and the 
health outcomes of caregiving were compared (33).

In summary, ethnic minorities provided more 
hours of care, had less education, and had fewer finan-
cial resources than white caregivers. At the same time 
they had more informal support and more cognitive 
and emotion-focused coping than whites. In regard to 
health outcomes, minorities had poorer physical health 
but were varied in their responses of depression and per-
ceived strain. The benefit of better psychological health 
was seen most among African Americans, who were less 
depressed and reported less strain than did white caregiv-
ers, while Hispanics and Asian Americans reported more 
depression than did white caregivers (33).

Poorer physical health outcomes and, nevertheless, 
better psychological health outcomes among minorities 
might be explained on the basis that poorer physical health 
is a result of worse health care, racial discrimination, and 
lower levels of insurance coverage rather than the effect 
of caregiving. Better psychological health among African 
Americans may be due to the fact that their motivation to 
provide care is stronger based on cultural beliefs of filial 
responsibility and the greater use of informal support 
systems such as extended family and faith in God. These 
factors may buffer the emotional impact of caregiving, 
resulting in less perceived strain and depression (34).

Personality

Personality traits of optimism and pessimism have been 
examined in relation to caregiver strain and depression. 
Pessimism has been related to less effective coping and 
more depression, while optimism has been related to more 
effective coping in spouse caregivers (35). In addition, 
a higher level of caregiver sense of coherence—which 
includes dimensions of comprehensibility, manageability, 
and meaningfulness—has been associated with less care-
giver burden (36). Because coping styles are modifiable, 

this has important implications for interventions. Educa-
tion or cognitive therapy directed toward coping skills 
can reduce strain and depression (37, 38).

Among 311 spouses of people with early PD, opti-
mism and pessimism were examined as predictors of 
negative health outcomes over a 10-year period. On the 
basis of the Life Orientation Scale, it was found that 
high caregiver pessimism early in the caregiver role is 
a warning sign for poor current and future caregiver 
health (39). The negative effect for pessimism was seen 
in higher depression, worse physical health, and a faster 
decline in health over the 10-year period. Of interest was 
the finding that optimism was not a powerful predictor 
of the decline of mental or physical health compared to 
pessimism (40). It may be that optimism is more impor-
tant in predicting the rewards of caregiving. Caregiver 
reward or uplift has been identified as having a buffering 
effect on the perception of strain. These concepts hold 
potential importance for caregiver interventions. Martin 
Seligman has championed the potentially useful concept 
of “learned optimism,” which teaches people to cope with 
their negative “self-talk” when they experience setbacks 
as well as how to reframe their thinking and thereby 
increase their optimism (41).

Mutuality

Mutuality, the positive quality of the relationship between 
the caregiver and care receiver, is predictive of less care-
giver strain. Archbold and coworkers found that high lev-
els of mutuality were associated with low levels of strain 
even after controlling for other variables (i.e., gender, 
relationship, impairment level, and amount of direct care) 
(13). Mutuality in PD was extremely high for a sample of 
380 spouse caregivers. Nonetheless, mutuality declined 
significantly across stages of disease, suggesting that the 
protective quality of a positive relationship eroded as the 
disease progressed (9).

Preparedness

Family caregivers’ self-perception of how well they pro-
vide care has received attention as a predictor of strain. 
The concept of doing caregiving well has been described 
as preparedness (13) and mastery (42, 43). Preparedness
describes how well prepared one feels for the tasks and 
stresses of caregiving. Mastery refers to the belief that 
one is able to control life events and is competent in 
managing these events (44). The possibility of improv-
ing preparedness or mastery among family caregivers in 
order to decrease or prevent strain holds promise. One 
study found a moderate level of preparedness among PD 
caregivers that remained similar across all stages of dis-
ease (9). Interventions to improve preparedness may be 
helpful to caregivers who perceive themselves as not well 
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prepared. A recent qualitative study by Davey and col-
leagues (14) examined the experiences of wife caregivers 
of repeat fallers with PD. They described methods used 
by the wives to get their husband up from the floor and 
found that wife caregivers often injured themselves and 
received little information about managing falls safely. It 
will be important, through further study, to find ways in 
which families can provide care more skillfully (46).

The Caregiving Situation

The caregiving situation includes variables that stem 
from the care needs and demands of the patient and the 
caregiving required to fulfill these needs. The underlying 
assumption in PD is that these needs will intensify over 
time. They include (1) the physical and cognitive health 
problems of the patient, (2) the kind and amount of direct 
care, (3) the unpredictability of the situation, and (4) the 
amount of paid and unpaid social support.

Patient Characteristics

Patient characteristics are usually divided into three cat-
egories; (1) cognitive impairment, (2) functional impair-
ment, and (3) behavioral disturbance. A review of 228 
studies looked at the association between the caregiver’s 
strain and depression and the care receiver’s clinical fea-
tures. Behavioral disturbance is the characteristic most 
consistently linked to caregiver strain and depression. 
When problems such as agitation, disinhibition, and hal-
lucinations exist, families have a hard time. On the other 
hand, increased cognitive and functional impairment does 
not consistently correlate with increased strain (47). In 
other words, some families experience a great deal of 
strain while others in the same situation experience very 
little. This may be explained on the basis of moderator 
variables embedded in the characteristics of the caregiver, 
such as mutuality or personality (e.g., optimism). Other 
studies have suggested that perceived rewards, feeling 
useful, or experiencing increased closeness to the care 
receiver may also buffer the perception of strain (48).

Research focused on the impact of Parkinson’s dis-
ability on caregiver strain is extremely limited (49–51). 
Most studies have had small sample sizes (94, 54, 65) 
and used different instruments to measure caregiver 
strain as well as different measurements for clinical 
variables. Aarsland et al. divided caregiver strain into 
emotional and social distress and correlated these with 
both physical and mental (i.e., depression and cognitive) 
patient variables. They found that mental disturbances 
in PD predicted both emotional and social distress in the 
caregiver. Using the Unified Parkinson’s Disease Rating 
Scale (UPDRS) motor and ADL scores, these investiga-
tors found that functional status (ADL scores) predicted 
social strain but not emotional strain and that motor 

scores did not contribute significantly (49). Miller found 
that depression in the patient was the strongest predictor 
of psychological strain and that functional impairment 
predicted strain from physical burden (50). Calder et al. 
found a bigger contribution from functional disability 
than from mental symptoms. They found that cognitive 
impairment independent of parkinsonian functional dis-
ability had no effect on cognitive strain levels. In contrast, 
PD disability predicted relatives’ strain independently 
from cognitive impairment (51). This may be partially 
explained by the difference in severity of disease between 
the different studies. The severity of disease was greater 
in the Aarsland and Miller studies [Hoehn and Yahr (HY) 
2.9 and 3.0] vs. the Calder study, which was HY 2.0.

A recent study in PD by Carter et al. correlated the 
clinical features of motor score, cognition, and depres-
sion in early PD with strain in 206 spouse caregivers. 
Using regression analysis, clinical features explained 9% 
to 16% of the variance in caregiver strain and 10% of 
caregiver depression. The motor features explained 0% to 
6.0% and the psychological/cognitive symptoms explain-
ing 7% to 13% (52).

This finding suggests that although the clinical fea-
tures of PD are association with strain, there are other 
variables that play a role in explaining or mediating the 
perception of strain. These variables may be rooted in the 
traits of the caregiver, such as quality of the caregiver/care 
receiver relationship, or in the caregiving situation, such 
as the amount of social support.

Direct Care

Caregiver strain has been correlated with the number 
of tasks performed in a day and the duration of care-
giving. Pinquart’s meta-analysis identified that the more 
assistance a caregiver provides, the greater the burden 
and depression they experience (47). The types of tasks 
performed in addition to their sheer number may pro-
vide further insight into caregivers who are at the most 
risk for strain. Investigators have categorized types of 
tasks in a number of ways. Some have looked at the dif-
ference between tasks that require physical work such 
as toileting, bathing, and feeding vs. tasks that require 
emotional work, such as dealing with depression or hal-
lucinations (53). Albert identified categories by asking 
caregivers to sort 25 tasks into common groups. The 
result was a triple classifications of tasks: (1) tasks that 
are dictated by type of impairment (physical vs. cogni-
tive), (2) location of tasks (at home vs. outside the home), 
and (3) tasks that respond to care receiver competency 
(fostering independence vs. guardianship) (54). Still oth-
ers have used factor analysis to group tasks. Examples of 
categories are tasks that require physical care, tasks that 
require supervision, help with transportation, household 
care, financial responsibilities, or help with health care 
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arrangements (24, 54). In examining a list of 51 PD tasks, 
the mean number of tasks was found to triple from early 
disease (11 tasks) to late disease (30 tasks). Although the 
concept of doing an average of 15 to 20 tasks a day seems 
daunting, it was not until late disease (mean 30) that the 
strain from direct care became clinically significant for 
the average caregiver (9).

Predictability

The predictability of the family care situation is directly 
related to caregiver strain. Even with physical or mental 
limitations, if the care situation and everyday life are 
predictable, a family can count on what to expect, make 
plans, and have some sense of control. Predictability is a 
particular problem in the later stages of PD, when motor 
fluctuations become prominent. A person may be mobile 
and able to engage in activities one moment and rendered 
completely immobile the next. These “off” periods may 
last minutes or hours and are not always related to the 
timing of medication. This results in the disruption of 
routine and loss of control. Predictability has been shown 
to decline as PD progresses (9).

Social Support

Social support has been defined as an exchange that pro-
vides physical assistance, social contact, or emotional 
support. The concept of social support and its relation-
ship to caregiver strain is complex. It includes the follow-
ing aspects; (1) the caregiver’s satisfaction with the quality 
of support, (2) the structure (number and relationship of 
people in the support network), and (3) the kind of sup-
port (emotional vs. physical). The one consistent finding 
is that the greater the caregiver’s perceived satisfaction 
with support, the less the burden, the less the depression, 
and the fewer health problems. This inverse relationship 
is seen more with informal networks such as friends and 
families but is less well correlated with formal sources of 
support such as paid providers (7, 55–57). In addition, 
how this social support holds up as caregiving demands 
increase is important in assessing its value (57). In a com-
parison of social support in AD and PD, the caregivers 
of persons with AD gave more care but had fewer social 
supports available to them (23).

Assessment

A thorough assessment of caregiver issues must be com-
pleted before appropriate interventions can be imple-
mented. Health care personnel face 2 hurdles in the 
assessment of families: (1) traditional medical training 
has focused on diagnosis and treatment of the patient, 
so that many clinicians do not consider caregiver issues 
in their purview, and (2) time is limited in the clinical 

setting, and clinicians need an efficient and systematic 
way of assessing these issues.

The first step is to determine whether caregiver strain 
exists. The second step is to gather information about the 
caregiving situation, as this may help in selecting the most 
useful interventions. Four areas that should be explored 
with family caregivers include (1) the degree of strain, (2) 
the emotional and physical health of the caregiver, (3) the 
caregiver’s knowledge of the illness and its treatment, and 
(4) the need for additional social support.

Caregiver Strain

Clinicians should start by asking a global question about 
the degree of perceived strain. One example is to ask the 
family caregiver to rate on a scale from 0 to 4 (0 � no
stress, 4 � overwhelming stress), how much stress they 
feel from all their obligations. It is then helpful to deter-
mine the causes of strain. One useful screening tool is 
the 18-question Multi-dimensional Caregiver Strain Scale 
Index (MCSI) (59) (Table 60-1), Where most caregiver 
screening tools look only at strain, the MCSI addresses 6 
areas; physical strain, social constraints, financial strain, 
interpersonal strain, elder demanding behavior and time 
constraints. This questionnaire can be quickly adminis-
tered and scores of 29 or higher should alert the clini-
cian to problem areas that need further exploration or 
referral.

Psychological and Physical Health

It is useful to have caregivers self-rate their physical health 
on a scale of 1 to 5 (1 � poor, 5 � excellent) and then 
rate their current health compared to a year earlier (1 �
much worse, 5 � much better). It is also helpful to inquire 
about any other medical conditions, such as arthritis or 
heart disease, that may limit the caregiver’s ability to 
provide care.

Psychological health should be evaluated in terms of 
depression and anxiety. Simply asking whether a caregiver 
experiences any of these emotions is the first step. If depres-
sion is a major concern, it is worth evaluating by using a 
self-report measure such as the Center for Epidemiologic 
Studies Depression Scale (CES-D) (60). This instrument 
has good normative data, and a score of 16 or greater 
suggests the possibility of clinically significant depression 
that requires further evaluation and treatment.

Knowledge Base and Preparedness

The caregiver’s understanding of the illness, expected 
course, and medications should be assessed. Lack of 
knowledge can cause considerable frustration and ten-
sion in a relationship. As an example, fluctuations in 
mobility can be misunderstood as an intentional lack of 
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initiative. Understanding that this is part of the disease 
and not intentional can shift the energy from frustra-
tion with the family member to acceptance and more 
creative problem solving. Improving knowledge can also 
reduce the anxiety of being poorly prepared for the tasks 
of caregiving, improve observations of symptoms and 
medication response, and in general result in better care 
of the person with PD. To assess preparedness, one might 
ask: “How well prepared do you think you are (a) to 
take care of your family member’s physical needs? (b) to 
take care of your family member’s emotional needs? (c) 
to find out about and set up services for him or her? (d) 
for the stress of caregiving?” (13).

Social Support and Interpersonal Relations

Because social support has the potential to reduce strain, 
it is important to assess for the type of assistance a fam-
ily member is receiving. The first step in assessing social 

support is to determine whether there is a need. Many 
caregivers are reluctant to acknowledge that they need 
help. The following question can elicit this information: 
“Many people in your situation find support from oth-
ers helpful; are you receiving adequate help in caring for 
(name of person with PD)?” This can be followed with 
a second question to help understand the types of help 
needed. “Some people find they need help in the home 
with physical activities, some need time away, and others 
need someone to talk to about their feelings. How would 
you describe your needs?”

Inherent in a consideration of support is usually a 
discussion about help from other family members. One 
caveat is an awareness of the quality of past family relation-
ships. A disease that results in dependence on family mem-
bers can provoke unresolved competitions and conflicts 
that can cause tension and even elder abuse. It is helpful 
to inquire whether the family is working together or is 
conflicted about the right approach to care. To assess 

TABLE 60-1 
The Multidimensional Caregiver Strain Index*

CIRCLE THE NUMBER WHICH MOST CLOSELY REFLECTS YOUR      A GREAT

FEELINGS ABOUT CARING FOR YOUR PARTNER, RELATIVE, OR FRIEND. NEVER A LITTLE MODERATE A LOT DEAL

1. I feel I have less energy now that I am caring for my spouse  0 1 2 3 4
or family member. 

2. I feel physically strained because of caring for my spouse or  0 1 2 3 4
family member.

3. I feel that my physical health has suffered because of caring  0 1 2 3 4
for my spouse or family member.

4. I feel that my social life has suffered because of caring for my  0 1 2 3 4
spouse or family member.

5. I have had to give up vacations or trips because of caring for  0 1 2 3 4
my spouse or family member.

6. I am able to go out when I want. 0 1 2 3 4
7. I have had to make adjustments in my work or personal  0 1 2 3 4

schedule.
8. Caring for/providing help for my spouse or family member is  0 1 2 3 4

a financial strain.
9. I resent the extra cost of caring for my spouse or family member. 0 1 2 3 4

10. I have enough time to do the things I need to do (such as  0 1 2 3 4
chores and helping).

11. I have a lot of time to myself. 0 1 2 3 4
12. I feel resentful toward my spouse or family member. 0 1 2 3 4
13. I feel angry toward my spouse or family member. 0 1 2 3 4
14. I feel pleased about my relationship with my spouse or  0 1 2 3 4

family member.
15. My relationship with my spouse or family member is strained. 0 1 2 3 4
16. I am glad that I can provide care my spouse or family member. 0 1 2 3 4
17. I feel that my spouse or family member tries to manipulate me. 0 1 2 3 4
18. I feel that my spouse or family member is overly demanding. 0 1 2 3 4

*Total score (reverse code 6, 10, 11, 14, and 16).
Adapted from Stull. DE. J Clin Geropsychol1996; 2(3).
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family conflict, one might ask: “How much family con-
flict has occurred because of your family member’s health 
situation and need for help?” The past quality of the 
relationship between the caregiver and care receiver can 
also be significant in terms of the caliber of care given. A 
strong prior relationship is a buffer of strain, and a prior 
unhealthy relationship may result in more strain and poor 
care. As an example, past anger toward an abusive parent 
or spouse can easily alter the desire to provide adequate 
or involved care. These types of issues might help the 
clinician rethink the kind of support that would be most 
beneficial to the family and person with PD. To assess 
the quality of a past relationship, the clinician might ask: 
“Before your family member had Parkinson’s disease, (a) 
to what extent did you enjoy the time you spent together? 
(b) how close did you feel to him or her at that time? (c) 
how much emotional support did he or she give you?”

INTERVENTIONS

Over the years, sensitive clinicians have responded to 
observed family needs by developing interventions for 
their patient or family population. Much work is still 
needed in this area, both in developing interventions but 
also in evaluating their effectiveness. In this section, fam-
ily caregiver interventions that have received systematic 
evaluation and interventions that have practical value and 
need formal evaluation are reviewed. Many of the family 
and caregiver interventions described have been evalu-
ated with families in which one member has a chronic 
illness that seriously impairs function. These samples may 
include PD, AD, and other illnesses. More studies specific 
to the care of persons with PD are needed. Five types 
of interventions reported in the literature will be dis-
cussed: psychoeducational, respite care, support groups, 
telephone and computer care, comprehensive in-home 
interventions, and interventions to improve the compe-
tence of the care receiver. In addition, some interventions 
have evaluated combinations of these approaches.

Psychoeducational and Psychotherapeutic 
Interventions

Psychoeducational interventions are directed toward 
reducing caregiver stress, moderating other negative con-
sequences of caregiving, and increasing the caregiver’s 
problem-solving skills. The psychoeducational approach 
goes beyond the more usual educational or emotional 
support model in that it teaches specific psychological 
skills that can be used by caregivers to manage stress on 
an ongoing basis (38). These interventions may be deliv-
ered individually or in group sessions (usually 1 to 2 hours 
per session for 6 to 10 sessions). They are typically led by 
a trained professional and include written materials.

Examples of interventions that have been evalu-
ated with caregivers include a life-satisfaction class, a 
problem-solving class, and an anger-management class. 
For example, Gallagher-Thomson et al. found that some 
caregivers are easily angered and others very reserved 
(denying their feelings), and that both these patterns were 
associated with elder abuse and neglect (38).

On the basis of these findings, they developed a 
course in “coping with frustration’’ (anger management) 
for caregivers. Class content included (a) presentation of 
the cognitive-behavioral model and treatment rationale; 
(b) discussion of sources of frustration and anger in care-
giving and the typical ways people respond; (c) teaching 
relaxation skills; (d) teaching cognitive techniques (e.g., 
self-talk); (e) helping individuals to develop a series of 
self-statements that work in coping with frustration; (f) 
teaching the difference between assertive, passive, and 
aggressive behavior; (g) teaching specific assertiveness 
skills; (h) encouraging individuals to practice self-assertion 
with family members and others in the caregiving situation; 
and (i) dealing with termination. The course included 8 
classes and 2o booster sessions (61).

In PD, cognitive behavioral therapy was evaluated in 
family caregivers to see whether improvements in cogni-
tive and behavioral skills could also improve the psycho-
logical outcomes associated with the current stressors of 
caregiving. Family caregivers were randomized into either 
a course of 12 to 14 sessions or to a no-treatment group. 
Sessions included education about the disease, accessing 
community resources, health self-enhancement activities, 
relaxation and sleep, working with negative thoughts and 
feelings, challenging maladaptive rules and beliefs, and 
planning for the future. A clinical psychologist taught the 
sessions. Results were evaluated using the General Health 
Questionnaire (GHQ-28). It was found that caregivers 
in the treatment group had significantly greater improve-
ment than the no-treatment group and that this improve-
ment was sustained over a 3-month period (62).

Another example of a psychoeducational intervention 
that has not received systematic evaluation is a caregiver 
educational series called Powerful Tools for Caregivers.
This program is built on the concept of training the trainer 
with the purpose of a wider dissemination of informa-
tion to caregivers who do not have access to professional 
psychoeducational programs. The curriculum is designed 
so that it can be taught by a non–health care professional 
who is trained to teach the curriculum with structured sup-
portive written materials (63). This program has reached 
caregivers in many rural environments and has been self-
sustaining because of ongoing demand.

In their meta-analysis, Sorenson and colleagues looked 
at the effectiveness of caregiver interventions by synthesizing 
78 caregiver intervention studies (64). The analysis included 
6 types of interventions; psychoeducational, supportive, 
respite-based, psychotherapy, care receiver–focused (e.g., 
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memory clinics for patients with dementia), and multicom-
ponent interventions. These interventions were evaluated 
using 6 outcome variables; caregiver burden, depression, 
subjective well-being, caregiver rewards, ability and knowl-
edge, and care receiver outcomes.

Psychotherapeutic and psychoeducational inter-
ventions showed the most consistent improvement on 
all 6 outcome variables. Multicomponent interventions 
had significant effect on burden, well-being, and ability/
knowledge but not on depression and care receiver symp-
toms. Support interventions reduced burden and increased 
ability/knowledge. Training of care recipients was effec-
tive in increasing caregivers’ well-being and reducing care 
receivers’ symptoms, but the effects on burden, depres-
sion, and ability/knowledge were not significant (64).

Respite Care and Adult Day Care

Respite care is designed to provide the caregiver with relief 
from caregiving activities; it includes such interventions as 
adult day care, in-home respite, and night care. Respite can 
be accomplished by hiring in-home care or by short-term 
placement of the care receiver to a nursing home or foster 
care facility. Adult day care offers respite for the caregiver 
and at the same time restorative activity programs for the 
care receiver. Analysis of respite care across 13 studies 
showed that respite and day care interventions were effective 
on burden, depression, and well-being but not significant 
for caregiver rewards, knowledge/ability, or care receiver 
symptoms (64). Clinicians should consider recommending 
respite care to families who need relief from care activi-
ties. Obtaining respite can be difficult for families when it 
involves hiring a person or people to care for their loved one. 
The checklist in Table 60-2 might be helpful to families.

Telephone and Computer Care

For over 15 years, telephone monitoring and support 
interventions have been successful in a wide range of 

health care situations, including cardiac disease (65, 66) 
and oncology (67, 68). More recently, computer-based 
information and support interventions have been found 
effective for caregivers of persons with chronic illnesses, 
including AD (69). Telehealth technologies provide access 
to health advice and monitoring in the home for family-
initiated questions or for provider-initiated monitoring. 
National PD organizations sponsor hotlines for people 
with PD and their families. These telephone intervention 
systems provide information and referral services, con-
necting persons with local and national PD resources. A 
list of hotlines is given in Table 60-3.

TABLE 60-2
Steps to Hire In-Home Respite Care

Hiring on your own
Create a job description
Conduct a search
Conduct interviews
Check references and public records

for criminal history
Write an employee agreement
Set a work schedule
Talk with your insurance company
Talk with a tax accountant
Keep work records

TABLE 60-3
Parkinson’s Disease Hotlines*

National Parkinson Foundation, Inc.
1501 NW 9th Ave./Bob Hope Rd.
Miami, FL 33136
Tel: 305-547-6666
Fax: 305-243-4403
Website: www.parkinson.org

WE MOVE: Worldwide Education and Awareness for
Movement Disorders

204 West 84th Street
New York, NY 10024
Tel: 212-241-8567
Fax: 212-987-7363
Website: www.wemove.org

The American Parkinson’s Disease Association
1250 Hylan Blvd.
Staten Island, NY 10305
Tel: 800-223-2732/718-981-8001
Fax: 718-981-4399
Website: www.apdaparkinson.com

Michael J. Fox Foundation for Parkinson’s Research
20 Exchange Place, Suite 3200
New York, NY 10005
TEL: (212) 509-1650
FAX: (212) 509-2390
Website: www.michaeljfox.org

Parkinson’s Action Network (PAN)
1025 Vermont Ave. NW, Suite 1120
Washington DC, 20005
Tel: 202-638-4101/800-850-4726
Fax: 202-638-7257
Website: www.parkinsonsaction.org

Parkinson’s Disease Foundation
1359 Broadway, Suite 1509
New York, NY, 10018
Tel: 212-923-4700/800-457-6676
Fax: 212-923-4778
Website: www.pdf.org

*All the national organizations have free literature, a news-
letter, and support group information.
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In-Home Interventions

A few studies have evaluated the effects of comprehensive, 
in-home interventions on elders and families; most involve 
extensive interdisciplinary in-home care along with tele-
phone support (70–77). Each of these studies evaluated 
a new model of care for frail elders and their families. In 
each, an intervention that changed the nature of health care 
delivery and the mix of health care providers was evalu-
ated. Two comprehensive in-home interventions, PREP 
and the comprehensive support program, are reviewed.

PREP was a comprehensive program of expanded 
in-home and telephone care for elders and their families 
referred for home health. PREP focused on three goals: 
increasing (1) preparedness, (2) enrichment, and (3) pre-
dictability in family care. PREP involved care planning 
and management, a PREP advice line (PAL) whereby 
families could receive telephone advice about care when 
needed, and the Keep-in-touch (KIT) system, through 
which nurses could monitor families. A pilot study of 
PREP found that mean levels of preparedness, enrichment, 
and predictability in PREP families were significantly 
higher than in control families (P � .05) and that PREP 
reduced mean health care costs per family by $3800 over a 
3-month period (70, 78).

The comprehensive support program of Mittel-
man and colleagues was designed to treat the primary 
caregivers of persons with AD over the course of the 
disease (74, 75). The intervention included treatments to 
maximize formal and informal support for the caregivers 
and included individual and family counseling sessions 
directed at increasing the support of the primary caregiver 
by other family members.

In addition, the intervention included availability 
of a weekly support group and ad hoc consultation by 
project staff when needed by the caregiver. The interven-
tion was designed to provide continuous support for the 
caregiver and family as long as it was needed. Over the 
period of a year, caregivers in the control group became 
more depressed; however, caregivers in the treatment 
group remained stable. After 8 months of the interven-
tion, treated caregivers were significantly less depressed 
than control-group caregivers.

Although comprehensive in-home interventions are 
not widely available, they hold great promise for persons 
with PD and their families. They provide highly indi-
vidualized care to families, focus on developing family 
care skills, attend to long-term and acute problems, and 
monitor for transitions in health and care so that early 
intervention is possible.

Support Groups

Support groups may be led by professionals or peers. 
They are usually focused on building rapport among 

participants and creating a forum for the discussion 
problems and feelings. They are built on the concept 
that support from others with similar problems can be 
invaluable and provides an opportunity to exchange ideas 
and strategies that can help others cope better. Although 
support groups are the most available interventions for 
caregivers, there is great variability in the purpose and 
structure of these groups. Rigorous evaluation of support 
groups has been hampered by their enrollment practices; 
in general, caregivers self-select to join a support group 
when they are ready. Most evaluations of support groups 
in the literature depend on anecdotal comments from 
participants. In spite of limitations in comparing stud-
ies of support group effectiveness, Sörensen et al. con-
cluded that this intervention reduced caregiver burden 
and increased ability/knowledge but had no effect on 
the other 4 outcome variables of depression, subjective 
well-being, caregiver rewards, and care receiver outcomes 
(64, 79, 81, 82).

In some situations (e.g., involving people who are 
newly diagnosed with PD), support groups can be more 
frightening than comforting. In these cases, it may be de-
sirable to refer such individuals and their families for peer 
support, typically to a person with a similar experience 
who is coping well. Such an approach is grounded in 
findings from Pillemer and Suitor, who highlighted the 
beneficial effects of interactions with people who have 
the same condition or experience (80). There has also 
been an evolution of targeted support groups. Examples 
are groups for newly diagnosed people and their fam-
ily members, people with early-onset disease, or support 
groups that are solely for caregivers. Targeted support 
groups have not received systematic evaluation.

CONCLUSION

For the estimated 1.5 million persons in the United States 
who have PD, family and friend caregivers are important 
mainstays. These caregivers are also valuable resources 
for physicians, nurses, and other clinicians who provide 
health care to these persons. With the projected future 
increases in the elderly population and the correspond-
ing anticipated increases in the number of persons with 
PD, collaboration between family caregivers and health 
care providers may be the key to improving the qual-
ity of care and quality of life of persons with PD. Such 
collaboration between families and providers may have 
the additional benefit of reducing caregiver strain and 
improving the satisfaction that families derive from care-
giving. In the coming decades, we look forward to a 
growing number of creative interventions conducted by 
teams of clinicians and researchers to improve the health 
and well-being of persons with PD and of the families 
who care for them.
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Economics

ealth care expenditures in the 
United States have continued to rise. 
From 1993 to 2003, national health 
expenditures nearly doubled, from 

$0.9 trillion to $1.7 trillion (1). As a percentage of gross 
domestic product (GDP), expenditures have risen from 
13.3% of GDP in 2003 to 15.3% in 2005 (1). The princi-
pal reason postulated for the high level of expenditures in 
the United States relative to other countries is the greater 
intensity of services provided (e.g., more specialist care, 
more amenities, lower utilization of capital equipment, 
higher administrative costs, higher physician incomes) (2). 
The principal driver for the high rate of growth in health 
care expenditures is technology, either the development 
of new technology or new applications of existing tech-
nology (2). While health care expenditures continue to 
rise, concerns mount that the benefit (or value) of these 
expenditures is not keeping pace. This mismatch between 
increased expenditures and marginal health benefit affects 
all of health care, including that related to Parkinson’s 
disease (PD).

Health services research is the field of medical 
inquiry concerned with evaluating the delivery, financing, 
and quality of health care. This research can help deter-
mine whether expenditures in health care are generating 
value for patients and society (3). This chapter considers 
economic evaluation in health care and its relevance to 
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PD. It reviews estimates of the overall economic burden 
of PD and discusses methods for economic evaluation of 
interventions in PD.

GLOBAL ECONOMIC BURDEN

Estimates of the annual economic burden of PD in the 
United States range from a 1992 estimate of $5.6 billion 
($7.8 billion in 2005 dollars adjusted for inflation using 
the U.S. Consumer Price Index–All Urban Consumers) 
(4) to a 1997 estimate of $25 billion ($30 billion in 
2005 dollars) (5, 6). To put this figure into context, in 
1992, dementing illnesses were estimated to cost over
$100 billion ($139 billion in 2005), whereas stroke 
cost approximately $17 billion ($24 billion in 2005), 
and epilepsy cost approximately $600 million per year 
($800 million in 2005) (7).

In Europe, the burden of PD is similarly large. A 
2004 study, Costs of Disorders of the Brain in Europe,
estimated the direct and indirect costs associated with 
neurologic, neurosurgical, and psychiatric disorders. In 
the study, the direct health care (e.g., physician, hos-
pital, pharmaceutical costs) associated with PD was 
4.6 billion euros in 2004. Among neurologic disorders, 
only stroke and dementia imposed a greater cost bur-
den. The “direct nonmedical costs” (e.g., social services, 

H

61



XI • OTHER ISSUES772

transportation) were even higher, at 6.1 billion euros, 
and were second only to dementia. Together, the total 
direct costs were 10.7 billion euros in 2004, trailing only 
dementia (55.2 billion euros) and stroke (16.2 billion 
euros). Insufficient data precluded an estimate of the indirect 
costs (e.g., lost productivity) associated with PD (8, 9).

As suggested by the economic data from the United 
States and Europe, PD is a common presenting disease to 
neurologists. Data from the 1991–1992 National Ambu-
latory Medical Care Survey (NAMCS) (10) showed that 
PD was the third most common presenting diagnosis 
(after headache and seizures) at neurology outpatient 
visits. For patients over 65 years of age, PD was the most 
common diagnosis, accounting for 16.9% of total neurol-
ogy outpatient visits in this age group. In another study, 
PD was the second most common neurologic reason (after 
Alzheimer’s disease) for home health care visits in patients 
over age 65. An estimated 11,800 patients receive such 
services annually in the United States (11). In addition, 
patients with PD account for between 2.2% and 6.8% of 
the U.S. nursing home population. Thus, the frequency 
of institutionalization among patients with PD is sub-
stantially in excess of the prevalence of the disease (12).

As the population ages, the prevalence and burden of 
PD are likely to increase. Using age-specific prevalence rates 
for PD (13) in the United States combined with demographic 
projections from the U.S. Census Bureau, the burden of PD 
in the United States will increase by approximately 80% 
from 2005 to 2030 (14). The worldwide burden is likely 
to grow at an even higher rate as maturing population and 
economies in China and India increasingly contribute to the 
global burden of PD.

DIRECT AND INDIRECT COSTS

The economic impact of PD includes both direct and indi-
rect costs. Direct costs are the formal medical services, 
home care, institutional care, and medications attributed 
to a particular condition. Indirect costs reflect the value 
of output (e.g., labor productivity) lost because individ-
uals with a given disorder are impaired and unable to 
work. The division between direct and indirect costs is not 
always clear, as some costs, such as informal care provided 
by family members, are treated by some investigators as 
direct costs and by others as indirect costs. The critical 
determination is not whether a cost is direct or indirect but 
that all costs from a societal perspective are captured. The 
components included in each study, variability in estimates 
of the cost of these components, and the estimate of the 
population prevalence of PD all contribute to differences 
between estimates. These cost categories are summed to 
produce a cost per subject; then the cost per subject is 
often multiplied by an estimate of the prevalence of PD 
to arrive at an overall cost estimate.

As early as 1973, Singer (15) examined a number of 
economic factors in her detailed analysis of the social and 
economic impact of PD. Among the findings in this study 
were that employment was substantially reduced among 
PD patients and that income from disability payments was 
increased compared to controls. There were also reduc-
tions in the ability to perform housework tasks and engage 
in leisure activities. More recent studies have attempted to 
quantify the annual costs associated with PD.

A detailed report on the economic impact of PD was 
prepared in 1998 for the Parkinson’s Disease Founda-
tion (6). This study estimated the per-individual yearly 
cost of PD in 1997 at $24,041 ($29,047 in 2005 dollars). 
Based on a prevalence of 1 million affected individu-
als (6) (other prevalence studies(13, 16) lead to lower 
estimates of the prevalence), the total economic bur-
den in this study was calculated as $24 billion in 1997 
($29 billion in 2005 dollars). Direct medical costs con-
tributed $8872 or about one-third of the per-patient cost. 
These direct costs included physician visits and hospi-
talizations as well as use of allied medical professionals 
such as physical therapists, costs of assisted living, and 
nursing home costs. The estimate of drug costs of $2137 
used in this study may be an overestimate, since the 
investigators used retail prices rather than wholesale 
costs. The remaining $15,169 per patient was made up 
by indirect costs including lost productivity in patients 
under 65 years of age and a fraction of patients between 
65 and 74 years of age.

More detailed reports of the costs associated with 
PD continue to be published in the medical literature. 
In one such study, Whetten-Goldstein et al. (17) inter-
viewed 109 PD patients in central North Carolina. Mea-
sures in this study included direct medical costs, lost 
wages, and an estimate of the economic effect on family 
caregivers. The total costs per PD patient were estimated 
at $25,001 per year in 1994 ($32,813 in 2005 dollars). 
Direct medical costs account for only $4026 ($5284 
in 2005 dollars) of this cost, while lost wages both of 
patients and family caregivers make up the remaining 
portion of the costs.

Rubenstein et al. (18) used data from the National 
Medical Expenditures Survey of 1987 to estimate the 
economic burden of PD. From a survey of 14,000 
households, they identified 58 individuals with PD, of 
whom 43 had cost and health status estimates for an 
entire year. These individuals were compared to a control 
group matched for age, gender, race, urban-rural status, 
and presence of specific target conditions known to be 
highly associated with health resource use. Patients with 
PD were significantly more likely than controls to report 
lost productivity due to health problems, greater use of 
hospital visits, and longer duration of hospitalization for 
similar diagnoses. Such patients were also more likely to 
visit physicians, use home health care services, and take 
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significantly more prescription medications. Total direct 
medical expenditures in 1987 were $10,392 ($17,862 in 
2005 dollars) per year for PD patients and $5648 ($9708 
in 2005 dollars) more than for controls. The authors 
commented that their estimates were somewhat impre-
cise because of their small sample. After adjusting for 
inflation, their estimate is also somewhat higher than the 
$4026 estimate derived by Whetten-Goldstein et al. (17) 
and the $8872 estimate used in the PDF study.

Dodel et al. (19) conducted a 3-month prospec-
tive analysis of direct health care costs of PD including 
drug costs, hospitalization costs, office visits, diagnos-
tic procedures and nursing care among 20 PD patients 
in Germany. Informal care and lost productivity were 
not included in their estimate. Overall, these investiga-
tors found a 3-month mean direct costs of 5210 DM or 
$3400 in 1995 ($4,336 in 2005). This annualized esti-
mate ($14,556) is higher than those mentioned above 
and approximately 30% higher than an earlier estimate 
by the same investigators (20) based on a (retrospective) 
review of medical records of 273 patients. Prospective 
measurements may lead to higher estimates of overall 
cost for several reasons. Prospective data collection may 
be more accurate as a result of more complete recall of 
resource use. However, prospective studies may also 
systematically inflate estimates because they tend to be 
made up of subjects who have recently come to medical 
attention. As a result, the study sample may be biased 
toward patients with greater resource use. The ideal 
study would collect data on resource use prospectively 
from a sample of patient identified from a population of 
community-dwelling individuals with PD. This informa-
tion should also be validated by comparison with insurance

claims. Table 61-1 summarizes many of the studies
(6, 17–19, 21–24) published on the direct and indirect 
costs associated with PD. However, comparisons across 
studies are difficult due to different patient populations 
and methodologies, including the scope of direct and 
indirect costs.

INFLUENCE OF CLINICAL FEATURES ON 
RESOURCE USE

Many factors may influence the costs associated with PD 
(Table 61-2). Chief among them are the characteristics and 
severity of the disease. The study by Dodel et al. (19) also 

TABLE 61-1
Direct and Indirect Costs per Individual with Parkinson’s Disease

MONETARY

 IN 2005 USD

 STUDY  VALUE  DIRECT INDIRECT DIRECT INDIRECT

INVESTIGATOR YEAR COUNTRY YEAR CURRENCY COST COST COST COST

Rubenstein et al. 1997 United States 1987 USD 10,392   17,862  
Whetten-Goldstein et al. 1997 United States 1994 USD 4,026  20,975  5,284  27,530 
Dodel et al. 1998 Germany 1995 DM 20,840   18,563  
John Robbins Associates 1998 United States 1997 USD 8,872  15,169  10,720  18,328 
LePen et al. 1999 France 1996 Euros 4,710   7,482  
Hagell et al. 2002 Sweden 1998 Euros 7,920  5,810  10,324  7,573 
Findley et al. 2003 United Kingdom 1998 Euros 3,360   4,380  
Keranen et al. 2003 Finland 1998 Euros 4,900  6,900  6,387  8,994 

USD � U.S. dollars; DM � Deutsche mark

TABLE 61-2
Determinants of Parkinson’s Disease Cost

Patient-level factors:
Disease severity

Motor symptoms
Nonmotor symptoms

Comorbidities
Age
Socioeconomic status

Physician factors:
Specialty of treating physician
Setting of physician (academic vs. community)

Health system factors:
Access to care
Quality of care
Financial (reimbursement) incentives
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examined the impact of specific disease characteristics 
on resource use. These investigators found that patients 
with early disease [Hoehn and Yahr (H&Y) stage 1]
had substantially lower costs than those with advanced 
disease ($1250 per year vs. $6330 per year). They also 
found that patients experiencing motor fluctuations had 
substantially higher costs ($4260) than those who did 
not have motor fluctuations ($1960).

Several other studies have evaluated the effect of 
disease severity on resource use. Chrischilles et al. (25) 
conducted a detailed study of resource use in 193 patients 
with PD attending 2 University-based neurology clinics 
in Iowa. These investigators measured a number of eco-
nomic factors, including use of formal medical services, 
ancillary and community services, and durable medical 
equipment. Days out from work and premature retire-
ment due to PD were recorded as measures of lost pro-
ductivity. Caregiver burden was not assessed. There was a 
strong relationship between disease severity as measured 
by H&Y stage and use of resources. For example, 3 times 
as many patients with H&Y stage 3 disease reported use 
of emergency room services compared to those with stage 
1 or 1.5 (14.8% vs. 40.7%) over a 12-month period. 
Other studies have also found that expenditures increase 
with disease severity (22–24).

We (unpublished data) conducted a survey of resource 
use of 428 patients attending a movement disorders clinic. 
Patients and caregivers completed a detailed questionnaire 
including items on disability for activities of daily living, 
use of direct medical services, drug use, and employment 
status. As in the study by Chrischilles et al. (25), we found 
a strong relationship between disease status and resource 
use. We also found that certain PD symptoms such as 
motor fluctuations, hallucinations, and confusion were 
strongly associated with resource use and negatively asso-
ciated with employment. This is consistent with a previous 
study showing that the presence of visual hallucinations 
was strongly associated with the need for nursing home 
placement (26). Our survey, although limited by lack of 
verification of patient self-report of resource use, suggests 
that nonmotor symptoms are an important patient-level 
factor associated with resource use in PD. Future research 
employing population-based studies that use prospective 
and verifiable methods to ascertain costs will help better 
characterize the economic burden of PD.

COST OF MEDICATIONS AND SURGERY

Expenditures on prescription drugs have risen sharply. From 
1993 to 2003, U.S. expenditures on prescription drugs 
rose an average of 13.3% per year (by comparison, infla-
tion rose 2.4% per year over the same time period) from 
$51.3 billion to $179.2 billion (1). Relative to total U.S. 
health expenditures, prescription drugs accounted for 

10.7% of expenditures in 2003, up from 5.8% in 1993 (1).
Pharmacologic treatment is among the largest contribu-
tors in the overall direct medical costs associated with 
PD (20).

New agents and new formulations of existing 
agents have increased the therapeutic options available 
for PD and have increased the costs. Annual cost of 
treatment with nonergot dopamine agonists can easily 
exceed $2000 per year. By comparison, treatment with 
generic carbidopa/levodopa costs approximately one-
third as much. Table 61-3 shows the prices of commonly 
prescribed medications for PD.

Surgical therapies, including pallidotomy and deep 
brain stimulation (DBS), have very high initial costs (27) 
but could be associated with long-term savings. Cost-
effectiveness research provides a means to assess the costs 
and health consequences of these new medical and surgi-
cal interventions.

COST-EFFECTIVENESS RESEARCH

Cost-effectiveness research embodies a set of research meth-
ods to assess the efficiency with which health care tech-
nologies make use of limited resources to produce health 
outputs. The drivers of these studies are the principles that 
all resources (including those for health) are limited and 
that health benefit should be maximized subject to those 
limitations. The goal of cost-effectiveness research is to 
compare incrementally the costs and benefits of alternative 
courses of action to show the relative value of alternative 
health-related interventions. The methodologic underpin-
nings and the importance of formal economic evaluations 
in analyzing neurologic issues have been reviewed else-
where (28, 29). Cost-effectiveness analysis is increasingly 
used to evaluate interventions for PD (27, 30).

COST-EFFECTIVENESS OF MEDICATIONS

One study has assessed the cost-effectiveness of prami-
pexole in both the early and late stages of PD (30). In this 
study, the investigators modeled the potential health and 
cost effects of adding pramipexole compared to standard 
treatment with levodopa for patients in both the early 
and late stages of disease. For both early- and late-stage 
patients, the pramipexole strategy was both more costly 
and more effective than the baseline levodopa strategy. For 
early PD patients, it was estimated that the pramipexole 
strategy costs an additional $8837 (United States, 1997) 
to gain an additional quality-adjusted life year (QALY) 
compared to the baseline treatment. For advanced PD 
patients, it costs an additional $12,294 to gain an addi-
tional QALY. These cost-effectiveness ratios were sensitive 
to many of the input variables in the model. For exam-
ple, the cost-effectiveness of pramipexole becomes more
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attractive (greater effect for less cost) if one assumes a 
slower rate of change over time in Unified Parkinson’s 
Disease Rating Scale (UPDRS) scores for those patients 
receiving pramipexole treatment (i.e., neuroprotection). 
Under certain assumptions, for example, when the 
annual rate of UPDRS change in the pramipexole group 
was reduced to 2 units or less, the pramipexole strategy 
actually leads to cost savings. The potential cost savings 
associated with a neuroprotective agent in PD was noted 
over a decade ago (31).

COST-EFFECTIVENESS OF SURGERY

Cost-effectiveness analyses have also evaluated surgical 
treatments of PD. A 2001 study used a decision model 
comparing DBS to best medical treatment in individuals
over age 50 with PD and found that the incremental 
cost-effectiveness from DBS treatment was $49,000 per 
quality-adjusted life year (QALY). However, because the 
long-term efficacy of DBS is unknown, the authors had to 
make assumptions regarding the duration and magnitude 
of effect. The need for these critical assumptions high-
lights “the need for randomized, controlled, prospective 
DBS experiments including quality of life and economic 
components” (32). Table 61-4 summarizes the results of 

cost-effectiveness analyses listed for PD in the Harvard 
School of Public Health’s Cost Effectiveness Analysis 
Registry (33).

IMPLICATIONS OF COST-EFFECTIVENESS 
RESEARCH

The central measure used in cost-effectiveness research is 
the cost-effectiveness ratio (C/E ratio), or the incremental 
costs associated with using one technology compared with 
another to achieve a gain in a unit of health. Costs are 
counted in the numerator of the C/E ratio and health out-
comes in the denominator. The denominator in a C/E ratio 
is often expressed in QALYs. The QALY is the most com-
prehensive and universal measure of health benefit (34).
The summary measure of these studies is expressed 
in terms of a cost in dollars to achieve one QALY. 
Comparing C/E ratios obtained from analyses of different 
interventions can assist decision makers in valuing these 
competing health interventions. Moreover, because the 
dollars per QALY units of the C/E ratio are not specific to 
any given disease, the ratio obtained in the analysis of an 
intervention for one condition can be directly compared 
to an intervention in an entirely different condition, as 
in Table 61-5 (35). For example, the one study reviewed 

TABLE 61-3
Average Wholesale Prices of Commonly Prescribed Drugs for Parkinson’s Disease

   AVERAGE

DRUG DOSE MANUFACTURER WHOLESALE PRICE UNITS

Carbidopa/levodopa
Carbidopa/levodopa 25/100 mg Alpharma $80.00  per 100 tablets
Sinemet CR 25/100 mg Bristol-Myers Squibb $104.59  per 100 tablets
Sinemet CR 50/200 mg Bristol-Myers Squibb $201.71  per 100 tablets
Stalevo (carbidopa/

entacapone/levodopa) 25/200/100 mg Novartis $219.45  per 100 tablets
Parcopa 25/100 Schwarz $102.70  per 100 tablets

Dopamine agonists
Bromocriptine 2.5 mg Mylan $218.25  per 100 tablets
Pergolide 1 mg Ivax Pharmaceuticals $401.65  per 100 tablets
Mirapex (pramipexole) 1 mg Boehr Ingelheim $216.64  per 90 tablets
Requip (ropinirole) 5 mg GlaxoSmithKline $240.86  per 100 tablets

COMT inhibitors
Comtan (entacapone) 200 mg Novartis $203.16  per 100 tablets
Tasmar (tolcapone) 100 mg Valeant Pharmaceuticals $255.04  per 100 tablets

Anti-cholinergics
Trihexyphenidyl 2 mg Consolidated Midland $15.00  per 100 tablets
Benztropine 0.5 mg Upsher-Smith $18.42  per 100 tablets

Amantadine 100 mg Upsher-Smith $59.06  per 100 capsules

Sources:  Average wholesale price determined from Red Book. Pharmacy’s Fundamental Reference. 2005 edition. 
Prices are in 2005 U.S. dollars



XI • OTHER ISSUES776

above found that it costs $8837 to gain a QALY when 
using pramipexole rather than levodopa in patients with 
early PD (30). The results of this study can be directly 
compared with those of another study looking at the 
screening and treatment of patients with asymptomatic 
carotid stenosis; it found that intervention cost $120,000 
per QALY (36). The implication of comparing one ratio 
to another is that those treatments or technologies with 
lower cost-per-QALY estimates represent better investments 

in health care resources compared to those with higher 
cost-per-QALY estimates. It is generally accepted that 
health care interventions with cost-effectiveness ratios of 
less than $50,000 to $100,000 per QALY are reasonable 
investments (see Table 61-5) (37).

Many controversies, challenges, and limitations 
remain in applying the results of cost-effectiveness research 
to help allocate resources. Recent attempts have been 
made to standardize the conduct and reporting of cost-

TABLE 61-4
Results of Cost-Effectiveness Analysis Studies in Parkinson’s Disease

   RESULT

INVESTIGATOR YEAR INTERVENTION EVALUATED (IN $/QALY)*

Hoerger et al. 1998 Pramipexole in early PD vs. Standard  9,900
of care, levodopa in patients with PD 
not already on levodopa

Hoerger et al. 1998 Pramipexole in late PD vs. Standard  14,000
of care, levodopa in patients with PD 
not already on levodopa

Shimbo T et al 2001 Dopamine agonists plus levodopa vs.  190,000
Levodopa alone in 60-year-old men with
PD in Hoehn-Yahr stage II in Japan

Nuitjen MJ et al 2001 Entacapone vs. Usual care in patients  Cost-saving
with PD with motor fluctuations 

Tomaszewski KJ et al 2001 Deep brain stimulation vs. Best medical  50,000
management in PD patients 50 years or 
older in later stages of disease

Source: Harvard Cost-Effectiveness Analysis Registry
QALY = quality-adjusted life year
*Standardized to 2002 U.S. dollars

TABLE 61-5
Comparison of Cost-Effectiveness Ratios for Various Medical Interventions

  COST-EFFECTIVENESS

PROGRAM REFERENCE RATIO ($/QALY)*

Seat belt laws Kaplan (1988) 0
Coronary artery bypass grafting  Weinstein (1982) 6,616

surgery for lesion of left main 
coronary artery 

Oral gold in rheumatoid arthritis Thompson et al. (1987) 16,206
Treatment of mild hypertension in  Weinstein and Stason (1976) 29,831

40-year-old males
Screening for asymptomatic  Lee et al. (1997) 145,132

carotid stenosis

QALY, quality-adjusted life year.
Source: Kaplan RM, Anderson JP. The general health policy model: An integrate approach, In: Spilker 

B (ed). Quality Of Life and Pharmacoeconomics in Clinical Trials, 2nd ed. Philadelphia: Lippincott-Raven, 
1996:309–322.

*Standardized to 2002 U.S. dollars.
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effectiveness analyses so as to minimize the effects of 
potential biases and improve the validity of the study 
results (38–39).

SUMMARY

By all metrics used, the economic burden of PD is large 
in the United States and Europe. With the aging of west-
ern populations and the economic and demographic 
maturation of the East, this burden is likely to grow sub-
stantially over time and become a more global issue. The 
burden extends beyond medical care to other direct costs, 
such as long-term care, and to indirect costs, such as lost 

productivity. It will be challenging to develop, within 
economic constraints, therapies and policies that meet 
the needs of individuals with PD.

Health services research, in particular cost-
effectiveness research, provides new insights into the eco-
nomics of PD and the value of PD interventions. Because 
PD is highly disabling and expensive, even modestly effec-
tive interventions are likely to be of good value. The 
burden of proof, however, depends on the careful conduct 
of cost-effectiveness analyses of PD-related interventions 
and critical appraisal of the results. Only then can the 
medical community translate the knowledge gained from 
these studies into strategies for promoting improvements 
in the prevention and treatment of PD.
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Driving

riving is a complicated task that 
nearly all members of society now 
learn at a young age (15 to 20 years). 
To perform safely, a variety of psy-

chomotor activities including perception, information 
processing, judgment, decision making, sequential and 
simultaneous movements of limbs, reaction-time tasks, 
continuous tracking, and attentional tasks are utilized. 
These functions subserve appropriate judgment of dis-
tance and speed, application of control forces for brak-
ing and accelerating, and the negotiation of curves and 
hazards that may come up unexpectedly while driving. 
Driving ability becomes deeply ingrained with continuous 
practice, so that mild to moderate loss of motor and 
cognitive function may not necessarily alter one’s ability 
to drive. Determining when a disease has progressed to 
the point of impairing driving can be difficult. Although 
assessment of the ability to drive in elderly people with 
and without neurodegenerative disease is complicated 
in and of itself, there are other concerns that add to the 
complexity, including the social and political ramifica-
tions. Driving is such an important social issue because 
the car provides a means to visit family and friends, 
attend social and cultural events, shop, and visit health 
care providers, among other things. There is also a cul-
turally engendered value where the car and a driver’s 
license represent symbols of independence. If they are 
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lost, so is independence. Alternative travel options may 
not always be available. Some patients will not give up 
their license even if they do not use it. Pullen and cowork-
ers (1) demonstrated that a significant number of elderly 
people maintained their driver’s license even when they 
had given up driving on their own years before. When 
interviewed, the elderly voiced that the loss of the car was 
a sign of becoming more dependent and required them 
to stay closer to home and have less social interactions. 
Many elderly patients became quite upset when faced 
with the prospect of life without a car (2).

The concerns of Parkinson’s disease (PD) patients 
are similar to those of patients with other neurodegenera-
tive diseases. In fact, the need for mobility and indepen-
dence may be more important to the disabled than the 
healthy. They also voice concern regarding the increased 
reliance on other family members to take time to help 
them even when the family member volunteers to do so. 
Patients with PD experience motor symptoms such as 
tremor, slowness, muscle stiffness, dyskinesias, and motor 
fluctuations, which can potentially interfere with driv-
ing. Psychological problems in PD may include executive 
dysfunction, impaired information processing, difficulties 
carrying out multiple tasks simultaneously, memory diffi-
culties, visuospatial and visuoperceptive problems, and in 
some cases frank dementia (3). Finally, drugs prescribed 
for PD can cause somnolence, visual hallucinations, 

D
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and confusion. Patients with PDwill often, to the best 
of their ability, hide their illness from the motor vehicle 
bureau so as to maintain a license. Gimenez-Roldan and 
coworkers (4) found that at renewal time, 63% of PD 
patients did not volunteer information on their disease 
for fear of losing their license.

On almost a daily basis, movement disorder 
specialists are faced with the issue of whether a PD 
patient should still drive. This issue is often broached 
by spouses or children, and it frequently causes a family 
rift. Attempts are made on both sides to sway the treating 
neurologist to see their point of view. Even after the issue 
is addressed and a license is lost, the patient continues to 
push for renewal. How can neurologists deal with this 
issue in an educated manner? In this review, we discuss 
important issues regarding driving and the elderly, since 
most PD patients are in this age group. Then we dis-
cuss what is known about driving performance in PD. 
Excessive daytime somnolence and “sleep attacks” are 
covered. We also provide the neurologist with a plan to 
follow when dealing with this situation in practice.

DRIVING AND THE ELDERLY

Individuals over age 65 make up 13% to 17% of licensed 
drivers (5). In the traffic safety literature, there is exten-
sive study related to investigation of the safe elderly 
driver (2). Driving performance may be affected by 
several factors that relate to the physiologic changes of 
aging, disease processes, and the medications used to 
treat them. Although there has been criticism about the 
effort to study aging drivers because it is too focused 
on narrow measurable parameters not consistent with 
the overall everyday reality drivers face, it is of more 
than passing interest to recognize studies that have exam-
ined sensory decrements, muscular degeneration, visual 
deficits, perceptual changes, attention problems, dich-
otic listening decrements, reaction times, psychomotor 
slowing, and glare impairment.

These studies establish facts concerning driving in 
the elderly and may form the basis of future public policy
decisions concerning driving in North America. The 
major conclusions regarding the elderly healthy driver 
include the following: (a) elderly drivers are underrepre-
sented in accident statistics; (b) studies based on actual 
miles driven in a year show that elderly drivers are the 
second most-accident prone group, second only to teen-
agers; (c) when the elderly are involved in automobile 
accidents, the most frequent problems include turning 
improperly, particularly to the left, failure to yield the 
right of way, starting up improperly in traffic, and ignor-
ing traffic signals; (d) the elderly have a far better record 
with regard to alcohol-related motor vehicle accidents; 
(e) physical frailty makes the elderly more prone to 

become traffic fatalities (6). Motor vehicle accidents 
are the leading cause of death by unintentional injury 
in the 65- to 74-year age group; the second leading 
cause of death (first is falling), for those 75 years of age 
or older, (7). Finally, elderly people are poor judges of 
their own ability to drive; this is especially true when 
health issues come into play (1).

Although medical conditions and their associated 
morbidity, including visual and cognitive deficits, lead 
to decreased driving activity and driving cessation (8, 9), 
many impaired patients continue to drive. In one study 
of patients seen in a geriatric clinic (10), drivers, as com-
pared with nondrivers, were younger, more often male, 
and scored higher on a mental status exam. Even so, 
40% of drivers were diagnosed with Alzheimer’s disease 
and 26% were impaired with regard to activities of daily 
living. In another study comprising inpatients (1), 37 of 
498 of those interviewed were active drivers and only 5 of 
these met the established medical criteria for safe driving. 
These findings underscore safety concerns related to the 
fact that unqualified people are driving and the difficulty 
of determining which of the elderly should not drive and 
how this decision can be established. There is evidence 
that the elderly compensate for increasing driving impair-
ment. These compensations include (a) driving less at 
night, (b) avoiding unfamiliar roads, (c) avoiding rush 
hours, (d) avoiding poor weather conditions, and (e) driv-
ing more slowly (6, 8). Although these people still drive 
frequently, they do so under familiar, safer surroundings. 
Despite this behavior and the fact that they are guilty 
of fewer traffic violations, evidence indicates that their 
risk of involvement in a motor vehicle accident remains 
higher. Slower driving may lead to more prolonged expo-
sure to high-risk situations (6). This may be the reason 
left turns appear to be so hazardous.

Specific correlates that may lead to increased risk 
of motor vehicle accidents for drivers over the age of 64, 
and particularly over the age of 74, include the claim 
that the proportion of accidents occurring on poor road 
conditions at night, which is exaggerated (2). Also, data 
on the relative probability of accident responsibility by 
age in a large data set involving over 88,000 accidents 
clearly delineates that drivers over the age of 75 are more 
likely to be the cause of accidents (2).

What explains the deterioration in driving seen in 
the elderly? Two broad areas are of particular concern 
in relation to the physiology of aging. The first is visual 
disturbances, which are an increasing problem for elderly 
drivers. Poor vision is the most common reason for ces-
sation of driving. Sorting relevant information from a 
wide array of competing influences becomes increasingly 
difficult in the elderly. Recognition-response activities 
become harder, and when additional tasks are superim-
posed—for example, turning on a car radio or speaking 
on a cellular phone—responsiveness becomes even more 
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compromised. The second problem area is the decision-
making process following extraction of pertinent infor-
mation from the driving environment. Elderly drivers 
require more time to make decisions. Elderly drivers are 
better able to maintain the direction of their vehicles than 
to change direction on short notice. This is reflected by 
the increasing involvement of elderly drivers in motor 
vehicle accidents at intersections. A test used to evaluate 
combined visual and cognitive changes is referred to as 
the “Useful Field of View’’ (UFOV). This is a computer-
administered test of visual attention that is divided into 
three parts: (a) central vision and processing speed; (b) di-
vided attention and recognizing objects both centrally and 
peripherally; and (c) selective attention, which utilizes 
distracters and forces the driver to focus on the object that 
is of greater significance. The score leads to a measure of 
risk for motor vehicle accidents. This test has been used 
to evaluate driving ability in those at risk (11).

Elderly drivers are also confronted with deterio-
ration in information processing, depth judgment, and 
reaction speed. However, the degree of these difficulties 
and the age at which they become significant in any given 
individual is quite variable, and the exact relationships 
between these changes and accident risk are not under-
stood. Therefore there is resistance to limiting driver 
licenses by a set age or even to determine a specific age 
of mandatory retesting.

Driving difficulties in the elderly may also relate 
to medical illness, functional disabilities, or medica-
tions. Several studies have examined these issues. 
Medical conditions frequently associated with motor 
vehicle accidents and ultimate driving cessation include 
cardiac disease, diabetes mellitus, Alzheimer’s disease, 
PD, seizure disorders, stroke, and sleep apnea (5). One 
study (11) suggests that functional disabilities and non-
specific diagnoses or age predict at-fault motor vehicle 
accidents. In addition to visual difficulties measured by 
UFOV, falling was associated with increased accidents. 
The authors suggest that risk factors for accidents and 
falling are similar. Falling with fractures was also associ-
ated with cessation of driving in women, perhaps due to 
osteoporosis (8). Another study found that foot abnor-
malities and decreased range of motion of the neck were 
important (5). In this study, association analyses demon-
strated a strong predictive value of three factors: poor 
near vision (usually associated with poor distant vision 
as well), poor visual attention, and poor range of motion 
of the neck. These were retrospective studies, and one 
author felt that the results might lead to an office-based 
screening tool; however, prospective evaluations would 
be needed to confirm the usefulness of such an approach. 
Drug therapy (tricyclics, hypnotics, opiates) also plays 
an important role in the occurrence of automotive acci-
dents involving the elderly, especially males (12). The 
side effects of these drugs and resultant effect on driving 

ability may be enhanced with advancing age, illness, or 
other concomitant medication. Sims and coworkers (11) 
found that the use of beta blockers was associated with 
fewer accidents. It may be that these drugs reduce anxiety 
and tremor, thus decreasing the risk of accidents. Many 
patients have more than one ailment or are taking several 
drugs, so comorbidity is important, but proper studies 
have not been completed.

It is clear that there are several concerns about 
the safe driving of elderly individuals. Further study is 
needed to determine what factors result in increased 
risk for accidents and how steps can be taken to coun-
sel drivers appropriately. When PD is associated with 
motor and cognitive features, these issues are further 
complicated, and neurologists must often participate in 
evaluating them.

DRIVING AND PARKINSON’S DISEASE

Although it is known that PD is a common cause of driv-
ing cessation (13), the issue of driving has not been well 
examined in this patient population. Patients with PD 
experience a number of abnormalities of function vital 
to driving safety. Motor function, visual perception, 
reaction time, attention maintenance, and information 
processing are all abnormal in PD patients, even in those 
without dementia. Dementia adds another dimension to 
the problem. Although the question of whether a PD 
patient should drive is frequently addressed in move-
ment disorder clinics, there are limited data to helps us 
to make appropriate decisions. The social issues make 
the decision to withdraw a patient’s driving privileges 
difficult.

Assessment of Driving Performance

Simulator Studies. Driving ability in PD patients has 
been evaluated using both simulators and on-road driv-
ing tests with a series of computer-aided laboratory tests. 
Relatively few studies with small numbers of subjects 
have been reported, and there is no standardized method 
of examining performance. Nevertheless, those studies 
have demonstrate clearly that driving is impaired in PD. 
Simulator studies are easier and safer than on-road stud-
ies to administer in PD patients. Four studies have been 
reported using both PD and control subjects.

Madeley et al. (14) measured the ability of sub-
jects to react with steering adjustments, respond to light 
changes, and utilize foot pedals. They examined 10 PD 
patients classified in stages 1 to 3 according to Hoehn 
and Yahr (H&Y): 6 active drivers and 4 who had given 
up driving as well as 10 age- and sex-matched controls. 
In the PD patients, accuracy, driving reaction time, and 
light recognition were found to be impaired.
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Lings and Dupont (15) evaluated driving in 28 PD 
patients, 18 with a driver’s license (5 no longer driving) 
and 10 without (5 gave it up and 5 never had one), and 
109 controls. Controls were not age-matched and were, 
in fact, younger (median age 49) than the PD patients 
(median age 65). The duration of disease was 8.75 years 
and mean H&Y stage was 2.2. Of the total, 21 had mild 
motor fluctuations, 14 had mild dyskinesia, and none had 
“on-off” symptoms. The authors specified that patients 
were selected by their lack of major complicating prob-
lems. The simulator used measured the following: grip 
strength, force applied by hand and foot, isometric force 
while turning the steering wheel, reaction time to audio 
and visual stimuli in hand and foot, choice reaction times, 
direction and speed of steering wheel turning, patterns 
of steering wheel movement, and erroneous reactions. 
PD patients had the following findings: (a) reduced grip 
strength; (b) significantly reduced speed of movement; 
(c) significantly increased reaction times, the consequence 
of which was a prolonged reaction length; (d) increased 
frequency and more serious errors, mostly directional 
in nature (wrong turns). Overall, 61% of PD patients 
compared with 32% of controls had 1 error while 21% 
of PD patients and 6% controls had 2 or more errors; 
in addition, 57% of PD patients made directional errors 
compared to 22% in controls. Some patients completely 
failed to react to signals. When only licensed drivers were 
analyzed, the results were similar.

Zesiewicz et al. (16) examined 39 PD patients and 
25 controls. The primary endpoint was the number 
of collisions for day and night conditions. Among the 
39 patients, 56% were still driving their usual amount, 
26% had reduced their driving, and 18% had stopped. 
The main reason for discontinuing driving was difficulty 
concentrating. The mean H&Y stage was 2.2. Controls 
were comparable for age and miles driven per month. 
Those with PD had significantly lower scores on the 
Mini-Mental State Examination (MMSE) than controls 
(23.6 vs. 28.6; P � .001). When examining all PD patients 
and then just those still actively driving driving, the total 
number of collisions was significantly higher among PD 
patients verus controls (P � .01). Those with accidents 
had lower MMSE score and were older.

One additional study (17) reported on internally 
guided cognition and the impact of the use of external 
cues. It examined approach speed to traffic lights, decel-
eration point, stopping point, curve speed, and lane posi-
tioning using 2 paradigms; one advanced preparation 
with maps and another with no opportunity for advanced 
internal cueing. External cues were varied. PD patients 
suffer from dysfunction of internal cueing and require 
external cues in several cognitive domains, such as ver-
bal learning and visuospacial orientation. It was hypoth-
esized that patients would have significant difficulty with 
internal cueing and would improve with external cues. 

The simulator measured the use of the steering wheel, 
accelerator, and brake pedals. Among the 18 patients 
and 18 controls studied, there was no significant differ-
ence in age, education, or driving experience; however, 
the PD group drove less distance at the time of the study. 
All subjects were active drivers. PD was mild to mod-
erate and patients were tested in the medication “on” 
state to optimize capability. The results demonstrated 
that PD patients had significantly more trouble with time 
to deceleration, stopping on time, and driving on curves 
with slower speed and speed variance as well as difficulty 
maintaining a constant lateral position. There was a trend 
toward slower speed in approaching a traffic light. In the 
absence of external cues, patients were less able to inter-
nally cue approach speed adjustment and deceleration. 
They were more likely to run through traffic signals. They 
also had difficulty adjusting curve speed appropriately. 
Patients relied on external cues even when given advanced 
preparation for the test. They were, overall, less able to 
adapt to changing conditions than were controls.

On-Road Studies. Although simulators are very useful 
in measuring driving performance because they make it 
possible to test hazardous situations that would other-
wise be unsafe in real time on the road, they do not fully 
predict performance with on-road testing. Subjects may 
have trouble adjusting to the simulator and they may not 
react with urgency because of the fabricated setting. Some 
have suggested that this procedure may be utilized as a 
screening procedure. The gold standard is the on-road test. 
Despite that, only 2 studies in PD using this test situation 
have been reported.

The first, performed by Heikkila and coworkers 
(18), studied driving ability in PD patients using a 45-min-
ute driving test and a series of computer-aided lab tests, 
including visual short-term memory, perceptual flexibility 
and decision making, vigilance, complex-choice reaction 
times, information-processing capacity, and stress-toler-
ance. They tested 20 men with PD H&Y stages 1 to 
3 and 20 age-matched controls. The PD patients were 
regular drivers with no motor fluctuations. The driving 
test demonstrated an increase in risky faults that could 
lead to danger and infractions of the law. The patients 
had difficulty driving in traffic, difficulty turning left, and 
greatest difficulty in urban conditions. Highway driving 
was not impaired when compared with controls, per-
haps because there was no need for changes in direction 
or lane. There was wide individual variation of driving 
ability in the PD group: overall, 35% of the drivers were 
unfit. The laboratory studies demonstrated more difficul-
ties in the PD group with visual memory testing, choice 
reaction time, and information-processing capacity. These 
findings were seen even in mild to moderate stages of 
disease, and they correlated with driving test difficulties, 
particularly the number of risky faults. The conclusions 
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were that PD significantly influenced driving ability even 
in mild to moderate disease, although the milder patients 
were considered to be competent.

Wood et al. (19) examined driving performance in 
25 PD patients and 21 controls (community volunteers). 
The average age of patients was 63.7 years and that 
of controls 65.2 years. In the PD group, the mean H&Y 
stage was 2.3, duration of PD 6.2 years, mean levodopa 
dose 673 mg/day, and Unified Parkinson’s Disease Rating 
Scale (UPDRS) score 27.4. Both groups of subjects had 
similar driving experience, frequency of driving, and self-
reported accidents. The PD patients drove fewer kilometers 
and were less confident driving alone. In this study, there 
was a driving instructor in the front seat and an occupa-
tional therapist specifically trained in driving assessment 
in the back seat. Seven aspects were rated at 147 locations 
in the driving course and the driver was given an overall 
rating on a scale of 1 to 10. (A score 1 to 3 indicated 
that the instructor had to act to avoid an accident or that 
the driver actually hit an object. This rating indicat-
ed that the driver should cease driving. A score of 4 to 
5 indicated poor driving and observational skills; 6 to 8 
indicated an average driver with some bad habits; and 
9 to 10 pointed to an excellent driver.) Both occupa-
tional therapist and instructor rated the driver and both 
were highly correlated. The subjects also completed a 
57-item questionnaire for drivers’ perceived difficulty in 24 
situations. The PD patients were significantly less safe than 
controls (mean PD score 4.8 vs. 6.6 for controls). Overall, 
14 PD and 5 controls scored at 5 or below, indicating that 
they would have failed a driver test. Types of errors seen 
included those involving self-directed navigation (inter-
nal cueing),, lane keeping, monitoring blind spot, traffic 
light and intersection navigation, lane changing, driving 
in reverse, and parking. The authors concluded that PD 
patients are less safe than controls and probably should be 
assessed by an occupational therapist at regular intervals.

In all these on-road and simulator studies, patients 
with mild to moderate PD were selected and examined 
when medication response was optimal. Nevertheless, it 
is worrisome to find that driving impairment is detectable 
and significant and that more than 50% of patients would 
actually fail driving tests. In all studies, PD patients were 
found to be less safe behind the wheel than age-matched 
controls. Many of the patients tested were active drivers, 
indicating, as also seen in the well elderly, that some patients 
with substantial impairment remain behind the wheel.

Incidents of Motor Vehicle Accidents 
or Moving Violations

Information on rates of motor vehicle accidents involving 
PD patients is sparse (20). Only a few studies examining 
this issue (separate from falling asleep at the wheel) have 
been reported. There is no information on the types of 

accidents or outcomes. One study from Germany found 
that patients caused fewer accidents and were tick-
eted for moving violations less often than the national 
average (21). Of 156 PD patients who were still active 
drivers, 7.7% registered with the state traffic commission 
for traffic offenses or accidents as compared to 25% in the 
general population. Infractions reported included a minor 
motor vehicle accident, 7 minor violations, and 2 major 
offenses which led to 3 revocation of the driver’s license. 
There were no repeat offenses. A review of the records of 
the United Kingdom department of transportation also 
indicates that PD is not an important cause of motor 
vehicle accidents (22). Data from other countries also 
suggests that fewer, not more, accidents than expected are 
seen with PD because of the limitations and adjustments 
patients impose on themselves in driving. Dubinsky and 
coworkers (23) found that PD patients were infrequently 
involved accidents; however, it was discovered that PD 
patients did experience more accidents per mile of driv-
ing, 80 versus 14.3 for controls. Meindorfner et al. (24) 
reviewed 6620 questionnaires completed by PD patients 
regarding accident frequency; among these, 82% had a 
license at some time, 60% were still driving, 14.5% of 
licensed drivers had been involved in an accident over 
the previous 5 years (18% of restricted drivers), and 
10.8% reported causing one. Younger PD patients were 
more likely to cause an accident than the age-matched 
controlled population, but these figures converged with 
advancing age. Accident involvement was associated 
with sudden-onset sleep, disease severity, and kilometers 
driven per year.

Correlates to Driving Performance

Several attempts have been made to find clinical features 
that might predict poor driving performance in PD. This 
would enhance decision making in the office setting. But 
the outcome has been unclear because PD is heterogeneous 
and a variety of features may play a role in the develop-
ment of driving trouble, including motor features, execu-
tive functioning abnormalities involving planning and 
sequencing movements, inability to perform dual tasks, 
dementia, psychosis and other psychiatric features, and 
visual abnormalities. Several investigators have attempted 
to correlate motor abnormalities and diminished driving 
ability. Zesiewicz et al. (16) showed that UPDRS motor 
scores correlated with total collisions on a simulator test, 
Madeley and coworkers (14) demonstrated a correla-
tion between the results of simulator testing and the Web-
ster severity scale. On the other hand, Wood et al. (19) 
and Heikkila et al. (18), on the basis of on-road tests, 
found no correlation between UPDRS, H&Y stage, or 
levodopa dose and driving capability. The same is true 
for 2 other simulator studies (15, 17). In a question-
naire study, Dubinsky and coworkers (23) demonstrated 
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poor correlation between the Northwestern University 
Parkinson’s Disease Rating Scale and the Schwab and 
England scale with driving ability and number of motor 
vehicle accidents. However, they did show that there 
was correlation between H&Y stage and motor vehicle 
accidents and that more occurred at stage 3. The lack of 
a consistent relationship between disease severity and 
driving difficulties suggests that other aspects of disease 
play an important role and that the motor examination 
cannot, by itself, be used as a guide to decision making.

Another area of interest relates to age and duration 
of disease. In an unpublished study (Weiner, personal 
communication), patients with PD who were still driving 
were younger (age 66 vs. 74) and had a shorter duration of 
disease (5 vs. 8 years) compared with nondrivers. Another 
study also demonstrated that older age was associated 
with poor driving performance in the PD group but not 
in controls (17). Cognition, often controlled for in studies 
by allowing an MMSE score in the normal range, is likely 
important. Several studies (16, 18, 23) showed a correla-
tion of total accidents or poor driving performance and 
MMSE score, and these patients were not considered to 
be demented. Stolwyk (17) demonstrated that internally 
guided cognition with the use of internal cues is abnor-
mal. While the fundamental mechanism underlying this 
cognitive function is unknown, it may relate to executive 
function or attentional processing loads.

Worringham and colleagues (25) specifically studied 
predictors of poor performance in PD. They were the 
only authors to take into account the heterogeneity of 
PD features. They performed 2 days of functional tests 
before the on-road test on 25 PD patients and 21 controls. 
Three domains were examined; visual function, cogni-
tion, and motor performance. The results indicated that 
a combination of 3 tests, one from each domain, was 
highly and significantly correlated with driving safety. 
These tests were Pelli-Robson contrast sensitivity, symbol 
digit, and Perdue pegboard. These tests examine low-
contrast sensitivity to visual stimulation, efficient atten-
tion shifting, and motor dexterity. The sensitivity (correct 
prediction of a passing driver’s test) was high and the 
specificity (correct identification of a failure) was moder-
ate. These results were enhanced when age of the subject 
was accounted for in the analysis, and the investigators 
found that they could predict results for PD subjects and 
controls. The authors suggest that these tests are widely 
available, portable, and easy to administer and should be 
used periodically in the clinic.

Clinical Features Impairing Driving Ability

Several clinical features of PD may impair driving. 
Motor features that appear to have the greatest impact 
on driving include dyskinesia, fluctuations, tremor, and 
falling. In nonparkinsonian elderly, a correlation was 

observed between falling and motor vehicle accidents 
(8, 11). Meindorfner et al. (24) reported 19 patients in 
whom freezing of gait or motor blocks were important 
causes of accidents. Visual dysfunction plays a key role. 
Patients with PD suffer from abnormalities of visual 
acuity, contrast sensitivity, speed processing and percep-
tion, spatial and motion perception, and visuoconstruc-
tional ability (26). Hallucinations, confusion, depression, 
anxiety, and poor impulse control can all affect driving. 
Drug therapy and aging may also play a role. Few of these 
issues have been studied.

Dementia occurs in more than 30% of PD patients (3), 
and it has a progressive nature, as in Alzheimer’s disease; 
in fact, some patients have Alzheimer’s disease associ-
ated with their PD. The role of dementia in the driving 
difficulties of PD patients has not been studied. Most 
studies purposely include patients with mild to moderate 
disease and no cognitive deficits. Considering that these 
mild to moderate PD patients already have problems with 
driving for a variety of reasons, it is clear that adding 
dementia to the mix could be very problematic. We can 
learn from the substantive literature on Alzheimer’s dis-
ease (27), and the information gathered could provide 
some insight into the influence of dementia on driving 
problems in PD. Although all Alzheimer’s patients even-
tually stop driving, several questions surround the issue, 
especially in the early years. During on-road tests, early 
Alzheimer’s patients demonstrated significant concern. 
One study of 19 patients with an average duration of 
disease of 4 years demonstrated a failure rate greater than 
60% (28). Another demonstrated a 19% failure rate in 
“very mild’’ patients and a 41% failure rate in those con-
sidered “mild’’ compared with 3% in controls, indicating 
that driving impairment occurs very early in the course 
of disease (29). In another study of 50 patients with a 
clinical dementia rating (CDR) of 0.5 (very mild) or 
1 (mild), 9 subjects were rated unsafe, 19 marginal, and 
22 safe (30). The abnormalities seen included delayed 
pedal release, lane boundary crossing, lane changing, 
signaling, and selection errors (31). Other on-road and 
simulator studies demonstrate similar findings (for review 
see Ref. 27), indicating that patients with very mild and 
mild dementia already have significant difficulties. While 
this indicates that Alzheimer’s disease impacts driving 
early on, as with PD, some authors have suggested that 
the finding indicates that, since some pass, a diagnosis of 
Alzheimer’s disease does not mean immediate discontinu-
ation of driving (27). However, an increased rate of motor 
vehicle accidents has been demonstrated by simulator 
tests (32). One survey study (33) demonstrated that the 
increased risk for accidents in the first 2 to 3 years of 
Alzheimer’s disease is modest, and the yearly rate is lower 
than that in young people up to the middle twenties. In 
addition, the accident rate is within the accepted risk for 
all registered drivers. However, after 3 years, the risk of 
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accidents rises significantly. Approximately 50% of AD 
patients stop driving by 3 years of disease (33).

There is marked variability in driving in the early 
years. Medical assessment and duration of disease do not 
correlate directly with the occurrence of unsafe driving. 
Several attempts have been made to develop a battery 
of neuropsychological tests to predict unsafe driving in 
demented patients. Several studies suggest that the MMSE 
may be predictive and scores of 18, 22, and 24 have been 
suggested as cutoffs for driving, but this association is 
modest at best (27). Adler et al. (27) suggest that anyone 
with a score of 24 or less should be tested. Other studies 
suggest that trailmaking part B, visual tracking, visual 
perception, and visuospatial skills correlate (34), and 
these tests have been recommended for use in screening 
drivers (27). Other studies included tests of attention 
processing, such as the UFOV, Benton visual retention, 
and digit span (35); these too seem to be good measures 
of dementia severity. In the final analysis, there has been 
no consensus on a standard neuropsychological test that 
would be predictive of unsafe driving. Drachman and 
coworkers (33) recommended the use of direct driv-
ing tests to judge the individual’s competence. Others 
have suggested periodic reevaluation every 6 months in 
patients with dementia.

Several studies examined driving-related tests to 
predict unsafe driving. These include the Traffic Sign 
Recognition Test, Driving Performance Test (DPT), and 
Driving Advisement System (DAS) (31, 36) as well as a 
battery of executive function tests, particularly visuospa-
tial studies (30); these too, however, need further study. 
The American Academy of Neurology suggests that all 
demented patients with a CDR of 1 (mild impairment) 
or worse should stop driving and those with 0.5 should 
be tested (37).

Dementia alone can be a significant obstacle to guid-
ing a motor vehicle safely. The addition of those visual 
aspects associated with aging and PD compounded with 
dementia and the motor features and one can begin to 
realize the complexity of assessing driving in patients 
with PD.

Excessive Daytime Somnolence 
and “Sleep Attacks’’

A particular symptom complex of interest in relation to 
driving safety is excessive daytime sleepiness (EDS) and 
sleep attacks. It has been well known for years that some 
PD patients suffer from EDS (38). Spontaneous dozing is 
significantly more common in PD patients (49%) than in 
controls (26%) (38). It has also been shown that daytime 
somnolence occurs in primates with MPTP-induced par-
kinsonism (39). But it was not until 1999, after Frucht 
and coworkers (40) reported that 8 patients with PD had 
fallen asleep at the wheel, that concerns about the impact 

of EDS on driving safety arose. These patients were taking 
a wide variety of medications, including the dopamine 
agonists pramipexole and ropinirole, and it was suggested 
that these medications were the cause. This report was 
not a study of sleep or driving problems in PD and did 
not account for the many variables that could also have 
played a role in falling asleep at the wheel. Several reports 
followed, indicating that pergolide and levodopa could 
cause the same problems (41). These reports engendered 
an unusual amount of interest, response, and contro-
versy (42–44). Based on the report by Frucht et al. (40), 
the FDA and health organizations around the world 
required amendments to package inserts, including a 
black box warning in the United States with a statement 
that patients should not drive until “they have gained suf-
ficient experience to gauge whether or not pramipexole 
affects their mental performance adversely.” In Germany, 
patients were instructed not to drive (45). The restrictions 
were tighter than those for known sedative drugs. This led 
to considerable concern about the driving capability of 
PD patients in general. As a result, considerable interest 
in the mechanisms of sleep disturbance in PD and the 
effect of drugs on sleep in PD occurred.

The controversy concerned whether these patients had 
true sleep attacks, as seen with narcolepsy, or drug-induced 
somnolence. Terminology from this literature indicates the 
presence of 2 types of episodes: (a) “sleep attacks” occur-
ring without warning and unrelated to somnolence and 
(b) “unintended sleep episodes” or “sleep events,” which 
are events with premonitory sleepiness. “Sudden-onset 
sleep” includes both groups. Investigations with poly-
somnography have demonstrated that both occur. Of 
importance is that sleep attacks do occur, albeit rarely. 
Tracik et al. (46) reported a single patient on cabergoline, 
budapine, levodopa, and entacapone with sudden-onset 
sleep with demonstrated electroencephalographic (EEG) 
slowing within 10 seconds and stage 2 sleep in 60 sec-
onds. Rye et al. (47) examined 27 patients, none of whom 
were on pramipexole or ropinirole, and 13 controls for 
EDS with polysomnography and a multiple sleep latency 
tests (MSLTs). They found that 19% of PD patients had 
pathologic sleepiness and MSLTs below 5 minutes. In 
this study, 30% of all MSLTs measured resulted in patho-
logic sleepiness. Six patients had episodes of sudden-onset 
rapid-eye-movement (REM) sleep similar to those seen in 
narcolepsy. These findings were present in both treated 
and untreated PD patients. An additional aspect of the 
controversy related to whether the presence of nocturnal 
sleep disorders led to increased somnolence during the day 
with sudden onset of sleep. It was actually shown with 
polysomnography that higher levels of daytime alertness 
were associated with poor sleep (decreased total sleep 
and sleep efficiency) (47). In another study of 6 patients 
with sudden-onset sleep, polysomnography and MSLT 
demonstrated insufficient nocturnal sleep (decreased total 
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sleep time and sleep fragmentation as well as reduced 
slow-wave and REM sleep) (45). None of these patients 
experienced sudden-onset REM sleep; no control subjects 
were examined. These authors performed a driving simu-
lator test and a checkerboard test, both demonstrating 
early fatigue in all patients. They concluded that EDS 
was caused by nocturnal sleep fragmentation and that 
dopamine agonists increased this tendency. These issues 
still need to be resolved.

The characteristics of the two types of sudden-onset 
sleep differ. For sleep events where the subjects have pro-
dromal sleepiness, the sleepiness comes in waves, and 
when they fall asleep, they remain asleep for about 60 
minutes. These are episodes of slow, irresistible dozing 
off, and patients have poor awareness of their sleepiness. 
Sleep attacks involve no prodromal sleepiness and the 
episodes are irresistible but brief, lasting for a few minutes 
only. Some subjects report this phenomenon to be more 
like a short circuit than falling asleep (45). The type of 
accident that occurs while falling asleep at the wheel dif-
fers from that which occurs during active awake driving. 
Those who fall asleep at the wheel do so when the task is 
monotonous, with a low degree of difficulty. Such acci-
dents are due to driving off the road (84% of the time) and 
generally involve a single vehicle (82%) (24). Accidents 
unrelated to sleep occur in more complicated situations, 
such as at crossroads and in parking areas (97% of the 
time) and generally involve other drivers (92%).

The frequency of sudden-onset sleep has been 
examined in several studies. Homan et al. (48) reviewed 
the literature of cases of sleep attacks in patients taking 
dopamine agonists. Of 1787 patients, 6.6% (range 0% 
to 30%) had sudden-onset sleep and two-thirds were 
male. Seventeen cases occurred with driving and resulted 
in 10 accidents. Twenty patients had recurrent events. 
Meindorfner et al. (24), through a questionnaire study, 
found that 8% of 5210 patients experienced at least one 
episode of sudden-onset sleep; 57% had unintended sleep 
episodes and 26% had sleep attacks. Overall 2.3% of 
patients with a driver’s license reported an accident due 
to sudden-onset sleep and 8% of all accidents recorded 
happened for this reason. Sudden-onset sleep was often 
reported in association with change in medications and, 
in half, was due to the addition of dopamine agonists. 
A consortium of 18 Canadian sites (49) examined 638 
patients, including 420 who were active drivers, with 
a questionnaire. EDS was present in 51% of patients 
[similar to the 49% reported in 1990 (38)], but sudden-
onset sleep occurred in 3.8% and actual sleep attacks 
were reported in 0.7%.Only one minor accident was 
reported. The investigators failed to show a relationship 
with any particular group of drugs. Avorn et al. (50)
examined 929 patients and questioned them about sleep 
events in the preceding 6 months. These authors com-
bined all episodes of sudden-onset sleep and did not sepa-

rate unintended sleep episodes from sleep attacks. Of this 
population, 22% had uncontrolled somnolence. In this 
particular study, those treated with dopamine agonists 
had a 3-fold greater risk of sudden-onset sleep, and per-
golide, pramipexole, and ropinirole were similar in their 
effects. There was also a dose-related response. Patients 
on neither levodopa nor an agonist had no sudden-
onset sleep. In a single-center study, Brodsky et al. (51) 
examined 101 patients and controls, finding EDS to 
be present in 76% of patients and 47% controls. Sleep 
episodes while driving occurred in 21% of patients and 
6% controls.

EDS is a common problem in PD. Sudden-onset 
sleep of both types does occur in 4 to 20%, with sleep 
attacks being less common, occurring in about a quarter 
of thos with sudden onset sleep. Accidents related to sleep 
events in PD patients are generally minor and uncommon 
(estimated at 0% to 2%) (24, 42, 49). These events appear 
to be a dopaminergic phenomenon because of their more 
frequent occurrence with agonists and levodopa, although 
Rye et al. (47) demonstrated their occurrence in untreated 
patients as well. While Avorn et al. (50) seem to show a 
direct relationship to dopamine agonists, other studies 
do not. The data at this point are not reliable enough to 
establish a direct relationship. The numbers are too low 
for drug-to-drug comparisons, the methodology is prob-
lematic—uncontrolled and retrospective, and the data are 
incoherent. preventing combined analysis or generaliz-
able conclusions. Clinical trials such as the CALM-PD 
trial (52) and 056 trial (53) have demonstrated a greater 
rate of somnolence with dopamine agonists as compared 
to levodopa in early PD patients. When therapy with 
levodopa or dopamine agonists is initiated, patients 
should be cautioned about the possibility of somnolence 
and the operation of any dangerous machinery, including 
automobiles (54).

It should be noted that falling asleep at the wheel is 
not an uncommon complaint in the general population. 
A number of causes relate to its occurrence in healthy 
people, including disturbed sleep, long work hours, long-
distance and monotonous driving, the use of sedatives 
or alcohol, and others (55). In a survey study, 29% of 
drivers reported that they nearly fell asleep at the wheel 
at some time during the prior year; approximately 15% 
of accidents on main roads and 20% on secondary roads 
were attributed to this phenomenon (55). This problem 
correlates with degree of daytime sleepiness, occupation, 
annual driving distances and proportion of highway 
driving as well as disturbed nocturnal sleeping habits 
and sleep disorders such as sleep apnea. It is not uncom-
mon for drivers involved in motor vehicle accidents due 
to falling asleep to indicate that they had no warning. 
However, it has been shown in simulator studies that 
drivers do experience tiredness about 40 minutes before 
falling asleep and that that tiredness worsens over time 
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(55, 56). Actual sleep attacks appear to be rare in the 
general population.

Risk factors for the development of sudden-onset 
sleep in PD are difficult to predict based on available data, 
and those found have not been consistent. The best appears 
to be the score on the Epworth sleep scale (44, 49, 51), 
but in most studies the measure is taken at a remote time 
after the crash, so it is difficult to draw this conclusion with 
certainty. Others have suggested the presence of autonomic 
dysfunction (48), poor nocturnal sleep (45), duration of 
disease, and severity of disease (54).

It is interesting to note that the appearance of 
sudden-onset sleep does not lead to the decision to restrict 
driving on the patient’s part; therefore physicians need to 
take an active role in addressing this issue. Many subjects 
with sudden-onset sleep fail to assess wakefulness cor-
rectly; hence they tend to believe that the event occurred 
suddenly.

The Patient’s Perspective

Several authors have questioned PD patients formally 
regarding their driving and evaluated how they deal 
with their difficulties. Such patients seem to be more 
likely to give up driving than others (24). Dubinsky and 
coworkers (23) reported on the results of a retrospective 
survey of 150 PD patients and 100 controls with regard 
to driving ability. They found that 32 out of 150 (21%) 
stopped driving, 18 because they were concerned with 
their own safety and 10 because of safety concerns of 
the family. It was also noted that PD patients compen-
sate for their difficulties by driving larger vehicles, driv-
ing under the speed limit, and avoiding rush-hour traffic 
and hazardous weather conditions. Gimenez-Roldan and 
coworkers (57) used a semistructured questionnaire in 166 
PD patients and age-, sex-, social background–matched 
controls to assess this question. Of the PD patients, only 
37% (62 patients) still had their driver’s license; 19.2% 
(32 patients) were still active drivers. Only 40% of the 
patients were still driving after 5 years of disease. Most 
(80%) of the of the former drivers quit because of PD, 
while 53% of active drivers were aware of difficulties 
with driving, including managing foot pedals and judg-
ing distances. Meindorfner et al. (24) provided a self-
administered questionnaire to 6620 PD patients, of whom 
82% had a driver’s license at some time, 40% had given 
up driving, 37% restricted driving, and 23% were still 
driving without change or restriction. The investigators 
found that men held their licenses 1.5 times more often 
than women. Logistic regression examining correlates 
of quitting driving found association with age, more 
advanced disease, female gender, and higher level of day-
time sleepiness. Reasons given by patients for quitting or 
restricting driving were disease progression (52%),, driv-
ing being effortful (31%), traffic too dangerous (26%), 

no longer able to drive (14%), sleepiness at the wheel 
(7%), experience of near accident (4%), and experience 
of accident (3%). The increased likelihood of men to hold 
onto their licenses has been demonstrated in other studies 
(21). Wood et al. (19) demonstrated that patients drive 
fewer kilometers and note that they have trouble with 
reading signs, moving the foot from accelerator to brake 
and back, and steering. In general, these drivers rated 
themselves more poorly than non-PD controls. They also 
tend to drive less often alone. It has been suggested that 
the decrease in driving implemented by PD patients may 
lead to further deterioration of performance (17). These 
particular patients also made adjustments in their driv-
ing habits to compensate, including reducing speed and 
decreasing the number of hours behind the wheel. Thus 
these patients seem to have an awareness of their difficul-
ties and limitations. In all likelihood, some continue to 
drive actively, although they should not, and many know 
that they should not. Even an episode of sudden-onset 
sleep at the wheel does not cause patients to stop driving. 
The need for independence seems to be a strong impetus 
to continue driving despite perceived impairment.

Assessing Driver Competence

A major question that faces society is how to assess driv-
ing competence appropriately. Legislation often leaves 
this to be decided on an individual basis (55). One exam-
ple of the language used regarding assessment is the fol-
lowing: “An individual is deemed unable to drive a car 
safely only if there is an immediate likelihood, supported 
by facts, of injury or damage,” and “A hazardous situ-
ation exists if a driver is expected within the foreseeable 
period to be subject to the risk of sudden loss of physical 
or mental capability” (55). However, with PD and other 
neurodegenerative diseases, a gradual deterioration, not 
a sudden loss of function, makes this decision more dif-
ficult. Who makes the decision? And how? It is interesting 
that even though PD patients are aware of driving dif-
ficulties and alter their habits, they are often incapable 
of deciding to stop on their own. This is true of patients 
with dementia as well where these patients underestimate 
their cognitive dysfunction, whereas healthy elderly tend 
to overestimate it (27). Possible reasons include denial, 
diminished insight, and the desire to remain independent 
for as long as possible even if it means using deception 
and placing themselves and others in danger (18, 30). 
Patients usually believe that they can judge, but they are 
very inaccurate when compared to driving instructors 
(18, 19, 46). The ability of caregivers to appropriately 
assess driving in PD has not been tested; but in patients 
with dementia, they are at best modestly predictive (30). 
Even if they are very concerned about the ability of the 
patient to drive, they will often not verbalize their concern 
because they are concerned about alienating the patient. 
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Caregivers will sometimes discuss with the physician their 
concerns about the patient’s driving ability in private but 
will not take the next step, discussing it with the patient 
and taking away the car keys or reporting the patient to 
the proper authorities. They leave that to the neurologist. 
However, the neurologist is actually not able to assess the 
patient’s driving ability accurately either. Although they 
are better predictors than patients and caregivers (30), 
physicians are not able to assess driving as well as a driv-
ing instructor (18). One author indicates that physicians 
are “too optimistic” about the driving abilities of their 
patients (18). Since motor dysfunction is not predictive 
of driving ability, the decision is even more difficult (23). 
In Alzheimer’s disease, one study examined the ability 
of several types of physicians (based on experience with 
demented patients) to predict driving ability and com-
pared their determination to that of a driving instructor 
who took the patients for an on-road test (the “gold 
standard”) (30). These were 50 patients with very mild or 
mild Alzheimer’s disease who had active driver’s licenses. 
There were 5 physicians and 1 nurse practitioner who 
based their assessments on medical records; a dementia 
specialist (25 years of experience), a second dementia 
specialist (16 years of experience), a general practitio-
ner, a geriatric nurse practitioner, a geriatric neurology 
fellow, and a geriatric psychiatry fellow. The dementia 
specialists (including fellows) were accurate 72% to 78% 
of the time (duration of experience did not have a big 
effect); general practitioners and nurse practitioner were 
accurate 62% to 64% of the time. But there was wide 
variability in sensitivity and specificity between raters. 
The authors indicate that consistency was insufficient to 
justify making the physicians the final arbiters of the deci-
sion to revoke driving privileges, especially primary care 
physicians. Finally, driving instructors using simulators 
or actual driving tests and occupational therapists with 
expertise in driving issues appear to be the best judges of 
patients’ driving ability.

Many hospitals or rehabilitation centers have driv-
ing test programs run by driving rehabilitation special-
ists. The programs are usually part of the occupational 
therapy program and seem to be increasing in number 
as concern about driving ability in this population has 
grown. These programs not only assess driving ability 
but provide education, appropriate adaptive equipment, 
and training. They teach compensatory techniques. Some 
provide neuropsychological testing as part of the assess-
ment. Some use simulators and some use on-road tests. 
Some have utilized the Washington University protocol 
(29, 58) but there is no standardized program that is used 
throughout the country. Some programs do the assess-
ment as a three-step process. First there is a screening 
phase, in which a detailed review of the medical status, 
functional disability, medical history, and driving his-
tory is obtained. This is done through a direct interview 

and record review. Included is a series of visual tests and 
examinations of mobility, strength, range of motion, and 
cognitive-perceptual deficits. The second phase includes 
a neuropsychological testing battery including cognitive-
perceptual function, examination of sensory (particularly 
vision and hearing) and motor function (including reac-
tion time, range of motion, head control), and driving 
knowledge (including location and function of automo-
bile controls). Cognitive testing includes attention span, 
decision-making ability, perceptual skills, and analytic 
abilities. These assessments lead to a profile of the driver 
including his or her strengths and weaknesses relative to 
the task of driving. Finally, the dynamic test is the actual 
road test, in which instructors assess such activities as 
controlled acceleration and braking, turning, following 
traffic markers, and responding to traffic signals. This 
type of comprehensive examination should be used if 
available to the physician.

The most difficult aspect of assessing driving is 
when to send patients for the first test. There is no 
standardized strategy for this. But one thing is certain, 
driving assessment programs are underutilized. It is 
generally an accident that leads to the end of driving. 
Testing routinely would avoid that accident and per-
haps save lives and costs and would avoid embarrass-
ment for the patient. The physician must question the 
patient and family from the earliest stages of disease 
and, at any suggestion of difficulty, recommend test-
ing. Since a large portion of PD patients stop driving 
by 5 years of disease, it is reasonable to start testing no 
later than at that time. With dementia, testing should 
begin at 3 years. Since PD is progressive, it is reason-
able to recheck patients every 6 to 12 months. In those 
with dementia, more frequent assessment is wise. In 
our experience, if a patient is having trouble with driv-
ing and is unsafe, the physician’s suggestion of testing 
has either of 2 effects. Either the driver will stop driv-
ing because of fear of failing or will stop after failure 
occurs. Either way, the recommendation helps to make 
the roads safer. Occasionally, patients will resist testing 
and continue to drive. The issue must be readdressed 
frequently with emphasis on safety for the patient and 
others on the road. Each state may have different physi-
cian obligations regarding impaired drivers.

CONCLUSION

Parkinson’s disease impairs driving ability secondary 
to motor and visual symptoms, cognitive dysfunction, 
and medication side effects. This leads to an increase 
in accidents per miles driven. In the mild-to-moderate 
stages, some patients remain competent, whereas others 
do not. Many continue to drive despite disabilities even 
in advanced stages because of the issue of independence 
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and the social impact of cessation. Eventually, all must 
give up this privilege, but when and how the decision is 
made remains an issue. There are no consistent guide-
lines, and there is considerable disagreement on how to 
approach, assess, and address driving in PD and other 
neurodegenerative diseases. There is no standardized in-
office evaluation, and the assessments at rehabilitation 
centers vary. There are no uniform federal laws to guide 
us, and state laws are variable. Much of the responsi-
bility for determining driving competence in early- to 
midduration PD patients falls to physicians as does 
counseling in this regard. However, physicians are not 
properly trained to make driving recommendations (59) 
and, as it turns out, neurologists are poor judges of driv-
ing ability. Despite that, it is the physician’s responsibil-
ity to recognize impairments in patients that translate 
to unsafe driving. When the patient is adamant about 
continuing to drive, even when it seems obvious that 
he or she cannot do so, the key is to take advantage 
of resources available, including neuropsychological 
testing and a proper driving assessment by an expe-
rienced driver rehabilitation specialist. This could be 
completed with a simulator or on-road test. The use of 
such testing helps to make the patient realize that he 
or she is impaired and allows for appropriate choices. 
It also provides the physician with an assessment that 
will make the final decision easier because it will be 
based on factual findings.

Some key issues for physicians include the need 
for them to be aware of state laws. This information is 
available at the Department of Motor Vehicles or from 
several publications (60). Many physicians are unaware 
of the laws in their states (59). State laws differ with 
regard to required reporting. In California, Oregon, and 
Pennsylvania, physicians are required to report unsafe 
drivers and can be found legally responsible if they fail 
to do so and the patient ends up in an accident. Also, 
the issue of anonymity of those reporting differs between 
states. In Georgia there is none and in Maryland there is 
confidentiality if requested by the reporter. Reporters are 
protected from legal action in Maryland, not in Georgia. 
The physician must disclose to the patient what his or 
her responsibilities are and can use that to negotiate with 
them and to develop a responsible plan.

In assessing driving, the physician should consider 
each case individually, obtaining a complete detailed 
motor and cognitive assessment and a driving history, 
including accidents, near misses, and violations. Based 
on these findings, a driving test can be offered. It should 
be indicated that the results of the test will be sent to 
the physician, not the Motor Vehicle Bureau. Because of 
the sensitivity of the issue, the approach to the patient 
should be tactful but candid, and the family should be 
present. All results and discussions should be docu-
mented. In the end, all involved should make a valid, 
responsible decision.
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The Patient’s Perspective

DOCTOR AND PATIENT

In 2002, I was a general neurologist enjoying private prac-
tice in suburban Maryland. In August of that year I just 
did not feel right and noticed that the finger movements 
on my (dominant) right hand were slow. Several months 
later, a postural and resting tremor developed in my right 
hand. My partners and I considered Parkinson’s disease 
(PD), as my grandfather had suffered from it, but denial 
was my friend. The diagnosis was confounded by a her-
niated disk in my neck, also on the right, causing arm 
weakness and neck pain; despite surgery for the disk and 
subsequent rehabilitation, my tremor progressed and my 
handwriting deteriorated into micrographia. Circum-
stances were chipping away at my denial; I recall seeing 
one of my favorite PD patients, thinking how similar 
my symptoms were to hers. Eventually, imitators of PD 
were ruled out and dopamine agonist therapy improved 
my micrographia considerably, but less so my tremor 
(unfortunately it also caused severe intractable nausea 
and fatigue). Finally, I arranged for an F-dopa positron 
emission tomography (PET) scan as part of a research 
study (because insurance does not cover PET scans for PD 
diagnosis), wanting to “see the dopamine problem.” The 
result was a colorful scan showing decreased dopamine 
uptake in the left basal ganglia (corresponding to my 
right tremor); it was consistent with “early Parkinson’s.” 

David S. Heydrick

Having diagnosed and treated PD patients, I now was 
one. My state of semidenial was over and my journey 
was just beginning.

DIFFICULTIES IN DIAGNOSIS

“Idiopathic” PD is a clinical diagnosis, which commands 
a role for both patient and physician. If most of the motor 
symptoms match the cardinal parkinsonian symptoms of 
tremor, rigidity, and bradykinesia; if confounding causes 
of parkinsonism such as normal-pressure hydrocephalus 
are ruled out; and if there is a good clinical response to 
dopaminergic therapy, the diagnosis is presumed. But part 
of the difficulty with making the diagnosis with certainty 
is the heterogeneity of the disease; like its victims, PD 
comes in many shapes and sizes, and it changes unpredict-
ably. I remember reading one study in which arm pain (of 
unknown etiology) preceded the cardinal parkinsonian 
symptoms by 2 years! I have met many patients who 
have gone years (after symptoms began) before being 
accurately diagnosed; this speaks to the fact that patients 
and doctors alike often do not recognize important but 
subtle early clues, such as nonmotor symptoms. Com-
pound this with the thought that dopaminergic neuronal 
demise in PD may actually start many years earlier, and 
one can see that until imaging or other biomarkers are 
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widely available, diagnosis of PD will still rely dually on 
a patient’s awareness that something is not right and an 
astute physician.

What do patients want? First, patients want a 
name for their disorder. Probably the sensible way to 
approach the occasional diagnostic dilemma is to have 
a low threshold for keeping PD on the differential diag-
nosis of an unclear diagnosis, especially if there is any 
family history. In the right clinical setting, “panels” of 
risk factors may provide additional helpful clues, such 
as midlife difficulty with the sense of smell, rapid-eye-
movement (REM) sleep behavior disorder, constipation, 
prolonged QT interval on the electrocardiogram (ECG), 
obesity—even unexplained fatigue and/or asymmetric 
pain. PET and single photon emission computed tomog-
raphy (SPECT) scans are expensive diagnostic tools and 
probably not cost-effective for general screening. As I 
found out, however, they can be useful in cases that are 
unclear or when the educated patient is in denial.

DIFFICULTIES IN TREATMENT

The second thing a patient wants is to know how to treat 
the disorder so as to preserve quality of life (QOL). The 
medical and surgical options are covered in this textbook; 
but these must be communicated effectively to the patient. 
I was having lunch with a PD patient who told me that he 
was going to be started on medication at his next visit to 
the neurologist. Unfortunately he had no idea what the 
medical (or surgical, for that matter) possibilities were. I 
listed them for him on a napkin, discussing each one. He 
later contacted me and told me how helpful that napkin 
had been when he went to the doctor, who was unable 
to spend as much time with him as I had. He knew his 
options and felt good about the treatment initiated.

In addition to knowing the medical options, patients 
want to take as few pills as possible, at the lowest effective 
dose, as few times a day as possible, without side effects, 
and with resulting maintenance or restoration of QOL. 
This is a somewhat idealistic but not unreasonable atti-
tude. Patients want to know that the treating neurologist 
has considered this in making his or her recommenda-
tions. Listening to the patient is yet another challenge.

Listen to Me: Nonmotor Symptoms and 
Medication Side Effects are Significant

I was being seen by a movement disorder fellow who 
questioned my claim of profound fatigue, concluding 
that I was simply “tired.” I had been a college athlete 
and made it through the rigors of graduate school and 
medical training: I know what it means to be tired. With 
my PD, I battle profound fatigue and pain, the kind 
that—(unpredictably day to day—seeps into your whole 

being, making your limbs feel heavy and unmanageable. 
And more or better sleep is not the answer.

Nonmotor symptoms are many times more debili-
tating than motor symptoms. The list—encompassing 
constitutional symptoms, brainstem disturbances, 
neuropsychiatric disturbances, and dysautonomia—is 
long and well documented in this text. From the patient’s 
perspective, pain, as from rigid muscles or dystonia, can 
be devastating and fatigue debilitating; obviously so 
can depression, apathy, and anxiety. It’s hard not to feel 
anxious about PD—about the daily symptoms, caregiver 
burden, and the expected course of the disease, including 
the possibility of dementia. One may compensate for this 
anxiety simply by not caring about anything. Depression 
must be recognized and acknowledged by both patient 
and physician and appropriately treated in order even 
to begin optimizing QOL. Many patients I know who 
are depressed seem to also be angry at their disease and 
anyone associated with their care, so consider an angry 
PD patient in your clinic as a red flag for depression. I 
would like to emphasize that a lowered threshold for 
stress is a given, and not well recognized by clinicians. 
Every PD patient I’ve ever met reports this symptom. 
Having worked in many high-pressure situations prior 
to my PD diagnosis, I now find it challenging even to go 
to my sons’ baseball games, although these are a passion 
of mine, as my neck becomes tight and my tremor emerges 
uncomfortably in public, cyclically causing more stress. 
When these issues are combined with executive dysfunc-
tion such as diminished ability to multitask, poor ability 
to write, and the unpredictability of motor fluctuations, 
most jobs and even complex activities of daily living 
ultimately become unmanageable. Recent surveys have 
uncovered further complaints often unmentioned by PD 
patients, including diplopia, dribbling, and dysgeusia.

Finally, the side effects—e.g., motor, cognitive, gas-
trointestinal, and fatigue—of dopaminergic and other 
“antiparkinsonian” medications are “thorns in the side” 
of patients, who must learn to live with them. Motor side 
effects involve primarily dyskinesia. Studies have also con-
cluded that PD patients don’t mind dyskinesia—given the 
alternative of immobility—but most dyskinetic patients 
I know find these jerky, abnormal movements socially if 
not physically debilitating. Cognitive side effects involve 
essentially a drug-induced encephalopathy. Patients often 
have to adjust their medication dose to trade off motor 
control for cognitive performance. Imagine trying to work 
while your mind is in slow motion. Some dopaminergic 
drugs if not PD itself can cause compulsive behavior, 
which may destroy relationships.

Gastrointestinal side effects include nausea and con-
stipation. Constipation is not pleasant, and unless you’ve 
experienced it, you’ll just have to take my word for it that 
patients with constipation really suffer. Also, I experi-
enced almost 24-7 nausea while on dopamine agonists, 
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which was debilitating in and of itself; the nausea was 
eventually diminished by domperidone (obtained from 
Canada), but the tradeoff was sleepiness.

This brings me back to fatigue. In addition to PD 
itself “causing” fatigue in many but not all patients, most 
of the medications used in PD also have “tiredness” as 
a side effect.

Furthermore, unpredictable symptomatology is often 
the rule; one long-standing patient aptly said, “Parkinson’s 
is a different disease every day,” and some would even say 
“every hour.” Although PD patients expend great effort 
planning their days around their medication, irregular 
fluctuations always seem to appear. If it’s not clear yet 
that nonmotor symptoms are debilitating, especially in 
combination with the motor symptoms, imagine trying to 
get through a day being unpredictably fatigued, in pain 
from dystonia, constipated, and cognitively fuzzy—in ad-
dition to being bradykinetic, dyskinetic, unstable on your 
feet, and tremoring. All the while your speech is so soft 
and forced that no one can understand you and you know 
that your sleep tonight will be fractured. Daunting isn’t 
it? But that’s what some of PD patients are experiencing. 
The multiplicity of these factors often puts a capital “D” 
in disability.

The patient’s job in the doctor’s office—to convey 
meaningful symptomatology efficiently—is not easy. Even 
with my experience as a medical practitioner, I find it 
challenging as a patient to communicate to my neurolo-
gist, within a few minutes, the complexity of my motor 
and nonmotor symptoms, including probable medica-
tion side effects, and the variable degree to which they 
adversely affect my QOL. It is really only the patient 
who can truly appreciate the comprehensive nature of 
his or her issues, including comorbidities, and, generally 
what is a priority in order to maintain an acceptable 
QOL. The bottom line: patients need to prepare for their 
doctor visit as though they were visiting an accountant, 
with symptoms and questions concisely written down. 
For their part, neurologists need to ask about the litany 
of possible PD symptoms and medication side effects and 
really listen in order to understand how these are affecting 
their patients’ lives.

What about Getting Deep Brain Stimulation 
Earlier Rather than Later?

In 2005, having found myself poorly tolerant of dopami-
nergic therapy and experiencing a declining QOL due to 
asymmetric tremor and bradykinesia, I had staged deep 
brain stimulation (DBS) surgeries, with electrodes placed 
in the subthalamic nucleus bilaterally. Since I was relatively 
young and in good health, my recovery was swift. In the 
first year after DBS, my QOL increased far beyond my 
expectations, allowing me to exercise more efficiently and 
to rejoin the workforce. Prior to DBS, my right face-arm-leg 

tremor had progressed to the point that I could not write, 
drive, use a keyboard, button shirts, tie my shoes, give 
talks, or even go out in public comfortably, as to restau-
rants. The stress on my wife was tremendous and my rela-
tionship with my children became superficial, as I spent 
all my cognitive and physical energy just trying to make it 
through each day, with little energy or patience left over to 
be husband and dad. Struggling at the office, I recall that 
one patient told my colleague, “I think Dr. Heydrick is 
sicker than I am.” I had to quit my private practice and 
use my private disability policy (which has been a blessing). 
But after DBS and lifestyle changes—comprising lowered 
stress, more focused nutrition, and a variety of exercises 
(such as stretching, weight lifting, running, biking, and 
tai chi) —my ability to function as well as my QOL were 
restored almost miraculously. I have regained the ability 
to exercise, drive, write and type, get dressed at reasonable 
speed, give talks, go out to restaurants, and work, coming 
off disability. I have changed my work to be low-stress, 
including being the science advisor to the Parkinson’s 
Action Network, a public policy research advocacy orga-
nization, some consulting, and even practicing neurology 
again, though in the form of doing electromyography 
(EMG) and nerve conduction studies (NCS). Happily, 
my functional restoration has also included being able to 
play baseball with my sons once again; in fact, my fastball 
was recently clocked at 60 mph (no kidding!).

I know a fair number of patients with DBS who 
manifested a wide variety of symptoms prior to their DBS 
surgery. These patients were debilitated by bradykinesia, 
motor complications, or intractable tremor. None were 
demented or depressed, all had their DBS surgery at a 
center that used an interdisciplinary team, and all have 
had their QOL dramatically improved. However, it is my 
personal observation that the responders who benefited 
the most, compared with medical therapy alone, were 
either those whose most debilitating problem was tremor, 
which is often difficult to treat with medications, or those 
who were not on much medicine to begin with. All the 
DBS patients I know have lowered their medication 
intake, but those on the most medication prior to DBS 
(typically those with profound bradykinesia in the “off” 
state and often with dyskinesia) seem to have had the 
hardest time decreasing their dependence on L-dopa after 
DBS. The side effects I incurred from bilateral DBS have 
been mild speech and balance difficulties, both of which 
have improved with rehabilitation therapies. Although 
my DBS fraternity reports that they generally have the 
same function as in their best “on” state, it is my experi-
ence that unlike medication, DBS works around the clock, 
without fluctuations, and without systemic side effects. It 
is hard to put into words what profound difference DBS 
has made in my QOL. I therefore think that it should 
be considered more frequently and earlier, especially for 
certain young-onset patients.
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Below are the partial contents of an unpublished 
letter coauthored by (and published here with permis-
sion from) neurologist Gerald Vitek, MD, PhD (Direc-
tor of Functional Neurosciences at the Cleveland Clinic 
Foundation), Carol Walton (Executive Director of the 
Parkinson Alliance and Director of DBS-STN) and me:

There are early-stage PD patients who are good surgical 
candidates, who cannot tolerate or fully benefit from 
conventional dopaminergic or other antiparkinsonian 
therapy, and whose QOL has declined to such a state 
that, to them, the potential benefits of surgery outweigh 
its risks. These patients are the “exception to the rule.” 
A recent QOL survey by the organization DBS-STN 
(www.dbs-stn.org) has shown that “The relationship 
between disease duration and satisfaction with overall 
severity of the movement disorder was correlated in 
the non-DBS group but not the DBS group. In other 
words, as the Parkinson’s disease process continues, 
individuals in the non-DBS group reported dissatisfac-
tion with the severity of their “movement disorder”; 
this, however, was not the case with the case with the 
DBS group, where patients’ level of satisfaction follow-
ing DBS surgery did not relate to disease duration.” 
As for cost, it is difficult to assign a monetary value to 
QOL; additionally, after DBS surgery, some patients 
can once again rejoin the workforce, at least for the 
near future.

Until the next breakthrough in functional res-
toration for PD patients is developed and widely 
available, possibly the neurology community should 
consider DBS surgery (performed by a competent inter-
disciplinary team) in appropriate “nonadvanced PD” 
patients, before severe motor fluctuations and dyski-
nesia develop. Although this may be deemed as taking 
undue risk and “not necessary” by some, there are oth-
ers who wonder whether neurologists wait “too long” 
(to recommend DBS), allowing the abnormal patho-
physiological changes that take place in Parkinson’s 
disease to continue unchecked. While such a philoso-
phy is not advocated without well-controlled studies 
to warrant its use, there should be more discussion 
regarding this approach and for future consideration 
of such a study in patients with idiopathic PD.

DIFFICULTIES IN SOCIAL ADJUSTMENT

Young-onset PD (YOPD) patients may have a harder 
social adjustment to their disease and its visible and invis-
ible symptoms than typical-onset (older) PD patients. In 
addition to the plethora of other motor and nonmotor 
symptoms, YOPD patients battle public misinformation 
and lack of information about PD and the fact that PD is 
still not widely recognized as affecting persons less than 
50 years old. Furthermore, a YOPD patient may have sig-
nificant anxiety about how he or she is going to deal with 
the sequelae of the disease for 30 or more years, including 

practical concerns about the impact of potential disability 
on job, income, family (including risk of PD in parents and 
siblings) and social life, long-term-care planning, retire-
ment nest egg, and college savings for their children. At 
least these are the things that keep me awake at night.

The treating physician can help with these issues 
simply by proactively bringing them up in conversation 
with patients. Asking them about what the impact PD 
has been on the practical aspects of their daily lives as 
well as what worries them about the future can allow the 
physician to figure out how to help in make these patients’ 
lives better. This may mean identifying which referrals to 
make to various multidisciplinary team members, includ-
ing psychiatrists and financial planners.

THE PARKINSON’S PYRAMIDTM

From the day of diagnosis of PD onward, a patient must 
respect the disease process, because PD ultimately has the 
upper hand. But there are 8760 hours in a year and neurolo-
gist visits for the year may total less than 2 hours, so patients 
would do well to realize that, during the other 8758 hours, 
they have some ability to take charge of their health by fight-
ing back sensibly, subsequently improving their symptoms, 
possibly slowing the disease process, and maybe even to 
some extent rewiring their brains. Patients should be encour-
aged to be proactive in managing their health. The strategy 
I developed to take charge of my own health, essentially 
integrated medicine for PD, and which seems to be working, 
is what I call the Parkinson’s Pyramid, a takeoff on the food 
pyramid, as and illustrated in Figure 63-1.

Stress Management

At the base of the pyramid, to the right, is stress man-
agement, showing (a) that environmental stress can cause 
oxidative stress; (b) that parkinsonian symptoms worsen 
with stress in a vicious cycle, (c) and that PD patients 
have a lower threshold for stress. This equation compels 
a solution that will reduce stress, most effectively through 
behavior modification. This starts with a commitment by 
patients to rearrange their priorities, putting their health 
first, including getting their bodies and brains in shape in 
order to take full advantage of future therapeutics. Neurol-
ogists should encourage and be appreciative of a patient’s 
decision to put his or her health first, realizing that this may 
mean supporting the patient’s decision to leave a stressful 
job, which may also mean applying for disability.

Symptom Management

Also at the base of the pyramid is symptom management.
This applies to managing physical and psychological symp-
toms, which many practitioners may claim is obviously
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FIGURE 63-1

The Parkinson’s Pyramid.
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their mission. But from a patient’s perspective, the rami-
fications of suboptimal management are far-reaching. 
For example, unless depression is diagnosed and treated 
appropriately, the rest of the health paradigm is useless. 
Other PD nonmotor symptoms should be identified and 
treated as well as possible; in fact, sometimes a significant 
step toward symptom relief can be achieved if the doctor 
simply acknowledges and validates the symptom. The 
management of motor symptoms involves normalizing 
the motor circuit(s) and patient function by prescribing 
medication at the lowest effective dose and/or by arrang-
ing for surgical therapy such as DBS. Finally, be aware 
that dyskinesia is, for most patients, an unwanted side 
effect of dopaminergic therapy.

Focused Nutrition

As I see it, neuroprotection is the immediate goal of health 
restoration—that is, to slow or stop disease progression; 
without neuroprotection, future neurorestoration will 
be useless. I want to emphasize that this is my personal 
approach; it does not necessarily represent the opinion 
of any PD researcher or organization and is not intended 
as medical advice. What makes sense to me is a focused 
nutritional strategy aimed at fighting back against cell 
death. Yes, I know this brings chills to all neurologists 
whose exclusive view is one of evidence-based medi-
cine and who want to see evidence from class I clini-
cal trials before making any recommendations. But PD 
patients appreciate an open-minded physician who can 
talk knowledgably about healthy lifestyles, acknowledg-
ing that there is not always class I evidence to back up 
everything that he or she may discuss. The premise is 
that there are many probable ways in which cells can 
die or become debilitated (e.g., by oxidative stress and 
inflammation or via abnormal protein aggregation or 
mitochondrial dysfunction). So it is logical that multiple
different therapeutics (including exercise) are necessary 
to fight back.

Antioxidant-rich (and thus anti-inflammation–rich) 
foods such as dark berries [e.g., acai (Euterpe oleracea) 
and blueberries] and vegetables, dried beans, properly 
balanced unsaturated fatty acid–rich foods, and green tea, 
for example, can be recommended without guilt. Given 
that many PD patients often do not get sufficient sunlight 
for institutional or geographic reasons, supplementing 
with vitamin D (800 to 1000 mg daily), which has strong 
antioxidant qualities, may be advised. Finally, general 
health can often be enhanced by a taking a multivitamin 
(without iron) that contains selenium and the B vitamins. 
Be aware that vitamin B6 should be limited to 5 mg/d, 
since it may interfere with L-dopa metabolism.

Evidence is mounting for so-called mitochondrial 
medicine. Patients will be asking about it if they aren’t 
already. Supplements are often difficult to justify if there 

is no a physiologic deficiency or sufficient clinical trial 
evidence of efficacy (which there usually is not). But some 
supplements are worth knowing about because patients 
are reading and hearing about them. Most PD patients 
know that their brains are damaged and are willing to 
take some risks, ahead of the years involved in “proving” 
efficacy, if the science is leaning toward seeing a gener-
ally safe compound as helpful therapeutically. As a result 
of the Neuroprotection Exploratory Trials–Parkinson’s 
Disease (NET-PD Phase II trials), creatine (10 g/d) was 
recently declared “not futile to study further” by National 
Institutes of Health. Creatine not only stabilizes mito-
chondrial function but may also inhibit abnormal protein 
aggregation and help diminish sarcopenia, the worrisome 
loss of muscle from less mobile PD patients. However, 
it is a large molecule, and renal function would have 
to be monitored. Like creatine in being a mitochondrial 
“metabolic inhibitor” is acetyl-L-carnitine. Finally, there 
is the potent antioxidant and mitochondrial respiratory 
chain cofactor ubiquinone or coenzyme Q10 (Co-Q10). 
This is the coenzyme for at least 3 mitochondrial enzymes 
(complexes I, II, and III) as well as enzymes in other parts 
of the cell. In very preliminary trials, it has shown some 
promise at 1200 mg/day in slowing the progression of PD. 
Co-Q10 at 2400 mg/d, a dose at which more definitive 
results would be expected, is being tested in the NET-PD 
with regard to whether it is neuroprotective and thus 
whether it would warrant further study.

Although some of these foods and compounds 
may eventually be studied for efficacy in treating PD, 
it seems reasonable to at least be knowledgeable about 
them and to discuss their possible incorporation now into 
a patient’s therapeutic regimen. Some drawbacks to using 
“unproven” supplements are (a) not knowing whether 
side effects are due to a supplement or interaction with 
a medication, (b) an increased number of pills to swal-
low daily, and (c) the cost, which can run to hundreds of 
dollars per month, especially if Co-Q10 is used. None-
theless, a neurologist’s thoughtful discussion with the 
patient about possibly employing a healthy, natural, 
multipronged strategy may be appreciated and helpful. 
But the best “supplement” of all may be exercise.

Exercise

Probably, the most underprescribed therapy is exercise in 
all its forms. Studies, originally reported on stroke patients, 
are accumulating on PD. These studies describe significant 
motor recovery with exercise in the form of treadmill train-
ing (e.g., as a part of physical therapy). Exercise in mod-
eration raises the body’s natural antioxidant function and 
is therapeutic for many nonmotor symptoms too. Thus, 
one goal of optimal symptomatic management should be 
to allow the PD patient to exercise more ably, thus taking 
better charge of his or her health. One PD patient I know, 
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a member of the same tai chi class I attend, cut his L-dopa 
use in half over the course of 2 years by way of regular 
swimming and training in the martial arts.

Motor circuits are undeniably complicated and likely 
need to be stimulated in a variety of ways in the hope 
of rewiring motor pathways effectively. Thus, as in the 
case of the multipronged nutritional strategy outlined 
above, patients would benefit from engaging in different 
forms of exercise weekly (the “S’s”): (a) stretching, as via 
yoga; (b) strengthening, as via supervised weight training; 
(c) step exercises or large, repetitive movements, which 
might initially be supervised by a physical therapist or 

trainer and would categorically include repetitive voice 
therapy; and (d) slow, controlled movements, as via tai 
chi or qi gong; and (e) smarts, i.e., regularly exercising the 
brain with mental challenges (e.g., sodoku).

The Parkinson’s Pyramid is an empowering health 
strategy, not a specific program, that can be used by neu-
rologists in encouraging their PD patients to take charge 
of their own health, with the goals of increasing patient 
QOL, helping the patients feel that they are fighting back, 
and optimistically improving the chances that they will be 
functioning better within a year. More information can be 
obtained from the website www.parkinsonspyramid.com.
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Baclofen, 581
Bak, 360–361 
Ballism, 19
Basal ganglia, 245–258

abnormalities and motor signs, 258
anatomy of, 227–228
center-surround inhibitory phenomena 

in, 253
changes in circuitry due to Parkinson’s 

Disease, 551, 553
convergence vs. segregation, 252–253
corticostriatal projection, 247–248
direct and indirect pathways, 559
direct and indirect striatofugal 

projections, 249–250
disorders, apathy in, 191
dopamine sources, 250
dopaminergic projections, 250–251
excitatory amino acids in, 548–551 
input projections, 247–249 
intrinsic connections, 249–251
major circuitry, schematic drawing of, 

549
motor control and, 253–254
nigrofugal pathways, 251–252
nuclei, intrinsic neuronal organization 

of, 245–247
output projections, 251–252
output, scaling function of, 257
pallidofugal pathways, 252
schematic diagram, 246
sensory dysfunction and, 68–69 

structure of, 245, 427
subthalamic nucleus (STN) 

projections, 251
thalamostriatal projection, 248–249

Basal ganglia–thalamocortical circuits, 
252, 255

Basedow’s disease, 25
Bax, 360–361
BAY 639044, 422
Beck Anxiety Inventory, 195
Beck Depression Inventory (BDI), 160, 

165, 166, 194, 195
Behavioral addiction, 201
Belladonna, 472, 741
Benign tremulous parkinsonism, 702
Benzhexol, 495
Benzodiazepines, 74, 181, 184, 185, 580
Benztropine, 494, 495, 634
Bereitschaftspotential, 49, 57, 257
Beta carotene, 415
Bilateral thalamotomy, 717–718 
Binge Eating Disorder, 202
Biomarkers, 137, 277–284, 399

blood and cerebrospinal fluid tests, 
282–283

clinical tests, 277–279
defined, 277, 286
evidence supporting a DAT tracer as, 

289
evidence supporting DTBZ as, 289
evidence supporting [18F]fluorodopa

as, 288
fluorodopa uptake and retention, 137
for Parkinson’s-plus disorders, 737
genetic testing, 283
glucose metabolism, increases in, 137
imaging studies, 279–282
in blood and cerebrospinal fluid, 282
lack of, 286
of oxidative stress, 282
potential applications of, 278
potential to respond to treatment, 283
principal radiotracer imaging, 279
regulation, 287
surrogate endpoints, 286

Biomarkers Definitions Working Group, 
277

Biperiden, 494
Bipolar disorder, 165, 202, 461
Bladder dysfunction, 46, 115
Blank stare, 26
Blepharospasm, 50
Blinking, frequency of, 48
Blood and cerebrospinal fluid tests, 

282–283
Blood-brain barrier, 451, 473
Blood-oxygen level–dependent (BOLD) 

technique, 311
Blurred vision, 677
Boston Naming Test, 151
Botulinum toxin, injections of, 74, 116
Bowel issues, 115–116 
Braak staging system, 217
Bradykinesia, 254, 257, 577, 590

depression and, 161–162
Charcot’s description of, 18, 26
in early Parkinson’s Disease, 48–49 
effects of, 670
James Parkinson’s description of, 11, 

15
measurement of, 48–49
as primary symptom of Parkinson’s 

Disease, 40, 45, 129
Bradyphrenia, 46, 191
Brain, external appearance of in 

Parkinson’s Disease, 213, 214
Brain-derived neurotrophic factor (BDNF), 

418, 452, 462, 463, 647
Brief Psychiatric Rating Scale (BPRS), 600
Bromocriptine, 485, 516, 518, 520–522, 

529, 595, 634, 635, 639
anxiety and, 181
combined with levodopa, 521
first clinical use of, 34
for treating apathy, 196
improved “off” features, 521
neuroprotective effects of, 623
pramipexole compared, 521
psychosis caused by, 273
ropinirole compared, 524
tolcapone compared, 537
use of in advanced Parkinson’s 

Disease, 521–522
use of in early Parkinson’s Disease, 

520–521
Bupropion, 169–170, 172 
Burke, Edmund, 4, 5
Buspirone, 185, 580

Cabergoline, 351, 516, 520, 524, 529, 
595, 639

Caffeine, 42, 397, 421, 560, 625
Calcium channel blockers, 743
Calcium influx, 349, 350
CALM-CIT trial, 299
CALM PD study, 233, 317, 321, 323, 

324, 476, 480, 485, 756
Calpain inhibitors, 422
Cambridge Cognitive Examination 

(CAMCOG), 194
Candidate-gene studies, 395
Capases, 361, 362
Capgras phenomenon, 597
Captopril, 415
Carbamates, 396
Carbidopa. See Levodopa-carbidopa

therapy
Carbon disulfide, 745
Carbon monoxide, 191, 744
Cardiac response to deep breathing test, 

108–109, 110
Cardiac valvulopathy, pergolide risk for, 

522–523, 639
Caregivers

age and gender, 761
cultural beliefs of filial responsibility, 

762
economic status, 761
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Caregivers (continued)
ethnicity, 762
mutuality, 762
personality, 762
pessimism vs. optimism, 762
preexisting health, 762
preparedness, 762–763
relationship to patient, 761–762

Caregiver strain
caregiver characteristics, 761–763
caregiving situation, 763–764
defined, 760–761
disease progression and increases in, 

761
multidimensional index for, 765
variables associated with, 760

Caregiving situation, 763–764
assessment, 764
caregiver strain, 764
direct care, 763–764
knowledge base and preparedness, 

764–765
patient characteristics, 763
predictability, 764
psychological and physical health, 764
social support and interpersonal 

relations, 764, 765–766
Carnitine, 568
Carotid body autotransplants, 648
Case-control studies, 394–395 
Catalase, 477
Catalepsy, 442
Catecholamines, 499, 500
Catechol-O-methyltransferase (COMT), 

71, 231, 234, 299, 463, 474, 
483, 634

Catechol-O-methyltransferase (COMT) 
inhibitors, 120, 533–542 

clinical studies with, 535–540
dopamine agonists compared, 536–537 
dopaminergic adverse events, 540, 542
entacapone, 538–540 
nondopaminergic adverse events, 

540–541
“off” time reduction, 579
patient selection criteria, 542 
rationale for using, 533–535 
safety of, 540–541
tolcapone, 535–538
tolcapone and entacapone compared, 

541–542
for treatment of severe “off” pain, 591

Cell cycle regulators, 366
Cell death, 478, 619. See also

Programmed cell death (PCD)
antioxidants and, 477
mechanisms implicated in, 214
protecting against, 650
through oxidative metabolism, 330

Cell transplant therapy, 689
making a case for over other therapies, 

689–690
Cellular homeostasis, 379
Cellular remodeling, 379

Center for Epidemiologic Studies Depression 
Scale (CES-D), 165, 194

Center of gravity (COG), 57, 60
Cerebral blood flow, 294
Cerebral radiotracer imaging, 279–280
Chaining task, 591
Chaperone-mediated autophagy (CMA), 

358, 379, 380–381, 382
Charcot, Jean-Marie, 15, 21–31, 455, 472

clinical features of Parkinson’s 
Disease, 23–27

doctor–patient relationships, 29–30
La Nouvelle Iconographie de la 

Salpêtrèiere, 27, 31
major clinical contributions, 21, 22
students, Parkinson’s Disease research 

by, 31
“Tuesday lessons,” 21, 29

Charles Bonnett syndrome, 599
“Cheese effect,” 483, 502, 621
The Chemistry Pocket Book,  7
Chemotherapy-induced emesis, 606
“China White,” 408
Chinese martial arts, 567
Chlorphenoxy, 396
Choline acetyltransferase (CAT), 239
Cholinergic deficit, 155
Cholinergic interneurons, 246
Cholinergic systems, 239
Cholinesterase inhibitors, 518

to treat Parkinson’s Disease dementia 
(PDD), 155, 614–615

Choreiform dyskinesias, 587
Choreoathetosis, 699
Chronic fatigue syndrome, 194
Chronic obstructive pulmonary disease 

(COPD), 183
Cisapride, 103
Citalopram, 169, 170
C-jun signaling cascade, 363–364 
Clinical definition, 387
Clinical endpoint, 277, 287
Clinical features of Parkinson’s Disease, 

45–52, 218
cardinal signs, 45, 373
Charcot’s description of, 23–27 
correlation between symptoms and 

pathologic stages, 46–47
differential diagnosis, 49–51
early nonspecific, 45–46 
James Parkinson’s description of, 8–9, 

16
neuroimaging in diagnosis of early 

Parkinson’s Disease, 51
pathologic stages, 47
postural instability and gait 

disturbance, 49
rigidity, 47–48
tremor, 47

Clinical Insight Rating Scale, 193
Clinical rating scales, 135–143 

abnormal involuntary movement scale 
(AIMS), 137–138 

biological markers, 137

Columbia Disability scale, 136
Core Assessment Program for 

Intracerebral Transplantation 
(CAPIT), 137

diary ratings, 138
dyskinesia ratings, 137–138, 143
early standardized ratings, 135
Hoehn and Yahr staging system, 135, 

136, 137
Northwestern University Disability 

Scale, 135
short Parkinson’s evaluation scale 

(SPES), 136
symptom rating instruments, 136–137 
Unified Parkinson’s Disease Rating 

Scale (UPDRS), 135–136, 
138–142

Clinical studies
preclinical period, 128
rate of progression, 129

Clinical symptoms, 437
Clinical tests, 277–279

motor tests, 277, 278
olfaction, 278–279
pharmacologic challenges, 278

Clinical trials, 277
Clonazepam, 74, 122, 736
Cloninger’s theory of personality, 192–193 
Clorgyline, 499
Clozapine, 121, 172, 268, 273, 593, 

600–602, 607
Cocaine, 71
Coenzyme Q10, 349, 351, 414, 415, 568, 

581, 615, 625, 689, 796
Cognition

early subtle abnormalities in, 46
effects of medications used to treat 

motor symptoms, 614
Cognitive behavioral therapy (CBT), 170
Cognitive changes, 590–591 
Cognitive decline

hallmarks of, 613–614 
in tremor-predominant Parkinson’s 

Disease,130
Cognitive distortion, 170
Cognitive dysfunction, 313

apathy and, 194
associated with depression, treatment 

of, 172
defined, 147
progress of in Parkinson’s Disease, 

150–151
role of dopamine in, 149–150, 155 
treatment of, 155

Cognitive function, tests of, 183
Cognitive impairment, 18, 163
Cognitive/psychiatric fluctuations, 585
Cognitive rehabilitation, to treat 

Parkinson’s disease dementia 
(PDD), 617

Cognitive sequence learning, role of 
dopamine in, 591

Cognitive status, as a clinical predictor of 
progression, 130
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Cogwheel rigidity, 47
Coiled bodies, 222
Colonic motility, 100
Columbia Disability scale, 136
Committee to Identify Neuroprotective 

Agents in Parkinson’s Disease 
(CINAPD), 517, 621

Complementary and alternative medicine 
(CAM), 563–570

acupuncture, 563, 568–569 
aerobic exercise, 566–567 
body work and exercise, 565–567 
Chinese martial arts, 567
defined, 563
funding initiatives for, 564
future directions, 569–570 
health care industry and, 563–564 
instrumental interventions, 568–569
interest in among Parkinson’s Disease 

patients, 565–569
massage therapy, 565–566
medical education and, 564–565
meditation techniques, 567–568
mind-body modalities, 567–568
nutraceuticals and multivitamins, 568 
power of belief, 564
reasons for using, 565
regulatory agencies and, 564
role of placebo, 569
transcranial magnetic stimulation, 569
users, demographics of, 565
websites related to, 565

Complex I deficiency, 343–344 
environmental origins of, 343
genetic effects on, 343–344 
oxidative stress and, 345

Compulsive eating, 201, 202
Compulsive medication use, 201, 202, 

204, 208
Compulsive shopping, 201, 202, 519
Constipation, 46, 73, 100, 101, 102, 103, 

399, 400, 495
Constrictive pericarditis, 520
Controlled breathing, 567
Contursi kindred, 457
Copper, 396
Copper sulfate, 421
Core Assessment Program for 

Intracerebral Transplantation 
(CAPIT), 137

Cornell Scale for Depression in Dementia 
(CSDD), 165–166 

Cortical activity, facilitation of, 253
Cortical-basal ganglionic degeneration 

(CBDG), 49, 222–223, 305, 
733–734

clinical findings, 733
epidemiology and gentics, 733–734
high rate of false-negative diagnoses, 733
investigations, 734
management, 734
pathology, 734
resemblance to Parkinson’s Disease, 

50, 733

Cortical cerebellar stimulation, 664
Cortical dementia, 148, 149
Corticobasal bodies, 223
Corticostriatal projection, 247–248, 249
Corticotrophin-releasing factor (CRF), 184
Cotards syndrome, 597
Craniosacral therapy (CST), 566
C-reactive protein, 520
Creatine, 351, 414, 415, 568, 615, 626
CR FIRST clinical trials, 475
Cricopharyngeal myotomy, 89
Croup, 399
Curcumin, 422
Cure, Charcot’s belief in, 28
Cushing’s syndrome, 194
Cyclic adenosine monophosphate 

(cAMP), 557
dependent protein kinase activity, 233

Cyclocreatine, 414
Cyclo-oxygenase (COX), 451

COX-1, 422, 451 
COX-2, 422, 451

Cystamine, 422
Cytochrome, 342, 360
Cytochrome c, 361
Cytochrome c oxidase (COX) deficiency, 

344
Cytochrome P450 2D6, 463
Cytosine, 415
Cytotoxicity, 645

D1 receptors, 235, 267, 268, 269, 410, 
515, 558

D2 receptors, 235, 267, 269, 271, 410, 
515, 558

Dardarin, 657
DARPP-32 phophorylation, 236, 237
DATATOP (Deprenyl and Tocopheral 

Antioxidant Therapy of 
Parkinsonism) study, 34, 129, 
273, 345, 413, 416, 475, 504, 
505, 517, 568, 621–622, 627, 
628

DAT tracer, 289
Daudet, Alphonse, 28
Davy, Sir Humphrey, 7
Day-night sleep reversal, 123
Death, primary cause of, 131
Decarboxylation, 533
Deep brain stimulation (DBS), 35, 409, 

663–685
adverse events, 674–678
age and, 665, 680–681 
anatomic targeting, neuroimaging

techniques, 666–667
autonomic dysfunction and, 682
behavioral effects of, 675–678
central nervous system, effects on, 

313–314
clinical effects of, 669
cognitive effects of, 616–617, 681–682 
cognitive status and, 666
complications, 674–678
to control dyskinesia, 580

controversial issues surrounding, 
679–684

vs. conventional ablative surgery, 
664–665

disease duration and severity as 
considerations for, 665

dyskinesias following, 670, 680
electrode placement, 667
frame vs. frameless,  668
future directions, 684–685
gait disturbances, effects on, 62
globus pallidum pars interna (GPi), 

673–674
hallucinations following, 599
history and evolution of, 663–665 
ideal candidate for, 665
infections related to, 674–675
intraoperative procedures, 667–668
intraparenchymal hemorrhage, risk of, 

674
macroelectrode recording, 667
mechanisms of action, 678–679
medication adjustments, 670–671
microelectrode recording, 667
motor symptoms, temporary 

worsening of, 670
multidisciplinary approach to, 666
for multiple system atrophy (MSA), 

665
neuroprotective effects of, 683–684 
nonmotor symptoms, effects on, 681–

683
optimal target for, STN vs. GPi, 679–

680
outcome, predicting, 309–310
overview, 663
pain, 683
patient selection, 665–666, 683
patient’s perspective on, 793–794
physiological targeting, recording 

techniques, 667
postoperative management, 668–671
preprogrmamming data, 668–669
programming, primary goals of, 668
psychiatric side effects, 167, 682
realistic expectations for, 666
reducing “off” severity, 580
results, 671–674
sleep disturbance and, 682–683 
speech, effects on, 85–87 
subthalamic nucleus (STN), 73, 207, 

672–673
surgical technique, 666–668
thalamus (Vim), 671–672
to treat Parkinson’s disease dementia 

(PDD), 616–617 
UPDRS scores following, 664

Deep Brain Stimulation for Parkinson’s 
Disease Study Group, 673

Defacatory dysfunction, 102
Delayed auditory feedback (DAF), 89
Delayed colonic transit, 102
Delayed gastric emptying, 116
Delayed memory function, 591
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Delusional misidentification syndromes, 
597

Delusions, 163, 587, 597, 614
Dementia, 147–155, 388, 689. See

also Cognitive dysfunction; 
Parkinson’s Disease with 
Dementia (PDD)

age-specific risk of, 151
Alzheimer’s disease and, 613
anxiety and, 183, 187
apathy in, 191
cholinergic deficit and, 151
comorbid disorders, 148
defining, in Parkinson’s Disease, 147–149
diagnosis, criteria for, 147
disease duration and, 151
dopamine, role of, 149–150, 155
driving ability and, 784, 785
genetic and environmental risk factors, 

152–153
hallucinations and, 599
incidence of, 151
memory impairment, 148
mortality, 152
neuroimaging, 154–155 
neuropathology, 153–154 
neuropsychological characteristics of, 

148–149
prevalence, 18, 147, 151
progression of in Parkinson’s Disease, 

150–151
rating scale for, 154
risk factors for, 150, 152–153 
screening for, 167
smoking and, 153
subcortical vs. cortical, 148, 149, 219
treatment of, 155, 614–617 

Dementia Behavior Disturbance Scale, 193
Dementia Rating Scale, 614
Dementia with Lewy bodies (DLB), 49, 

218, 613, 734–735 
age of onset, 735

-synuclein gene and, 736
clinical features, 148
clinical findings, 735
diagnosis of, 148
epidemiology and genetics, 735–736
management, 736
Parkinson’s Disease with dementia 

(PDD) compared, 50, 734
Depolarization blockade, 679
Deprenyl and Tocopherol Anti-oxidative 

Therapy of Parkinsonism 
(DATATOP) study. See
DATATOP study

Deprenyl. See Selegiline
Depression, 103, 159–173, 218, 388, 

580, 587, 590
altered serotonin function and, 160–

161, 173
anxiety and, 163, 173, 183, 186–187 
apathy and, 162–163, 173, 193–194 
associated cognitive dysfunction, 

treatment of 172

biological component, 160
caregivers, 159, 163
clinical rating scales for, 159–160, 

165–166, 173
cognitive impairment, 163, 173
comorbid syndromes, evaluating, 

166–167
coping strategies, 170
cortical-subcortical dysfunction in, 

160, 173
deep brain stimulation and, 682
diagnosis of, 164–167
disability and, 756
disease severity and, 161
dopamine agonists and, 519
dopaminergic fibers, degeneration of, 161
in early Parkinson’s Disease, 46
electroconvulsive therapy (ECT), 170, 

173
epidemiology, 159–160
etiology, 160–161
evaluation of, 166
family history of, 162
frequency, 159
homocysteine levels, 167
hypothyroidism, 167
James Parkinson’s description of, 11
medical causes of, 167
medications for treatment of, 167–

170, 173
mood fluctuations, 163–164 
neurotransmitters, role of, 161
nonmotor symptoms, 162–164
pain and, 72
panic disorder and, 187
prevalence, 159, 173
PROSPECT algorithm for treatment 

of, 170–172, 173
psychosis and, 163, 172, 173
psychotherapy, 170, 173
repetitive transcranial magnetic 

stimulation (rTMS), 170
risk factors for, 161–162
screening for, 166–167 
sleep fragmentation and, 121
somatic symptoms of, 164
testosterone deficiency and, 167
treatment of, 159, 167–172 
treatment-resistant, management of, 569
vitamin deficiencies and, 167

Desmethyldeprenyl, 420
Detrusor hyperactivity, 589
Detrusor hyperreflexia, 46, 733
Dextroamphetamine, 71
Dextromethorphan, 422, 452, 492, 553, 

624–625
Diagnosis of Parkinson’s Disease, 388

biomarkers, lack of, 40, 286
clinical criteria for, 51
diagnostic tests, 388
difficulty of, 49–51, 52
distinguishing from other 

neurodegenerative disorders, 
296, 297

early references to, 16–19 
interval between symptom onset and, 41
James Parkinson’s description of, 11
neuroimaging in, 51, 294–297, 305–

306, 308
postmortem, 45, 373, 374, 388
presymptomatic, 287
uncertainty of, 388–389 

Diagnostic and Statistical Manual of 
Mental Disorders (DSM-IV-TR), 
147, 159, 179, 194, 201, 594

Diarrhea, 116
Diary information, 138
Dieldrin, 390, 396, 422
Diet, importance of, 398
Dietary Supplement Health and 

Education Act of 1994, 564
Dietary supplements, 564, 796
Diethyldithiocarbomate (DDC), 422
Diffuse Lewy body disease, 734, 735
Diffusion tensor imaging (DTI), 310
Diffusion-weighted imaging (DMI), 310
Digit Span Backward, 150
Dihydroergocriptine (DHEC), 528
Dihydroxyphenylacetic acid (DOPAC), 

231
Diltiazem, 743
Diphenhydramine, 495
Diphtheria, 399
Diplopia, following DBS, 677
Diquat, 390
Disability, defined, 751
Dizygotic (DZ) twins, 394, 456
Dizziness, 587
DJ-1 (PARK 7), 346, 348, 366–367, 390, 

391, 437, 441, 455, 459, 460, 
650, 657

Domperidone, 103, 518, 521
Donepezil, 122, 606, 607, 614
DOPA, intravenous, 232
Dopa decarboxylase inhibitor (DDI), 482
Dopamine, 318, 499, 500

cognitive dysfunction and, 149–150 
cognitive sequence learning and, 591
conversion to dihydroxyphenylacetic 

acid (DOPAC), 231
deficiency, 185, 217, 437, 472–473 

300
depletion, 254, 258, 413
discovery of, 33
goal-directed behavior and, 192
hypersensitivity response, 329–330
metabolism, 230, 345
movement execution and, 267
neuromelanin and tyrosine 

hydroxylase, 230–233
as a neuromodulatory molecule, 271
as a neurotransmitter, 231
in the nigrostriatal pathway, 267
novelty seeking and, 192
in patients with progressive 

supranuclear palsy, 296–297 
sources of for basal ganglia, 250
striatal, 254
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Dopamine agonists, 484–485, 515–530, 
733, 785 

as adjunctive therapy, 529, 623, 636
advantages, 529, 637
antidepressant properties, 167
anxiety and, 181
apomorphine, 71, 103, 476, 516, 

526–528, 529, 591, 595
bromocriptine, 34, 181, 196, 273, 

485, 516, 518, 520–522, 
524, 529, 537, 595, 623, 
634, 635, 639

cabergoline, 351, 516, 520, 524, 529, 
595, 639

combinations, 530
to control dyskinesia, 580
to decrease on-off fluctuations of 

levodopa, 476, 579
depression and, 163, 519
development of, 516
dihydroergocriptine (DHEC), 528
disadvantages, 529–530 
disease progression, effects on, 351
dosage, 516
efficacy, 516
ergotamines vs. non-ergotamines, 

639–640
excessive daytime sleepiness (EDS) 

and, 123
fibrosis, 519–520
hedonistic homeostatic dysregulation, 

519
impulse-control disorders and, 204, 

207, 519, 529
for initial therapy, 639–640
levodopa compared, 484, 529, 636–

637, 639
lisuride, 476, 516, 523–524, 529, 595
as monotherapy, 515, 516, 517, 528–

529
motor complications and, 485, 516–517 
neuroprotective effects of, 623–624, 

637, 517
orthostatic hypotension, 518
overview, 515–517, 529–530 
pergolide, 34, 35, 123, 351, 485, 516, 

518, 520, 522–523, 529, 
595, 634, 639, 785

pharmacokinetic and 
pharmacodynamic
properties, 516

piribedil, 516, 528, 529
pramipexole, 122, 123, 155, 185, 196, 

273, 351, 485, 516, 518, 
519, 525–526, 529, 595, 
634, 623, 639, 640, 689, 785 

psychiatric manifestations, 518–519
psychotic symptoms, 595
reduction of off disability, 580
ropinirole, 123, 233, 239, 288, 485, 

516, 517, 518, 524–525, 
529, 595, 623, 639, 640, 
689, 785

rotigotine, 410, 528, 640–641

selection hierarchy, 529
side effects, 485, 517–520, 639, 640
time window for starting, 636
transdermal delivery, 640–641
for treating apathy, 196

Dopamine dysregulation syndrome, 71, 
202

Dopamine metabolites, 232, 234
Dopamine presynaptic transporter 

ligand single photon emission 
computed tomography (DAT-
SPECT), 317

in longitudinal studies of disease 
progression and 
neuroprotection, 322–324 

in new patients, need for,  322
preclinical Parkinson’s Disease, 

detection of, 319–321
results and clinical progression in 

Parkinson’s Disease, 318–319 
results in normal aging, 319
usefulness of,  325

Dopamine receptors, 230, 235–236, 237, 
410

diversity, 267–273
molecular characterization of, 268
as neurotransmitters, 271
pharmacologic selectivity, 271–273
properties of, 272
protein and mRNA, neuroanatomic 

localization of, 268–271
reduced activation of, 254
subtypes, 235–236

Dopamine replacement therapies, 233
decline in effectiveness of, 298–299
for management and treatment of 

Parkinson’s Disease, 298–299
on-off periods and, 299
side effects, 298–299 

Dopamine synthesis, 230, 231
Dopamine transporter (DAT), 230, 236, 

294, 297, 424–425, 440, 444
Dopaminergic approach to treating 

Parkinson’s Disease, limitations 
of, 557

Dopaminergic cells, effects of genes on 
the development and survival 
of,  240

Dopaminergic chemodenervation, 329
Dopaminergic deficits

clinical consequences of, 412
effects of on working memory and 

motor system, 313
Dopaminergic degeneration, selective, 

following administration of 
rotenone, 440–441 

Dopaminergic drug-induced hallucinations 
syndrome, 121–122 

Dopaminergic drugs
addiction to, 670
impulse-control disorders and, 203–204 
limitations of, 545

Dopaminergic fibers, degeneration of and 
depression, 161

Dopaminergic function, anxiety disorders 
and, 184

Dopaminergic neurons, loss of, 213, 214, 
295

Dopaminergic projections, 250–251
Dopaminergic systems, 228–229 

intermediate-length, 229
long-length, 229
mesocortical pathway, 268–269 
mesolimbic pathway, 268
migrostriatal pathway, 268
second-messenger pathways, 270–271
ultrashort, 228

Dopaminergic therapy
dyskinesias and, 410–412
nausea and, 587

Dopaminergic transmitter system, 293
Dopaminochrome, 478
Dopa positron emission tomography 

(dopa-PET), 317
clinical progression in Parkinson’s 

Disease, 318–319
longitudinal studies of disease 

progression and 
neuroprotection, 322–324

new patients, need for, 322
preclinical Parkinson’s Disease, 

detection of, 319–321
results, normal aging, 319
usefulness of, 325

Down’s syndrome, Lewy bodies in, 375
Downgaze, 50
Drenching sweats, 588–589, 591
Driving, 779–789

decisions regarding, who and when, 
779, 789

driver competence, assessing, 781–
783, 787–788 

by elderly population in general, 780–
781

impaired ability, clinical features of, 
784–786

impairment related to Parkinson’s 
Disease, 779–780, 781–788 

incidents of motor vehicle accidents or 
moving violations, 783

need for mobility and independence, 
779, 787

on-road studies, 782–783
patient’s perspective on, 787
performance, clinical features 

correlated to, 783–784
rehabilitation specialists, 788
sleep disturbances and, 784, 785–787
tests to predict unsafe driving, 785

Driving Advisement System (DAS), 785
Driving Performance Test (DPT), 785
Drooling, 11, 45, 100, 101, 589–590 
Drug-induced behavioral and psychiatric 

syndromes, 593
Drug-induced parkinsonism, 40, 52, 388, 

742–744
differentiating from Parkinson’s 

Disease, 50
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Drug-induced parkinsonism (continued)
dopamine-blocking agents, 742–743
dopamine-depleting agents, 743
lithium, 744
susceptibility for, 743
treatment of, 743

Drug-induced psychosis (DIP), 593–609 
atypical antipsychotics, 602–606 
background of confusion, 593, 594
causes of, 598–600
clear sensorium, 593–594 
clinical features, 596–598
clozapine, 600–602 
coexistent and premorbid psychiatric 

disease, 594, 598
delusions, 597
dopamine in, 598
drug holiday, 600
drugs associated with, 595
electroconvulsive therapy (ECT), 607
epidemiology and risk factors, 594–

596
hallucinations, 598–599 
hypersexuality, 609
long-term outcomes, 607–608 
mania, 608–609 
nonneuroleptic therapies, 606–607 
overview, 593–594 
postoperative, 600
risk factors for, 595–596 
treatment, 600–607
triggering events, 600

Drug-induced somnolence, 785
Drug therapy, historical review of, 

471–472
Drug trials, 137
DSP-4, 422
DTBZ, as a biomarker, 289
Dual tasking distraction, 58
Duloxetine, 185
Dysarthria, 48, 676
Dysautonomia, 46, 682. See also

Autonomic dysfunction 
Dyskinesia(s), 408

clinical ratings of, 137–138, 143
deep brain stimulation and, 675, 680
dopamine agonists and, 636
dose-response relationship, 577
incident, 636, 637
levodopa-induced, 474, 558, 577–

578
nondopamine systems and, 560
“on” controlling, 580
peak-dose, 577
predictable responses, 579
prevalence, 575–576, 636 
pulsatile dopaminergic stimulation 

and, 577
quality of life and, 517
severe choreiform, 587
stimulation-induced, 675
thresholds for, 577
treatment of, 578–581
usable responses, 579

Dysphagia, 77, 100, 101, 589, 677. See
also Swallowing disorders

Dysthymia, 58, 166
Dystonia

botulinum injections to relieve, 74
dopa-responsive, 293
fetal tissue transplant, 693, 694
“off” controlling, 580–581
pain associated with, 586, 588
unilateral limb, 45

Earlier versus Later Levodopa Therapy in 
Parkinson’s Disease study. See
ELLDOPA study 

Eating disorders, 519
Economics of Parkinson’s Disease, 

771–777
commonly prescribed drugs, average 

wholesale prices, 775
cost of medications and surgery, 774
cost-effectiveness of medications, 

774–775
cost-effectiveness research, 774, 775–777 
cost-effectiveness of surgery, 775
direct and indirect costs, 772–773
disease cost, determinants of, 773
global economic burden, 771–772
health care expenditures, U.S., 771
resource use, influence of clinical 

features on, 773–774
services research, 771, 777

Efaroxan, 731
Elderly population, growth of, 759
Electrical stimulation, 299, 472, 663
Electroconvulsive therapy (ECT), 170, 

569, 607, 731
Electron leakage, 438, 439
Electron transport chain (ETC), 341–342 

complex I deficiency, 343
somatic mutations, effects on, 347

ELLDOPA (Earlier versus Later Levodopa 
Therapy in Parkinson’s Disease) 
study, 129, 233, 317, 321, 323, 
324, 475, 479, 480, 517, 621

Embryogenesis, 379
Embryonic stem cells. See Stem cells
Encapsulated cell technology, 646
Encephalitis lethargica, 33, 399, 741–

742
Endoplasmic reticulum (ER) stress, 358
Energy perturbation hypothesis, 421
Enkephalin, 558
Entacapone, 120, 483, 538–540, 634

adverse events, 539
dosage and administration, 540, 542
early studies of, 538
with levodopa, 542, 638
motor fluctuations, control of, 539
Nordic Study Group, 539
Parkinson Study Group, 538–539
in patients with nonfluctuating 

Parkinson’s Disease, 540
pharmacokinetics, 538, 540
psychiatric effects of, 595

switch study, 541–542
tolcapone compared, 540–541
transient dyskinesias, 539

Enteric nervous system, 449
Environmental hypothesis of Parkinson’s 

Disease, 425, 438, 455
Enzyme deficiency diseases, 333
Enzyme inhibition

catechol-O-methyl transferase 
(COMT), 483

continuous levodopa administration, 
485–486

dopa decarboxylase, 482
dopamine agonists, 484–485
monoamine oxidase B (MAO-B), 

482–483
Epidemiology, 39–43

age distribution, 40, 41
analytic studies, 39
descriptive, 39
disease incidence, 40–41
door-to-door surveys, 40, 41
experimental, 39
interval between symptom onset and 

clinical diagnosis, 41
intuition, role of, 39
life expectancy, 41–42
motor symptoms, progression of, 40
overview, 39–40
prevalence, 42
risk factors, 42
selection of location and population, 40
study biases, 39
survival trends, 41
symptoms required for diagnosis of 

Parkinson’s Disease, 40
Epidermal growth factor (EGF), 418, 

451
Epinephrine, 500
Epoxomycin, 332
Epworth Sleepiness Scale, 518
Equilibrium, loss of, 558
ER-associated protein degeneration 

(ERAD), 359
Erectile dysfunction, 46
Erythrocyte sedimentation rate (ESR), 

520
Erythromelalgia, 520
Erythropoietin, 115
Esophageal spasm, 101
An Essay on the Shaking Palsy, 3, 6, 

8–13, 15, 25, 471
Essential tremor,  47, 48, 50, 293, 294, 

297, 388
Estrogen, 421, 616
Estrogen receptor (ER), 463
Estrogen replacement therapy, 616
Ethanol, 422
Ethnicity, 42, 392–393, 762 
Ethopropazine, 494
Ethylene bis dithiocarbamate, 422
Etiology

challenges to investigating, 387–389, 
400
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Charcot’s description of, 27–28 
clues to from epidemiologic studies, 

392–393
early explanations of, 455
environmental risk factors, 395–400 
genetic and hereditary risk factors, 

393–395
infection, 103
James Parkinson’s description of, 11
MPTP-induced parkinsonism, 389–390 
multifactorial hypothesis, 241
parkinsonism of known cause, 389–392
parkinsonism resulting from genetic 

mutations, 390–392 
risk factors from analytic studies, 

393–400
risk factors proposed from studies of 

disease frequency, 392–393 
Euphoria, 608, 609
European Federation of Neurological 

Societies, 529
Evoked response potentials (ERPs), 93
Excessive daytime napping, 123
Excessive daytime sleepiness (EDS), 122–

123, 597, 784, 785–787
Excitatory amino acid antagonists (EEAs)

animal studies, 551–553 
clinical experience, 553
side effects, 545
as therapy for Parkinson’s Disease, 

545, 551–553 
Excitatory amino acids

in the basal ganglia, 548–551
excitotoxicity, 547
neutrotransmission, 545–547

Excitatory transmission, functional 
changes by Parkinson’s Disease, 
548–551

Excitotoxic injury, 342
Excitotoxicity, 298, 349–351, 499, 547, 

620, 626, 
defined, 349
head injuries and, 399
neurotoxicity of MPTP, 417–418 
weak, 342, 349–351

Executive dysfunction, 613, 792
apathy and, 194
early subtle abnormalities in, 46

Exercise, importance of, 641, 796
Extrapyramidal dysfunction, 18, 19
Extrapyramidal motor system, schematic 

of, 228

Facial animation, diminished, 48
Falls, 58, 112
Familial clusters, 393, 455
Familial Parkinson’s Disease, 219–220, 

340, 650, 655. See also
Genetics, in pathogenesis of 
Parkinson’s Disease

Family caregiving, 759–768
adult day care, 767
collaboration between family and 

health care providers, 768

demographic trends affecting, 759
growth of elderly population and, 759
important role of in chronic illness, 

759-760
in-home interventions, 768
predictors of caregiver strain, 760–766
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psychotherapeutic
interventions, 766–767 

respite care, 767
risks associated with, 760
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telephone and computer care, 767–768 

Family information bias, 393
Fas, 422
Fast spiking interneurons, 246
Fatigue, 45, 194, 616, 792
Fatigue Severity Scale, 195
Fava beans, 568
Feather study, 24, 26
Fecal impaction, 116
Fecal incontinence, 116
Fenton reaction, 345
Festination

gait, 11, 55, 57, 60
speech, following deep brain 

stimulation, 676–677
Fetal grafting, 410
Fetal mesencephalic transplants, 580, 

690–695
Fetal tissue transplants, 300, 331, 486

controlled trials, 690–694 
dyskinesias and, 695
efficacy, 691
graft placement, 694
graft survival and outgrowth, 694
graft tissue, standardization, 694
open-label trials, 690
patient selection, 694
placebo effects, 692–693
porcine, 692
potential problems with, 694–695
risk of symptomatic intracerebral 

hemorrhage, 693
safety, 693
standard  immunosuppressive regimen, 

694–695
teratoma formation, risk of, 695

Fibroblast growth factor (FGF), 418
Fibrosis, dopamine agonists and, 519–

520
5-hydroxytryptamine, 499
Flavin adenine dinucleotide (FADH2), 438
Flavin-containing mono-oxygenases 

(FMOs), 424
Fludrocortisone, 114, 115
Fluent aphasia, 390
Flunarizine, 743
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emission tomography (PET), 
280, 293
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128, 129–130, 137, 280, 288
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(18F-dopa), 294

Fluoxetine, 580, 617
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FLZ, 422
Folate deficiency, 398, 422
4-substituted pyridines, 390
Fractional anisotropy (FA), 310
Free radical hypothesis, 415, 416
Free radicals, 298, 341, 345, 349, 398, 

415, 444, 445, 477, 634
Freezing of gait (FOG), 56, 57, 58–60, 

181, 238, 689, 746 
James Parkinson’s description of, 11
treatment of, 60–61 

Fregoli syndrome, 597
Frontotemporal dementia (FTD) with 
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clinical features, 737
prevalence, 737
tau mutation, 736

Frozen shoulder syndrome, 48
Functional magnetic resonance imaging 
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GABA/nitric oxide synthase/
neuropeptideY/somatostatin
interneurons, 246

GABA/parvalbumin interneurons, 246
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of, 26
Gait assessment, 56–60

arm swing, 60
festinating gait, 60
freezing, 58–60 
gait initiation, 57–58
locomotion, 58
10-m walk test, 56
time up and go (TUG) test, 56

Gait disturbance, 55–62 
arm swing, 58, 60 
cadence, 58
falls, 58
festinating gait, 11, 55, 57, 60
freezing of gait (FOG), 11 56, 57, 

58–61, 181, 238, 689, 746
functional neurosurgery for, 61–62 
in advanced Parkinson’s Disease, 56
in early Parkinson’s Disease, 49
James Parkinson’s description of, 9, 11
levodopa treatment and, 56
measurement of, 49
parkinsonian, classification of, 55
as presenting symptom of Parkinson’s 

Disease, 55–56
rehabilitation of, 61, 675
start hesitation, 57–58
stress and, 59
stride length, 58
system-oriented classification, 56
treatment of, 60–61

Gait syndrome
centrally originating, 56
peripherally originating, 56
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184, 301, 558
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Gastric emptying, 102, 116
Gastroesophageal reflux, 100, 101
Gastrointestinal dysfunction

complications, management of, 103–
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and anorectal function, 102

dopaminergic medications and, 102
dysphagia, 101
history and principal features, 100–101 
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gastric function, 101–102
pathophysiology, 102–103
prevalence, 100–101 

Gastrointestinal tract 
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role of in homeostasis, 99
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antioxidative strategies, 651
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Glutamate decarboxylase (GAD), 239
Glutamate neurotransmission, 547, 549
Glutamate receptors, 546, 547, 548, 552
Glutamatergic agents, neuroprotective 

effects of, 624–625 
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adult-onset, 51
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Hydrogen peroxide, formation of, 345, 477
Hydroxyl radical, 477
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519, 587, 609
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enzyme inhibition, 482–486
escalation, 638–639 
extending effects of, strategies for, 535
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therapy, development of, 473–474, 

481–482
toxicity, 233–234, 477–481, 486–487, 

634–635
transport system for, 231
“wearing off” phenomenon, 536, 538, 

577, 578, 635
Levodopa ethyl ester, 486
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in Parkinson’s Disease with dementia 

(PDD), 153
protein constituents of, 375
structural description and composition 

of, 374–375
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219

dementia with Lewy bodies (DLB), 218
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Lipid peroxidation, 445
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