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PREFACE

v

The first edition of Neuroinflammation: Mechanisms and Management was the first
book to organize the early concepts of neuroinflammatory mechanisms and the role of
these processes in complex neurodegenerative diseases. The field is unique in the neu-
roscience area in that it has required the skills and experimental analyses of an extremely
diverse array of scientific and clinical research groups. This field includes publications
from neurologists, psychiatrists, pathologists, clinical imaging groups, neurophysiolo-
gists, neurochemists, immunologists, molecular biologists, anatomists, biochemists, and
pharmacologists. This field has also generated excitement in both academic and pharma-
ceutical research arenas, and since the last edition of this book, has resulted in the intro-
duction of two novel inhibitors of neuroinflammation into clinical trials. These include
CEP-1347 for Parkinson’s disease and CPI-1189 for Alzheimer’s disease. Both com-
pounds are currently in Phase II clinical trials, and pivotal efficacy data should be avail-
able within the next 3 years.

In the second edition, we have included extensive updates of new knowledge of the
mediators produced by activated microglia and their role in neuroinflammatory-induced
neuronal lysis. In addition, we have increased the coverage of animal models used in the
study of neuroinflammatory mechanisms and in the new imaging methods that allow the
noninvasive evaluation of microglial activation in human neurodegenerative disorders.
These imaging techniques have demonstrated that microglial activation and the associated
neuroinflammation precedes neuronal degeneration in a number of clinical conditions.

Another important aspect of neuroinflammation that has evolved since the first
edition of this book is the role of neuroinflammation in amyloid-dependent neuronal
lysis. Both in vitro and in vivo data indicate that amyloid is unlikely to be directly
neurotoxic, but that amyloid deposition activates neuroinflammatory processes that
lead to neuronal degeneration.

In summary, the field of neuroinflammation is evolving rapidly and advancing new
potential therapeutics into clinical trials. When scientific concepts result in drugs with
clinical utility, a research field has achieved significant maturity and productivity. I
hope that this maturity, and its benefit to the treatment of devastating neurological
disorders, is  solidly in place for the next edition of Neuroinflammation: Mechanisms
and Management.

Paul L. Wood
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1
Microglia

Roles of Microglia in Chronic Neurodegenerative Diseases

Paul L. Wood

1. INTRODUCTION

Over the last decade, the neuroinflammatory hypothesis of neurodegeneration has
become well established. Our increased scientific understanding of the cascade(s) of events
involved in chronic, slowly progressing neurodegenerative diseases has established
the foundations for the first mechanistic drug discovery programs for the pharmacolog-
ical treatment of these devastating diseases. An exciting feature of the neuroinflam-
matory hypothesis is that a target cell, microglia, has been identified for pharmacological
approaches to halting or preventing slowly progressing neurodegenerative diseases.

Microglia are the resident macrophage cell population within the entire neuroaxis and
represent the primary immunocompetent cells to deal with invasions by infectious agents
and tumors and to remove cellular debris. These cells are present in large numbers repre-
senting 10–20% of the glial cell population in the brain and, in the case of perivascular
microglia, may play a role in antigen recognition and processing at the level of the blood-
brain barrier.

In the normal “resting” state, microglia demonstrate a ramified shape with extended
pseudopodia. In the resting state, these cells clearly demonstrate suppressed genomic
activity. Upon cellular activation, by a diverse array of stimuli, microglia downregulate
surface-bound keratan sulfate proteoglycans and assume an amoeboid shape character-
istic of the “activated” and the “phagocytic” stages of microglial cellular activation. In
this state, genomic upregulation occurs, leading to the production of a large number of
potentially neurotoxic mediators. These mediators are crucial to the normal “housekeep-
ing” activities of microglia and are downregulated once these housekeeping functions
have been completed. However, it now appears that in a number of clinical conditions
and in a number of preclinical models, microglia remain in an activated state for extended
periods and may contribute to neuronal lysis by the direct cytotoxic actions of some
microglial mediators and via what has been termed “bystander lysis.” This term merely
reflects that neurons in the local vicinity of a sustained inflammatory response initiated
by microglia are prone to lytic attack. The stimuli that act to elicit microglial activation are
numerous and are related to the normal “housekeeping” functions of microglia. As immu-
nocompetent cells, a number of chemotactic factors are potential modulators of microglial
migration and activation. Receptors on microglia have been demonstrated for a number
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of known mediators of chemotaxis in inflammatory responses. These include receptors for
platelet activating factor, interleukin-8, C5a anaphylotoxin, and the bacterial N-formyl
peptides as defined by the f-Met-Leu-Phe (FMLP) receptor.

It is the purpose of this chapter to review the basic biochemical characteristics of
microglia, with specific attention to the potential neurotoxic mediators involved in vari-
ous neurodegenerative diseases and in the associated preclinical models of these diseases.
The diverse array of potentially neurotoxic mediators secreted by activated microglia are
not neurotoxic under the conditions of transient microglial activation associated with
normal “housekeeping” activities. The neurotoxic actions of such mediators are presum-
ably “buffered” by an equally diverse array of inactivation and cytoprotective mecha-
nisms. However, local microenvironmental compromises including genetic factors and
frank tissue insult will dramatically affect the degree of “buffering” capacity available
to remove different cytotoxic mediators.

2. MICROGLIA IN NEURODEGENERATIVE DISEASES

There are currently a number of different approaches under clinical and preclinical
investigation for inhibiting neuroinflammation. The potential clinical impact of drugs
that can provide such a pharmacologic action with minimal side effects will be enor-
mous. The enormity of this impact is best evaluated by tabulating the vast array of neu-
rodegenerative conditions in which activated microglia have been demonstrated. With
regard to regional neuronal losses in neuroinflammatory diseases, experiments with basal
forebrain mixed neuronal/glial/microglial cultures have shown that lipopolysaccha-
ride (LPS) activation of microglia results in selective losses of cholinergic neurons, dem-
onstrating their selective susceptibility to the toxic actions of activated microglia. These
data demonstrate that not all neurons are equally susceptible to the mediators produced by
activated microglia and suggest a basis for the losses of only selected neuronal populations
in inflammatory-mediated neurodegeneration, like that seen in Alzheimer’s disease.

2.1. Alzheimer’s Disease

In Alzheimer’s disease (AD), the widespread activation of microglia (see Chapter 15)
in cortical regions affected by AD neuropathology (i.e., plaques and tangles) has consis-
tently been demonstrated with autopsy studies of late-stage AD (1–32). These data led
to the original hypothesis that microglial activation might lead to a local neuroinflam-
matory response that is sustained over long periods (i.e., decades) and that as the local
buffering capacity (i.e., inactivation mechanisms) is saturated and/or eroded, local neu-
rons are killed via “bystander lysis.” This hypothesis has been validated by more recent
studies with in vivo imaging of activated microglia, utilizing [11C]PK-11195. These
studies (32) have demonstrated that microglial activation in the cortex happens early in
the disease process. [11C]PK-11195 is a high-affinity ligand for peripheral benzodiaz-
epine receptors that are concentrated in microglia in the central nervous system (CNS)
(33) and are upregulated in activated microglia in vivo (34).

Activation of microglia has also been reported in a number of experimental models
of AD. Increased microglial activation in cholinergic cell body regions has been demon-
strated in the nucleus basalis with local injections of excitotoxins (35), immunotoxins (36),
and LPS (37) and in the septum with local excitotoxic lesions (38,39). Similarly, hippo-
campal excitotoxic lesions (40–44) and cortical infusions of tumor necrosis factor-α
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(TNF-α) (45) result in local microglial activation. Cortical microglial activation also
occurs in a number of the transgenic mouse models of amyloid deposition, including the
Tg2576 (46–48), APP23 (49), PPV717F (50), and PS/APP (51) strains.

2.2. Parkinson’s Disease
In Parkinson’s disease (PD), there are two parallel neurodegenerative processes occur-

ring. These include the events that lead to the degeneration of the nigrostriatal dopa-
minergic pathway, resulting in motor disturbances and degeneration of the nucleus
basalis–cortical cholinergic projection and cortical degeneration, resulting in AD-like
neuropathology and cognitive decline. Microglial activation has been demonstrated in
the substantia nigra (see Chapter 21) around the degenerating dopaminergic neurons
(52–54) and in the cerebral cortex (55–57). Autopsy studies of younger patients have
shown that microglial activation precedes AD-like pathology in the cortex of late-stage
PD patients with dementia (57).

Activation of microglia is also seen in the substantia nigra in preclinical models of
PD. The substantia nigra is characterized by large numbers of resident microglia (58). Pre-
clinical models of nigral neuroinflammation include local nigral injections of 6-hydroxy-
dopamine (59,60) or LPS (61,62) and systemic injections of MPTP (63). The LPS model
is extremely interesting in that the local inflammation results in the degeneration of dopa-
minergic neurons but not local GABAergic interneurons. This dopaminergic cell loss
appears to be permanent in that it was still evident 1 yr after the LPS lesions were induced.

2.3. Multiple Sclerosis
Activation of microglia is most intense in areas of focal pathology (64–67) and is a

useful surrogate marker of disease severity utilizing [11C]PK-11195 as an imaging agent
(68). MS lesions are also characterized by production of microglial cytokines (69) and
proteases (70). The association of microglia and microglial toxins with areas of tissue
destruction in MS support the evaluation of inhibitors of microglial activation in this
devastating disease.

In the experimental allergic encephalitis (EAE) model of MS, microglial activation
has also been reported (66,71,72). These cells are also associated with the production of
cytokines (73,74), complement (75), and amyloid precursor protein (APP) (76).

2.4. Huntington’s Disease
In Huntington’s disease (HD), there is microglial activation in the extrapyramidal sys-

tem early in the disease, with a progressive augmentation of microglial activation during
disease progression (77).

Although there is no generally accepted preclinical model of HD, quinolinate lesions
of the extrapyramidal system have been utilized to understand the cellular mechanisms
that can lead to neuronal degeneration in these clinically relevant brain regions (78,
79). As in the human disease, microglial activation occurs in these excitotoxic models of
neurodegeneration.

2.5. Supranuclear Palsy
In progressive supranuclear palsy (SNP), there is robust microglial activation asso-

ciated with the corticobasal degeneration (80).
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2.6. Prion and Viral Dementias

In a vast array of prion diseases that lead to neurodegeneration, there is a consistent acti-
vation of large numbers of microglia (81–85). These diseases include Kuru, Creutzfeldt–
Jakob disease, Gerstmann–Straussler disease, scrapie, and spongiform encephalopathy.

Viral-mediated neuroinflammation also occurs with acquired immunodeficiency syn-
drome (AIDS) dementia (86,87) and herpes encephalitis (88). Microglial activation is
also seen in preclinical models of viral encephalopathy (89–91).

2.7. Age-Related Macular Degeneration

In the dry type of age-related macular degeneration (ARMD), which encompasses 85–
90% of ARMD patients, microglial activation is a hallmark feature of the diseased retina
in these patients (92). Microglial activation in the eye is also seen in experimental models
of diabetic retinopathy (93,94), excitotoxic degeneration (95), and glaucoma (96,97).

2.8. Traumatic Brain Injury

Traumatic brain injury (TBI) to the skull (98–104) or spinal cord (105,106) results in
massive levels of local microglial activation in humans. This activation of microglia (see
Chapter 10) is also seen in preclinical models of spinal cord contusion (107–109) and in
TBI to the skull (110–112).

2.9. Amylotrophic Sclerosis

Microglial activation has been demonstrated in the spinal cord of ALS patients (113)
and in experimental models of ALS (114).

2.10. Neuropathic Pain

Neuropathic pain is a clinical condition in which body areas sense normal stimuli as
painful. This supersensitivity to pain is seen in patients with diabetic neuropathy, post-
herpatic neuralgia, and reflex sympathetic dystrophy. In preclinical models of neuro-
pathic pain, microglial activation in the dorsal horn of the spinal cord, the first synaptic
relay point of afferent pain fibers, is seen. These models include formalin-induced hyper-
algesia (115,116), neuropathic pain induced by gp120 (117), and chronic constriction
injury to the sciatic nerve or spinal dorsal roots (118–121).

3. MICROGLIAL MEDIATORS

3.1. Cytokines

Microglia are the major cellular source, within the CNS, for the proinflammatory cyto-
kines interleukin (IL)-1α, IL-1β, and TNF-α (122). Prior to release, the 26 to 37-kDa
precursors of these cytokines undergo posttranslational processing to biologically active
17-kDa products. Direct injections of the cytokines IL-1α, IL-1β, and TNF-α into the
CNS result in local inflammatory responses and neuronal degeneration (123) and exacer-
bate EAE-like inflammation (124). These actions are consistent with the potential role
of cytokines in neurodegeneration when microglia remain in a sustained activated state
and contrast with the potential neurotrophic actions of these cytokines under transient expo-
sure conditions (125). Microglia also produce the inflammatory and chemokinetic cytokines
macrophage inflammatory protein-1α (MIP-1α) (126), IL-5 (127), and IL-8 (neutrophil
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chemotactic peptide) (128). The microglial cytokines IL-1α and TNF-α potently upreg-
ulate expression of ICAM-1, VCAM-1, and LFA-1 by microglia (129). Consistent with
these observations is the upregulation of microglial CAMs in MS (130) and AD (17).

3.2. Proteases

Upon cellular activation, microglia upregulate the synthesis and secretion of a number
of proteolytic enzymes that are potentially involved in an equally vast array of functions.
Of particular interest to neuroimmune function and neurotoxic potential are the actions
of these enzymes in antigen processing for antigen presentation; degradation of the extra-
cellular matrix (ECM) and direct lytic attack of neurons. Proteases that possess the poten-
tial to degrade both the ECM and neuronal cells in the vicinity of microglial release
include the following:

• Cathepsins B (131–133), L (132,134–135), and S (134,136). Extracellular cathepsin B has
been demonstrated to be increased in both AD (137) and MS (138).

• The matrix metalloproteinases MMP-1, MMP-2, MMP-3, and MMP-9 (139–140). MMP-1
and MMP-3 are significantly elevated in AD (141–143).

• The metalloprotease-disintegrin ADAM8 (CD156) (144).
• Microglia secrete plasminogen, the prohormone of plasmin, and plasminogen activator, the

processing enzyme for this prohormone. Plasmin, once formed outside of microglia, can act
to degrade the extracellular matrix and thereby participate in local inflammatory responses
(145–147).

• Elastase is another protease secreted by microglia that could have profound detrimental effects
on the extracellular matrix (148).

3.3. Prostaglandins

Historically, prostanoid biosynthesis was thought to take place mainly in astrocytes;
however, more recent studies indicate that microglia may be a major source of these lipid
mediators (149,150). These data, along with the initial observations that chronic treat-
ment with anti-inflammatory agents that gain access to the brain, including dapsone (151)
and nonsteroidal anti-inflammatory drugs (NSAIDS) (152), decrease the incidence of AD,
have led to the hypothesis that inhibitors of CNS inflammatory responses may have
clinical utility in treating chronic neurodegenerative diseases (153–156). This has resulted
in the evaluation of selective COX-2 inhibitors in AD, based on the decreased potential
of these agents to induce ulceration of the gut, relative to classic NSAIDs. Unfortunately,
these clinical studies ignored the basic research data that demonstrated that in contrast
to rodents, human microglia only express COX-1 and not COX-2 (157,158).

3.4. Acute-Phase Proteins

Experimental studies have demonstrated a temporal relationship for cytokine produc-
tion after brain injury. Almost immediately, there is enhanced production and release of
IL-1β and TNF-α and a delayed but more sustained release of IL-6 into the extracellular
space (159–161). Il-6, in turn, is the major trigger (162) for the production of both class
1 and class 2 acute-phase proteins (163). The early production of IL-1 and TNF-α, fol-
lowed by delayed but more sustained increases in IL-6, has been demonstrated in experi-
mental models of closed head injury (164), with excitotoxic brain lesions (165), and with
CNS infections (166).
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A component of the acute-phase protein response that has come under intense scrutiny
is activation of the complement cascade, which ultimately leads to generation of the mem-
brane attack complex (MAC; C5b-9) (167,168). Indeed, both in experimental models
of microglial activation and in AD and MS, complement activation has been reported
(169–173). Of interest, full complement activation, resulting in the generation of the MAC,
has been demonstrated in both AD and MS. Such enhancement of the complement cas-
cade could well contribute to neuronal lysis in these clinical conditions and in any other
disorder involving microglial activation. The triggers leading to complement activation
presumably are complex and varied.

Complement activation is also under the regulatory control of a number of protein
negative modulators (167). It is of interest to note that in AD a number of these factors
are also upregulated (Table 1). However, despite this upregulation of intrinsic “buffer-
ing” mechanisms to limit complement activation, neuronal destruction still occurs. These
data are consistent with the hypothesis that, in AD, neuroinflammatory responses pro-
ceed unchecked (i.e., “sustained” microglial activation) and lead to neuronal losses (“by-
stander lysis”).

Microglia produce a number of acute-phase proteins that include chaperone proteins,
trophic factors, and protease inhibitors. When overexpressed, these acute-phase proteins
can lead to abnormal trophic factor function and dramatic imbalances in protease–pro-
tease inhibitor balance in the brain. Under conditions of sustained production, these chap-
erone proteins may serve a detrimental role in the deposition of amyloid fibrils and have
been termed “pathological chaperones” (182).

3.5. Amyloid Precursor Protein

Diffuse plaques in AD contain activated microglia, suggesting that microglia contrib-
ute to the ongoing pathological process rather than reacting to neuronal losses because
microglia are present around diffuse non-neuritic β-amyloid deposits in areas devoid of
neuronal losses (183). Sustained microglial activation has therefore been hypothesized
as an essential element of the initiation and support of the progressive pathological cas-
cade leading to neuritic plaque formation (183).

Another consequence of sustained acute-phase protein responses is the deposition of
amyloid plaques, the hallmark pathology of AD (184). These plaques are the result of

Table 1
Listing of Endogenous Negative Modulators
of Complement Activation Upregulated in AD and MS

Complement
Inhibitor stage inhibited Cellular source Disease Refs.

C1 inhibitor (serpin) C1 Microglia AD 174
Membrane cofactor protein C3 Astroglia AD 175

(CD46)
Protectin (CD59) MAC Astroglia AD 176,177
Clusterin (SGP-2) MAC Astroglia AD 178,179
Vitronectin MAC Astroglia AD 180
Vitronectin MAC Astroglia MS 181
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abnormal proteolytic cleavage of membrane-bound APP; however, the cellular source
of these soluble degradation products is still a matter of debate. In the case of microglia,
all four isoforms of APP have been demonstrated: APP695, APP714, APP751, and APP770
(185). Microglia have also been shown to synthesize APP in response to excitotoxic
injury (186). Additionally, microglia have been proposed as a possible major source of
secreted β-amyloid (187–189). The fact that aggregates of activated microglia are the
sole and consistent accompaniment of amyloid deposition suggests that they are pivo-
tal in promoting the formation of dense plaque formation in AD (189). β-Amyloid also may
act in a feed-forward mechanism to maintain microglial activation because β-amyloid acti-
vates microglia directly and stimulates growth factor production by astroglia (190), which,
in turn, activate microglia.

3.6. Transmembrane Proteins Involved in Cytotoxicity or Astrogliosis

 A number of transmembrane receptors have been characterized for microglia that play
roles in microglial toxicity and/or microglial signaling to astrocytes. These include the
following:

• Platelet activating factor (PAF) receptors that play a role in the chemotactic response to neu-
ronally released PAF (191).

• CD81 or “target of the antiproliferative antibody” (TAPA). This member of the tetraspanin
family is involved reactive gliosis (192).

• Fas ligand, which induces apoptosis in Fas-positive target cells (193).

3.7. Nitric Oxide and Free Radicals

Studies of rat (194–196) and murine (196,197) microglia have all demonstrated low
levels of constitutive nitric oxide synthase (NOS) and a dramatic upregulation of indu-
cible NOS after microglial activation (see Chapter 5). This inducible NOS appears to
be both cytosolic and membrane bound (197). The concentrations of NO produced by
rodent microglial cultures are sufficient to be both bacteriostatic (198) and neurotoxic
(194). In contrast to these observations with rodent microglia, fetal human microglia
appear to possess low levels of inducible NOS (199–201), suggesting that astroglial
inducible NOS may play a more pivotal role in human neuroinflammation (202). How-
ever, the degree of cell maturation in vitro appears to be important, as a more recent
report has shown that human microglia subcultured for 5–6 mo do possess inducible
NOS (203). In this regard, NOS mRNA has been demonstrated in the activated micro-
glia associated with MS lesions (204). Augmented production of superoxide has been
demonstrated in experimental models of ischemia and TBI (205), in trisomy 16 mice
(206), and in autopsy samples of Alzheimer cortex (207).

4. PROGRESS IN THE CLINIC

The evolution of the neuroinflammatory hypothesis combined with the observations
that sustained use of NSAIDs for 2 yr or more significantly reduces the risk for onset and
progression of AD has led to the hypothesis that an inhibitor of neuroinflammation may
have disease-modifying properties that protect against AD neuropathology (152–156).
These historical correlations were based on data in individuals taking NSAIDs, which
inhibit both COX-1 and COX-2. This lead to a leap of faith by several pharmaceutical
companies to enter into clinical trials in AD patients with the new selective COX-2
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inhibitors. Unfortunately, these studies were ill conceived based on two key observations.
First, human microglia possess COX-1 and not COX-2 (157,158,208,209), so although
COX-2 inhibitors would inhibit prostaglandin production by neurons containing COX-2,
they would be ineffective in blocking prostaglandin production by microglia, the key
cell type responsible for neuroinflammation. Second, these studies of COX-2 inhibitors
were performed in early-stage AD patients (ADAS-cog of around 22), whereas the his-
torical data for NSAIDs relates to drug utilization one to two decades prior to this. At that
earlier stage of the disease, namely mild cognitive impairment (Fig. 1), an anti-inflamma-
tory action on a single proinflammatory pathway (i.e., COX-1 and COX-2) would pro-
vide significant additional buffering capacity against ongoing neuroinflammation. In
contrast, in early-stage AD patients, a significant degree of these endogenous buffering
systems has deteriorated to the point that neuronal degeneration is occurring at a drama-
tic rate. Hence, blocking only neuronal COX-2 and leaving a vast array of other inflam-
matory paths (i.e., cytokines, proteases, acute-phase proteins, nitric oxide, free radicals,
and microglial COX-1) intact is probably insufficient at this stage of the disease. Hence,
clinical trials in AD patients with the selective COX-2 inhibitor, celecoxib, have failed
to date (210).

4.1. Inhibitors of Amyloid Deposition

A hallmark feature of AD is the deposition of amyloid plaques in the neocortex. A
number of pharmaceutical companies have developed strategies to inhibit this process
and thereby limit the associated neuroinflammation. These include inhibitors of the
enzymes responsible for the generation of extracellular amyloid, namely β-secretase and
γ-secretase inhibitors (211). Although γ -secretase inhibitors are currently in phase II

Fig. 1. Proposed sequence of events in neuroinflammatory-dependent loss of cognitive func-
tion in Alzheimer’s disease.
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clinical trials in AD, their clinical utility may well be limited by their immunosuppres-
sive properties (212). An alternate strategy, termed the vaccine approach, involves rais-
ing antibodies against a fragment of amyloid. This approach has demonstrated efficacy
in the transgenic mouse models and is currently in phase II clinical trials in AD (213),
but clinical trials have recently been halted as a result of induction of neuroinflammation
in some patients.

4.2. Inhibitors of Microglial Activation

Tissue culture studies of microglia have demonstrated that microglial activation by
diverse stimuli is dependent on activation of mitogen-activated protein kinase (MAPK)
signaling pathways (214–219). MAPK-dependent signal transduction in microglia includes
(1) thrombin stimulation of nitric oxide production (220); (2) TGF-β stimulation of cas-
pase 8 inhibitory protein (221); (3) LPS stimulation of TNF-α production (222), and
(4) P2 purinergic stimulation of TNF-α production (223).

Additionally, MAPK activation has been demonstrated in microglia in the neocor-
tex of autopsy tissues from AD patients (224–226). Similarly, in the trimethyltin (TMT)
model of hippocampal neurotoxicity mediated by microglial activation (227–229), dra-
matic upregulation of microglial p38MAPK and pJNKMAPK occurs.

Early approaches targeting downregulation of activated microglia in preclinical models
focused on immunosuppressants, of which cyclosporin and FK-506 were found to be the
most effective (230). More recently, a less toxic compound, the tetracycline derivative
minocycline, has demonstrated downregulation of microglial MAPK and neuroprotec-
tion against excitotoxic lesions (231). Another approach in this area is CPI-1189 (Fig. 2),
a novel signal transduction inhibitor of MAPK activation by cytokine and Toll receptors
(232). CPI-1189 protects neurons against TNF-α-induced neurotoxicity both in vitro
(233) and in vivo (234–235). In the TMT model of neuroinflammatory-induced neuro-
nal cell death in the hippocampus (see Chapter 16), CPI-1189 dose-dependently provides
significant neuroprotection (Fig. 3) by downregulating MAPK (p38 and pJNK) in acti-
vated microglia (Fig. 4). This drug candidate is currently in phase IIb clinical trials in
AD. Curcumin, an antioxidant that also potently inhibits MAPK activation has been shown
to be neuroprotective in a transgenic mouse model of amyloid deposition (236).

5. SUMMARY

As the resident macrophages of the CNS, microglia are critical in host defense against
micro-organisms, against tumors, and in cleanup of cellular debris. However, these are
transient “housekeeping” functions that involve profound cellular activation of a normally
resting cell population, which returns to the resting state upon completion of these tasks.
In contrast, preclinical and clinical observations have demonstrated that when cellular

Fig. 2. CPI-1189.
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activation of microglia is maintained, neuronal injury can occur via multiple mecha-
nisms. The rate of progress of such compromise to neurons will be determined by the
capacity of local “buffering” systems involved in the inactivation of toxic microglial
mediators. A key question currently being addressed is the potential primary role of
microglia in initiating neuronal damage. This may be a facet of a number of clinical con-
ditions; however, even in situations where microglial activation may be a secondary
event, pharmacological suppression of this activity should provide clinical utility (237).
The potential early and/or primary roles of microglia in neurodegenerative processes
are suggested by several preclinical and clinical observations. With the knowledge that
MAPK pathways (Fig. 5) regulate the induction of proinflammatory pathways in micro-
glia (238), we now also have specific biochemical targets to pharmacologically modu-
late in this target cell population.

In summary, sustained and early microglial activation, leading to a chronic inflamma-
tory state, may be a hallmark feature of neurodegenerative disorders and agents that mod-
ulate the activity of these cells will represent a new generation of therapeutics, which are
much needed in neurology today.

Fig. 3. Sections of rat hippocampus in animals treated with the toxin trimethyltin ± CPI-
1189. The sections on the left are for the neuronal-specific marker NeuN (inserts are 10× mag-
nifications of the CA3 region) and the sections on the right are degenerating neurons stained
with fluoro-jade.
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Fig. 4. Sections of rat hippocampus in animals treated with the toxin trimethyltin ± CPI-1189.
The sections were stained with fluoro-jade to reveal degenerating neurons, with isolectin for
microglial cell counts, and with antibodies to p38 to monitor MAPK upregulation in activated
microglia.
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Mechanisms in Neurodegeneration

Kurt A. Jellinger

1. INTRODUCTION

Neurodegenerative disorders are morphologically featured by progressive cell loss
in specific vulnerable neuronal populations of the brain and/or spinal cord, often asso-
ciated with typical cytoskeletal protein changes forming intracytoplasmic and/or intra-
nuclear inclusions and gliosis. In Alzheimer’s disease (AD), the most common type of
dementia in advanced age, loss of cortical neurons and synapses is accompanied by
extracellular deposition of Aβ4 amyloid peptide (Aβ) in senile plaques and cerebral
vessels. Paired helical filaments containing hyperphosphorylated microtubule-associ-
ated tau protein forming neurofibrillary tangles (NFT), neuropil threads, and neuritic
plaques are other histopathological hallmarks of AD (1). In Parkinson’s disease (PD),
the most frequent extrapyramidal movement disorder in adults, neuron loss in substan-
tia nigra (SN) and other subcortical nuclei is associated with widespread occurrence of
intracytoplasmic Lewy bodies (LB) formed from fibrillary α-synuclein and hyperphos-
phorylated neurofilament protein (2–5). Frequent cortical LBs occur in dementia with
Lewy bodies (DLB), which is the second most frequent type in adult age dementia (6),
but small numbers are also seen in both PD and AD (7,8). In Pick disease (PiD), a rare
presenile type of frontotemporal dementia (FTD), progressive cortical degeneration is
associated with Pick bodies, intracytoplasmic accumulations of hyperphosphorylated tau
protein (9–11). In multisystem atrophy (MSA), progressive supranuclear palsy (PSP)
and corticobasal degeneration (CBD), which are rigid-akinetic extrapyramidal disorders,
multisystemic neuronal degeneration is accompanied by glial cytoplasmic inclusions (GCI)
containing tau protein that differs from that in AD and PiD (2,10,11) and α-synuclein
(12). In Huntington disease (HD), an autosomal dominantly inherited hyperkinetic extra-
pyramidal disorder resulting from mutation of the IT-15 gene on chromosome 4p16.3 with
expanded polyglutamine CAG repeats, neurodegeneration in man and transgenic mice
is related to neuronal intranuclear inclusions containing huntingtin and ubiquitin (13,14).
Similar inclusions are seen in other rare autosomal dominant ataxic polyglutamine disor-
ders (e.g., dentatorubropallidoluysian atrophy [DRPLA]), suggesting that these protein
aggregates are a common feature of the pathogenesis of glutamine repeat neurodegenera-
tions (13,15). In amyotrophic lateral sclerosis (ALS), which is an adult neurodegenerative
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disease of both lower and upper motor neurons, skein-like ubiquitin-containing inclusions
are seen (16). The nature, time-course, and molecular causes of cell death and their rela-
tion to abnormal cytoskeletal protein aggregations, in these and other neurodegener-
ative disorders, are a matter of considerable controversy. Recent studies have provided
new insights into cell death programs and their roles in neurodegeneration that will be
discussed in this chapter.

2. BASIC ROUTES OF CELL DEATH

2.1. Major Modes of Cell Death

Currently, three major mechanisms of neuronal demise are discussed in neurodegen-
eration: apoptosis, (oncotic) necrosis, and autophagy. These cell death types are differ-
ent, frequently divergent, but sometimes overlapping cascades of cellular breakdown.
Because of modulation of these cascades by cellular available energy, cells may use
diverging executive pathways of demise (17).

Apoptosis, coined from its Greek equivalent (18), is a specific form of gene-directed
programmed cell death (PCD) to execute removal of unnecessary (superflual), aged, or
damaged cells and plays a central role in metazoan development and homeostasis. Based
on distinct morphologic criteria recognized by Flemming as long ago as 1885 (19) and
biochemical features, a clear distinction has been made between apoptosis and other
types of cell death, such as necrosis or autophagic degeneration (20–22). The major
morphologic features of the three major types of cell death are summarized in Table 1.

Apoptosis is carried out by an intrinsic suicidal program of the cell and can be trig-
gered by environmental stimuli, including irradiation, lack of mitochondrial DNA gene
expression leading to DNA damage, oxidative stress, toxins, viruses, withdrawal of neu-
rotrophic support, and so forth (22–37). Distinct morphologic features of apoptosis, rep-
resenting the nuclear type of cell death (21), include cell shrinking, plasma membrane
blebbing, nuclear and cytoplasmic condensation, clumping of chromatin at nuclear mem-
brane, fragmentation of chromosomal DNA at internucleosomal intervals, loss of ribo-
somes from the rough endoplasmic reticulum and from polysomes, preservation of
convoluted membranes forming blebs, fragmentation of the cell into apoptotic bodies,
and degradation of the apoptotic body by lysosomal enzymes. The earliest changes occur
in the nucleus and consist of the formation of spherical chromatin masses and flocculent
densities, likely associated with subtle complex changes in the nucleolus. These changes
occur while the nuclear envelope remains intact, and cytoplasmic organelles are rela-
tively unaltered, with the exception that a few mitochondria may develop a defect in their
outer limiting membrane, and the mitochondrial matrix becomes edematous in the vicin-
ity of the membrane defect. Typically, these early changes are followed in the mid- and
end stages by progressive fragmentation of the nuclear envelope, intermixing of nucleo-
plasmic and cytoplasmic contents, gradual condensation of the entire cell, and gradual
deteriorative changes in cytoplasmic organelles. In the late stages, apoptotic bodies con-
sisting of one or more balls of clumped nuclear chromatin and a contingent of cyto-
plasm, all enclosed within a limiting membrane, are sometimes extruded within a limiting
membrane and sometimes extruded from the cell into the neuropil, where they become
surrounded by glial processes (38). This process has no adverse consequences for neigh-
boring cells in terms of inflammation or the release of potentially dangerous genetic



A
poptosis vs N

onapoptotic M
echanism

s
31

Table 1
Basic Features of Different Forms of Cell Death

Apoptosis Necrosis Autophagic degeneration

Cell and cytoplasmic shrinkage Cell and mitochondrial swelling Endocytosis and blebbing
Membrane budding Disintegration of membranes (blebbing) Pyknosis; part of nucleus may

bleb or segregate
Nuclear condensation; chromatin aggregation Random aggregation of DNA
Margination of condensed chromatin at nuclear membrane Breaks of membranes
Nuclear DNA fragmentation/DNA laddering on agarose gel DNA smear in agarose gel
Formation of apoptotic bodies (nuclear fragment surrounded Lysis of the cell Abundant autophagic vacuoles

by small rim of cytoplasm)
Organelles and membranes remain intact Disintegration of organelles and plasma Dilatation of endoplasmic

membranes reticulum, mitochondria,
and Golgi

Loss of ribosomes from rough endoplasmic reticulum
Partial maintainance of ion homeostasis Disturbed ion homeostasis
Enzymatic process/caspase-3 activation, release of

cytochrome-c
Production of “death proteins” Cessation of protein synthesis
Energy-dependent maintainance of ATP levels Energy-independent decrease of ATP
Mitochondrial membrane permeability transition
Well-controlled cell death (immediate clearing from tissue) Insult-induced spontaneous cell death
Heterophagic elimination No heterophagic elimination Occasional and late

heterophagic elimination
Phagocytoses by macrophages or glial cells Phagocytoses by macrophages
No inflammatory response in situ Inflammatory reaction

31



32 Jellinger

material, as apoptosis is generally associated with heterophagic elimination (Fig. 1). The
main criterion of apoptosis, the presence of intranucleosomal DNA cleavage, seen as “DNA
laddering” on gel electrophoresis, is considered a relatively late event (22). However,
cell death is preceded in many instances by fragmentation of DNA by Ca2+Mg2+-depen-
dent DNAse into 180 and 200 base pair (bp) fragments with endonuclease activation
occurring early in the process of cell death (27–35).

Necrosis means mortification of tissue, but since 1980, it has been given a particular
cellular sense with the claim that virtually all cell deaths can be classified dichotomously
as either apoptosis or necrosis (20–25). Necrosis or cytoplasmic cell death (21) is a pas-
sive pathological event—killing of the cell—arising from spontaneous insults (e.g.,
stroke or trauma) (21,29). It is characterized by cell, organelle, and mitochondrial swell-
ing or dilatation, cytoplasmic vacuolation, breaks of cell membranes, disintegration of

Fig. 1. Relationship of “oncotic” necrosis and apoptosis, both leading to cell death. Modified
from ref. 29 with permission from Dr. Levin.



Apoptosis vs Nonapoptotic Mechanisms 33

organelles, and a final cell bursting. During its development, the nucleus remains intact,
at least at the beginning of the process. There is no heterophagic elimination, but phago-
cytosis by macrophages with inflammatory reaction in the surrounding tissue (Fig. 1).

Another cell death process is excitotoxic neurodegeneration that has been described
either as a necrotic or an apoptotic process (38), as sometimes one or the other, depending
on intensity of the stimulus, or as a hybrid mixture of both processes on a continuum.
Ultrastructurally, the sequence and types of changes that characterize apoptotic cell death
have been shown to be strikingly different from those in excitotoxic cell death, whereas
DNA fragmentation analysis is not a reliable means of identifying an apoptotic process
in that these tests were positive in both PCD and excitotoxic cell death (ECD) (38,39).
On the other hand, comparison between ECD and necrosis (18,22) suggests that these
also are two separate and distinct phenomena, because, in contrast to classical “necro-
sis,” ECD often entails massive nuclear chromatin clumping that remains conspicuously
even after the dead cell has been phagozyted (38) and, thus, does not meet the Kerr/Wyllie
criteria for either apoptosis or necrosis. Although excitotoxic and apoptotic nuclear
changes sometimes look very similar, they occur in different temporal sequence. More-
over, fragmentation of the nuclear membrane, a fundamental characteristic of neuronal
apoptosis, does not occur in excitotoxic neurodegeneration (38,39).

Modern research on apoptosis has been concentrated mainly in the areas of cancer and
immunology (22–26,29,40), but a growing number of diseases, including neurodegen-
erative disorders, have been linked to inappropriate apoptosis (27,30,31,33,37,41–49).
In the Medline database (October 9, 2002), of almost 61,000 papers mentioning apop-
tosis, 6900 in the nervous system, 875, i.e., 9.13%, deal with neurodegeneration, and
most assume “apoptotic” neurons (and “necrotic” ones when mentioned) to have the
main characteristics of apoptosis (or necrosis) as elucidated in the fields of cancer and
immunology (21,40). Although the term apoptosis has often been used interchange-
ably with PCD, they are not the same, because apoptosis is only one specific form of
PCD, and several authors have emphasized that the proposed dichotomy between apop-
tosis and necrosis is an oversimplification (21,25,33,36–38,51–53,53a).

Other modes of cell death include autophagic degeneration (47), characterized by the
formation of numerous autophagic vacuoles, endocytosis, enlargement of the Golgi appa-
ratus as a source of lysosomes providing hydrolytic enzymes for the autophagic vacu-
oles, vacuolization of the endoplasmic reticulum, and moderate condensation of nuclear
chromatin that may ultimately leave the pyknotic nuclei and is destroyed by autolyso-
somes of the same cell, with occasional and late heterophagic elimination (Table 1).

It appears doubtful whether these modes of cell death really represent distinct entities.
They would rather appear to form part of a continuum between apoptosis and necrosis,
depending on the severity of the insult, such as Ca2+ levels, intracellular energy (ATP)
levels, mitochondrial function, glutamate receptor stimulation, oxidative stress, nitric
oxide (NO) release, and so forth (17,21,25,30,31,54–59). Although most dying neurons
in development fall into one of the three main categories, some combine features of more
than one of them or do not match any, whereas such exceptions are more common under
abnormal conditions (e.g., in genetic mutants) (21).

Recently, several alternative nonapoptotic forms of PCD that are distinct from apop-
tosis by the criteria of morphology, biochemistry, and response to apoptosis inhibitors
have been discussed (38,60). Morphologically, this alternative form of PCD that is
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driven by an alternative caspase-9 activity (see Subheading 2.2.) appears during devel-
opment and in some cases of neurodegeneration.

2.2. Molecular Players of Cell Death Cascades

The principal molecular players of the apoptotic program include a number of apop-
tosis-inducing or death receptors (e.g., Apo-1/Fas [CD95/Fas Receptor], Apaf-1 [apop-
totic protease-activating factor-1] and other apoptosis-initiating factors [AIFs], small
proteins released from damaged mitochondria into the cytoplasm in early stages of cell
death, aspartate-specific cystein proteases of the caspase/calpain family, the Bcl-2 and
p53 oncogene families, and mitogen-activated protein kinase pathways regulated by neu-
rotrophins) (Fig. 2). Once activated, many, but not all, of them induce proteolysis of spe-
cific cellular substructures and consequently amplify the death signal cascade (30–35,
53,57,59,61–66). Extensive in vitro studies indicate that caspases are required as effec-
tors of proapototic signaling pathways. They consist of a family of cysteine proteases
that are expressed primarily as single chain proenzymes (61,67,68). These proteases are
structurally similar, with the inactive forms consisting of an N-terminal prodomain, a
large and a small subunit. The three domains are released by limited proteolysis, and the
active protease is formed as a tetramer made up of two small and two large subunits.

Fig. 2. Markers for apoptosis in tissue and their localization in the apoptotic cascade: at least
four distinct signaling pathways, such as apoptotic triggers, death receptors, lack of neurotro-
phic factors, and stress, induce complex caspase activation. All these different events may have
the activation of caspase-3 in common, finally leading to DNA fragmentation and apoptotic
cell death. Modified from ref. 53.
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Caspases with long prodomains are classified as upstream initiator proteases (e.g., cas-
pase-9), whereas caspases containing short prodomaines (e.g., caspase-3) function as
downstream effectors of the apoptotic process. Based on their substrate specifities and
DNA sequence homologs, the 14 currently identified caspases may be divided into three
families: apoptotic initiators, apoptotic executioners, and inflammatory mediators (66).
They are located in the cytosol as inactive zymogens (procaspases) that can be proteo-
lytically activated either by autoprocessing (oligomerization) or by other caspases (cleav-
age). Caspases are activated through two principal pathways known as the “extrinsic
pathway,” which is initiated by cell surface death receptor ligation, and the “intrinsic
pathway,” which arises from mitochondria (reactive oxygen species production, mem-
brane depolarization, and so forth), and there can be crosstalk between these two (34).
The process occurs after aspartic acid residues at substrate recognition consensus sites,
leading to removal of an N-terminal prodomain and generation of heterodimeric cataly-
tic domains. These catalytic subunits, in turn, cleave a variety of vital nuclear (DNA-PK,
PK-γ, chromatin, poly/ADP-ribose/polymerase/PARP, etc.) and extranuclear (gelsolin,
lamins, β-actin, α-fodrin, etc.) constituents, also called cell death substances, as well as
proteins involved in DNA repair. This contributes to the disassembly of cell structures,
to the reorganization of the cytoskeleton, to deficits in DNA repair and replication, and to
the cleavage of DNA into 180 bp fragments (31,63). A well established sequel of DNA
damage is the activation PARP and the ensuing addition of poly(ADP-ribose) (PAR) to
nuclear proteins. PARP is activated by free DNA ends generated during the apoptotic
process, and its consumption of energetic substrates needed for PAR-synthesis, i.e., NAD+,
may lead to energy depletion and contributes to cell death (30,32). Increased poly(ADP-
ribosyl)ation has been reported in extracts of apoptotic cells, and detection of PAR has
been used as an early marker for apoptotis associated DNA damage (see refs. 63 and
66). Depending on the cell type and the apoptotic stimulus, different caspases are pref-
erentially activated which, in turn, have different substrate specificities (31,66). Cen-
tral players of PCD are upstream instigator caspases (#8, #9, and #10), activating other
caspases, named effector caspases (#3, #6, #7, and #12), important regulators of post-
mitotic neuronal homeostasis (31,35,69–71). Processing of the key protease, caspase-
3, depends on the activation of caspase-9 but not caspase-8. Selective peptide inhibitors
of caspase-9 block processing of caspase-3 and -8 and inhibit apoptosis, whereas a selec-
tive inhibitor of caspase-8 blocks neither processing of caspase-3 nor cell death. On the
other hand, neuronal apoptosis triggered by potassium deprivation is death-receptor-
independent but involves the mitochondrial pathway of the predominant upstream medi-
ators of caspase activation are cytokines of the tumor necrosis factor (TNF) family,
such as Fas-L, Apo-3L, TNF-α, and tumor necrosis factor receptor 1 (TNF-RI), which
may induce trimerization of their respective receptors (Fas, TNF-RI, Apo-E) or bind-
ing (Fig. 2). The Fas (CD95, APO-1) receptor has an extracellular domain for ligand
binding and an intracellular death domain. Following binding to its specific ligand, Fas-
L trimerization of Fas recruits the Fas-associated death domain (FADD) via interaction
between the death domains of Fas and FADD. Caspase-8 activation, by binding of its
death effector domain to the FADD domain, initiates the caspase caseade. The Fas/Fas-
L signaling system plays a role in the control of cell death and survival of lymphocytes,
in the regulation of the immune system, and in the progression of autoimmune diseases.
Although it appears not important in regulating neuronal cell loss in neurodegenerative
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disorders, its activation in reactive astrocytes in damaged brains remains to be elucidated
(72). Through adaptor proteins, such as FADD and TRADD, caspase-8 is autoproteoly-
tically activated, which, in turn, may either cleave caspase-3 directly or amplify the death
signal through translocation of BID, a mitochondrial protein of the Bcl-2 family, into
the mitochondria and subsequent release of cytochrome c from the mitochondrial inter-
membrane space into the cytosol (65). Recent studies suggest that extracellular signals
that lead to oxidative damage and mitochondrial dysfunction with subsequent cyto-
chrome-c release have the potential to activate the caspase-3 apoptotic pathway (73).
Such downstream caspases and their proteolytic products are recognized markers of
apoptosis, their activation representing an irreversible step in the cell death cascade, and
cells expressing these enzymes are prone to death PCD finally culminates in an execu-
tion phase where key cellular structures undergo proteolytic digestions. Caspase-3 appears
to be one of the main executioner enzymes. Caspase-3, caspase-9 and caspase-12 (−/−)
mutant mice show decreased apoptosis, resulting in altered nervous system develop-
ment (74,75).

Other molecular changes associated with caspase-independent pathways of apop-
tosis include induction of the expression of proapoptotic proteins such as prostate apop-
tosis response-4 (Par-4) (62,76) and certain members of the proto-oncogene Bcl-2 family,
which includes a highly homogenous group of mitochondrial proteins that act either to
enhance (Bax, Bid, Bad, Bak, Bcl-x) or prevent (Bcl-2, Bcl-xL, Mcl-1) apoptosis by
forming homotypic or heterotypic dimers, which may affect the formation of a perme-
ability transition pore in the mitochondrial membrane and the release of cytochrome-c
(30,31,77). Opening of these pores seems to be closely controlled by members of the Bcl-
family, which sit on the external mitochondrial membrane where they could act as ionic
channels (78). Cytochrome-c release from mitochondria intermembrane space into the
cytosol leads to the formation of a cytoplasmic complex, including Apaf-1 and caspase-
9, which results in caspase-9 activation. Subsequently, caspase-9 cleaves and activates
downstream caspase-3. Alternatively, the release of AIF, a protease, is capable of directly
inducing nuclear fragmentation and caspase-3 activation that is independent of APA1/
caspase-9 (79). AIF-dependent cell death displays structural features of apoptosis and
can be genetically uncoupled from Apaf1 and caspase-9 expression (80). Conversely,
antiapoptotic members of the Bcl-family, such as Bcl-2 and BCl-xL, appear to inhibit the
opening of the mitochondrial permeability transition pores (81). Bcl-2 inhibiting both
apoptotic and necrotic cell death, presumably by interfering with reactive oxygen mole-
cules (82), is upregulated in cells with DNA fragmentation (83). Bcl-x, an antiapoptotic
member of the Bcl-2 family, acts by holding the proapoptotic Apaf-1/caspase-9 complex
inactively bound to the mitochondial membrane (31,84). Bax, a proapoptotic homo-log
of Bcl-2 also bound to mitochondria, which induces the opening of the mitochondrial
permeability transition pores and subsequent release of cytochrome-c by heterodimer-
izing with Bcl-xL and displaying it from the inactive Apaf-1/caspase-3 complex, acti-
vates caspase-3, which cleaves other caspases in the death cascade (69,72,85). It also
promotes neuronal death in response to cytotoxic injury with a key role for p53 activa-
tion and of the Bcl-2 family (86). Cell death in primary cultures induced by oxidative
glutamate toxicity or glutamate-mediated excitoxicity T is not altered in the Bax−/−
homozygous knockout animals. In contrast, there is a 50% inhibition of spontaneous
cell death which suggests that a classical Bax-dependent apoptotic pathway contributes
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to the spontaneous cell death when nerve cells are initially exposed to culture conditions,
while a Bax-dependent RCD pathway is not utilized in oxidative glutamate toxicity
and NMDA receptor mediated excitotoxicity following brief exposure to low concentra-
tions of glutamate (87). Cells overexpressing both Bcl-2 and Bax show no signs of cas-
pase activation and survive even though they have significant amounts of cytochrome-c
in the cytoplasm, indicating that Bcl-2 can prevent Bax-induced apoptosis by other
mechanisms (85). The abundance of proapoptotic and antiapoptotic Bcl-2 family mem-
bers—most likely via the formation of homodimers and/or heterodimers—serves as an
important regulatory instance (77). The p53 family of oncogenes are transcription fac-
tors playing a major role in determining the cell fate in response to DNA damage. P53
induces Fas/Apo1, DRS, Bax, and other cell death-related proteins and represses survi-
val mediators, such as IGF-15 (88) The recently reported involvement of the p53 family
in regulating apoptotisis in both developing and injured mature neuronas systems (88)
has not been observed in human neurodegenerative disorders (52,53).

In neuronal apoptosis, several lines of evidence indicate that caspase-3, previously
designated CPP32/YamalApopain, a 32-kDa protein that can be cleaved into active
p17 and p12 fragments, is a major effector of intracellular death signals. Its involvement
in apoptotic neuronal death evoked by DNA damage (89), and neuronal death in several
chronic neurodegenerative disorders has been associated with activation of caspases
(e.g., cleavage by caspase-3 of presenilins and amyloid precursor protein [APP] in AD)
(90–92), and of huntingtin and atrophin-1 in HD and DRPLA, respectively (13,93,94),
and its increased activation in the SN of PD brain (55,95,96), whereas neuronal apop-
tosis induced by Aβ is mediated by multiple caspases (97,97a). Caspase-8 is an effector
in neuronal apoptosis induced by Aβ 1-42 (97b) and in apopoptotic death of dopamin-
ergic neurons induced by 1,2,3,6-tetrahydropyridine in mice, whereas specific caspase-
8 inhibitors in tissue cultures did not result in neuroprotection but seemed to trigger a
switch from apoptotis to necrosis (96). Caspase activation and cytochrome-c release from
mitochondria play an important role in hypoxia-induced neuronal apoptosis (98), in
delayed neurodegeneration in neonatal rat thalamus after hypoxia-ischemia appears to
be apoptosis-mediated by death receptor activation (e.g., Fas death receptor, Bax, cyto-
chrome-c, activation of caspase-8, abnormalities in mitochondria that precede the acti-
vation of caspase-3, and the appearance of neuronal apoptosis) (99), and in dopamine-
induced cell death.

Because of the genetically driven nature of apoptosis, nuclear transcription factors,
specifically immediate early genes (IEG), may influence the inititation and execution
of apoptosis. The proto-oncogenes c-Jun and c-Fos, members of the IEG family, have
a putative role in transcriptional regulation of apoptosis-associated genes (e.g., p53)
(100). C-Jun is expressed for extended periods, whereas the expression of c-Fos appears
to be a late event in apoptotis, occurring just before chromatin condensation. Grand et
al. (101) described an IEG-encoded protein, c-Jun/Ap1 and Ab-2, appearing rather late
in the process of apoptosis. Necrotic cells are not stained with these antibodies (102) that
define cellular responses following excitotoxicity (103). Increasing evidence suggests
that the regulation of neuronal cell death is complex, utilizing multiple pathways that are
depending on the neurotoxic insult and are also influenced by subtle differences among
neuronal cell phenotypes (104). Similar death-signaling pathways might be activated in
neurodegenerative disorders by proteins belonging to abnormal subcellular structures
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and cytoplasmic or nuclear inclusions, such as Aβ peptide, tau protein, parkin, huntingtin,
α-synuclein, etc. (30,33,105–107,107a).

Endogenous inhibitors of the apoptosis protein (IAP) family, e.g., neuronal inhibitor
of apoptosis protein (NIAP), X-linked inhibitor of apoptosis protein (X-IAP), survivin,
c-IAP1, c-IAP2 (108), and vital antiapoptotic proteins such as CrmA, Iaps, and p35 (109),
modulate caspase activity at various points within these pathways. The reason for this
additional safety check in activation of the caspase-3 apoptotic cascade was unclear until
the recent discovery of Smac/DIABLO, a mitochondrial protein that is released with
cytochrome-c; it displaces XIAP from caspase-9 and -3, allowing the former to be acti-
vated through its interaction with Apaf-1 (110,111). Apoptosis of the cell body can be
delayed by members of the Bcl-2 family that may elicit protective effects by prevent-
ing the release of Apaf-1/caspase-3 from the mitochondria (31) Recently, heat shock
protein 70 has been added to the list of molecules with strong antiapoptotic properties
(112). However, blockage of the caspase execution machinery may only temporarily
rescue damaged neurons, which does not necessarily warrant cell survival, and classical
apoptotic features can still appear in caspase-inhibited neurons (113). In some cases,
proteolysis activates caspase substrates, in others, it inactivates or destroys them, but the
crucial substrate proteins that coordinate cell death are as yet uncharacterized (Fig. 3).
Caspase inhibition is considered a potential therapeutic strategy in neurodegenerative
diseases. Although the various molecular players in apoptotic cell death are becoming
increasingly well known, whether or not they are involved or may interact with one another
in neuronal cell death cascade, in various neurodegenerative processes, is just beginning
to be understood.

2.3. Methods for Detection of Apoptosis

As a result of constantly expanding insights into cell biology, detection of apoptotic
cells that has been previously been based on morphology and the detection of DNA
fragmentation by biochemical or histochemical techniques is now advancing to more
specific methods (63,66,115,116). Detection of in situ DNA fragmentation, currently
used as one of the most frequently used techniques to highlight apoptotic cells in tissue,
is not specific for apoptosis, but detects DNA damage in a variety of cell injury and cell
death paradigms. DNA fragmentation into multiples of 180–200 bp is considered a hall-
mark of PCD (18,22,23), but large fragments in the range of 50–150 kbp are also gener-
ated, and other forms of PCD that lack the prototypical internucleosomal pattern of DNA
fragmentation have also been reported. In contrast, necrotic cell death is accompanied
by late and random DNA fragmentation owing to release of lysosomal DNAse, although
this notion has been challenged recently (see ref. 63). Besides the characteristic, oligo-
nucleosomal fragmentation, it is mainly the enormous amount of DNA strand breaks
that is the basis for the relative specificity of in situ DNA fragmentation techniques of
apoptotic cell death.

Enzymatic histochemical techniques for the in situ detection of fragmented DNA
include the widely used TUNEL reaction (terminal deoxynucleotidyl transferase [TdT])-
mediated dUTP-biotin nick-end labeling) (116) or in situ nick-end labeling by digoxi-
genine-antidigoxigenin (117). These enzymatic methods to detect free three ends generated
by endonuclease cleavage of genuine DNA into 180–200 bp fragments during the apop-
totic process have undergone many variations and improvements to serve different tissue
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and cell culture needs (63). However, the techniques to detect endonuclease-mediated
double-strand cuts in nuclear DNA can also label nonspecific DNA single-strand cuts,
thus signaling both apoptosis and necrosis (21,24,63,118,119) as well as for ECD (38,39).

Because these and related methods cannot always distinguish between the different
modes of cell death, efforts have been made to characterized them according to their
ability to prefernetially detect apoptotic vs necrotic cells. In general, necrotic cells are
usually stained very faintly by TdT-based assays and more consistently labeled by DNA
polymerase-based techniques given the amplification inherent in nick translation (117).
However, none of the DNA fragmentation techniques is currently considered specific
for either necrosis or apoptosis. Therefore, these methods have to be supplemented by
morphological (ultrastructural) evidence or by detection of apoptosis-related proteins
allowing the unequivocal identification of dying cells as apoptotic (21,27,31,63,66,96,
117). This type of studies can be problematic in human postmortem tissue, because tis-
sue factors, such as autolysis, fixation, archival length in buffered formalin, embed-
ding, cutting, blocking of endogenous peroxidase with H2O2, various pretreatments, low

Fig. 3. Simplified biochemical pathways involved in neuronal apoptosis and neuroprotection
(modified from ref. 53). Apoptotic and antiapoptotic signals can be activated locally. Initiating
signals, such as Aβ-peptide, oxyradicals, and calcium, lead to induction of Par-4 and Bcl-2
family members. Par-4 and proapoptotic Bcl-2 family members induce mitochondrial alter-
ations, which, in turn, lead to caspase activation and alterations in cellular calcium homeostasis
and free radical metabolism. Caspases cleave substrates that modulate synaptic plasticity and
mediate proteolysis of substrates leading to nuclear chromatin condensation and fragmenta-
tion. Antiapoptotic pathways can be activated by neurotrophic factors and other signals. Such
pathways lead to activation of transcription factors (TF) that induce expression of neuropro-
tective proteins such as antioxidant enzymes and calcium-regulating proteins. In addition, anti-
apoptotic signals may modulate cell death pathways by activating kinases that phosphorylate
substrates such as ion channels and Bcl-2 family members that influence the cell death process.
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tissue pH owing to ante mortem hypoxia, and so forth, have been shown to affect DNA
fragmentation (63,120–122). However, in general, no relationship between postmortem
delay and TUNEL labeling has been found (63,122–125).

RNA transcription and DNA repair may also be detected with the ISEL technique
(126). The level of DNA fragmentation detected depends on technical parameters, e.g.,
concentration, type and activity of enzymes used, duration of exposure, timing of immu-
nohistochemical color reaction, and pretreatment procedures. For this purpose, the use of
appropriate positive and negative control tissue is indispensible for validation of the
technique, and a multiparametric approach for the identification of apoptotic cells, e.g.,
using TUNEL/ISEL and morphological criteria or immunohistochemistry for apoptosis-
related proteins and activated caspase-3 (e.g., using the CM-1 antiserum/IDUN Pharma-
ceuticals, La Jolla, CA), specifically recognizing the large (p18) subunit of processed
caspase-3 (127) and, thus, being specific for the cleaved and activated form of caspase-3)
is particularly useful (63,128). Detection of activated caspase-3 is a valuable tool to iden-
tify dying cells even before all features of apoptosis (e.g., DNA fragmentation) are present,
whereas no activation of the caspase cascade has been found in necrotic cell death.
Other studies have simultaneously used BODIPY-Texas-red-dUTP for ISEL technique
and the YOYO method (fluorescent DNA binding with the dimeric cyanid dye YOYO-1
to stain condensed chromatin) (119), whereas Annexin V, used for flow-cytometric detec-
tion of apoptotic cells in vivo is not useful for its detection in tissue sections (63). In expe-
rimental models of neurodegeneration, the combined evaluation of the form of nuclear
damage (karyorrhexis, pyknosis), the presence or absence of activated caspase-3 or, alter-
natively, caspase-cleaved actin (fractin) or MAP-2, and the extent of the damage to cell
cytoskeleton, allows for precise assessment of the extent of injury and the mode of cell
death (apoptosis, oncosis) for individual neurons (64).

3. EVIDENCE FOR PROGRAMMED CELL DEATH
FROM ANIMAL MODELS AND TISSUE CULTURES

Implication for apoptosis as a general mechanism in many neurodegenerative dis-
orders has largely been supported by evidence from animal models and tissue cultures.

3.1. Alzheimer’s Disease

Mutation of the presenilin (PS) and the amyloid precursos protein (APP) genes of
familial early onset AD (FAD) have been shown to sensitize neuronal cells to apoptosis
in both cell cultures and transgenic mice (129–131), with AD-linked mutant PSs being
less effective at inducing apoptosis in Drosophila melanogaster than wild-type PS (132).
Cleavage of PS 1 and PS 2 proteins generates antiapoptotic C-terminal fragments (133)
and PS-1 protects against apoptosis caused by interacting protein PAG (133a). However,
neurons overexpressing mutant PS-1 are more sensitive to apoptosis, and mutant PS-2
gene enhances neuronal death, decreases Bcl-2 expression and triggers p-53-dependent
apoptosis (133b,133c). Transfection of neuronal cells with mutants of the APP gene
causes DNA fragmentation, and a novel APP mutation increases Aβ peptide levels and
induces apoptosis (134), whereas intracellular accumulation of wild-type APP is an intrin-
sic activator of caspase-3-mediated cell death machinery in postmitotic neurons (135).
APP is cleaved by caspases at the C-terminal inducing neurotoxicity (135a). Aβ pep-
tide, the amyloidogenic cleavage product of APP in neuronal cultures, causes selective
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increase of cellular Aβ-42, which is related to apoptosis but not necrosis (136). Aβ pep-
tide is neurotoxic and can produce apoptosis by (1) activating proapoptotic genes or
inhibiting antiapoptotic factors, (2) signaling through G-proteins, (3) promoting super-
oxide and oxidative free radical production, (4) synergetically acting with other neuro-
toxic or excitotoxic agents, (5) disrupting intracellular ion homeostasis, or (6) interacting
with mutated presenilin to perturb cellular calcium regulation and promote oxidative
stress (see refs. 33,59,131). It has also been shown that exposure of cultured neurons to
Aβ and prooxidants induces apoptotic cell death (97). Incubation procedures of neuro-
nal cultures with Aβ-40 and Aβ 25–35 displayed that Aβ toxicity is dependent on aggre-
gation state and that cell death induced by Aβ-40 may be apoptotic (137). Incubation
of cultured neurons with cytotoxic concentrations of soluble Aβ-42 that is accumulated
inside the endosomal/lysosomal system invokes rapid free radical generation within lyso-
somes and disruption of lysosomal membrane proton gradient which precedes cell death.
This is only specific to the Aβ-42 isoform, whereas incubation of cells with high con-
centrations of Aβ-40 has no effect on lysosomal hydrolase release into the cytoplasmic
compartment (138). Intracellular Aβ 1-42 but not extracellular Aβ peptides induce
neuronal death which is accompanied by Aβ accumulation in the endoplasmic reticulum,
indicating that intraneuronal deposition of “neurotoxic” Aβ may be an early event in
neurodegeneration in AD (136a). Treatment of cells with an antioxidant or lysosomo-
tropic amine (methylamine) partially blocks the release of lysosomal contents suggest-
ing that this is the result of lysosomal membrane oxidation. These data suggest that cell
death mediated by the soluble Aβ peptide may be different from cell loss observed fol-
lowing extracellular Aβ deposition (138). Aβ peptide also induces apoptosis-related
changes in synapses and dendrites that are potentiated by inhibition of NFκB (139).
The preferential activation of the executioner caspase-3, responsible for DNA fragmen-
tation in late stage apoptosis, in APP-related FAD suggests that this enzyme is involved
in APP processing and proteolytic Aβ formation in vivo (92,140,141), although Aβ depo-
sition in the APPsw transgenic mouse model does not result in caspase-3 activation which
is independent from the neurotoxic effect of Aβ (142). Aβ peptide induced neuronal
death in vitro has been found to be Bax-dependent but caspase-independent (143) or is
mediated by caspase-2 (144), although early neurotoxic events have been shown to be
induced by activating caspases other than caspase-3 (145). On the other hand, Aβ and
prion peptides even in sublethal concentrations induce a rapid, marked, and prolonged
activation of proapoptotic markers, caspase-3, -6, and -8-like activity in neuronal cultures,
which may contribute to chronic neuronal dysfunction and increased susceptibility to
additional metabolic insults (146). Although ESF1-mediated death of Aβ-treated cortical
neurons is independent of p53 and dependent on Bax and caspase-3 (147), Aβ-induced
neuronal apoptosis requires c-Jun N-terminal kinase (JNK) activation with downstream
activation of caspase-2 and -3, implicating the JNK pathway as a required element in cell
death evoked by Aβ peptide (148). Inhibition of the SAFK JNK pathway promotes cell
survival end suggests multiple events associated with Aβ-induced cortical neuronal apop-
tosis (97,149). Although Aβ-induced cerebral endothelial cell death has recently been
shown to involve both mitochondrial dysfunction owing to oxidative stress and activa-
tion of caspase-3 and -8 (150), a novel Aβ peptide-binding protein (BBP) containing a
G protein activation module is suggested to be another target of Aβ-induced neuronal
apoptosis (151). Overexpression of Bcl-xL in response to subtoxic concentrations of Aβ
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in neuronal cell cultures as stress response increases neuronal resistance against apopto-
tic and oxidative injury (152). On the other hand, interaction of AD PS 1 and PS 2 with
the antiapoptotic protein Bcl-X may play a role in modulating the threshold of cell death
(153). Absence of caspase activation in frontotemporal dementia with Parkinsonism
related to chromosome 17 (FTDP-17), caused by mutations of the tau gene, argue against
a role of this enzyme in tau cleavage and tangle formation (154). Although several
studies indicated that tau protein is cleaved by proteases other than caspase (e.g., calpain
and cathepsin D) (155), recent studies showed that microtubule-associated tau in vitro
was selectively cleaved by caspase-3 or calpain, a calcium-activated protease, but not
by caspases -1, -8, or -9. Furthermore, tau- and oxidative stress-induced cell death was
augmented by expression of APP or Swedish APP mutant, suggesting that activation of
caspase-3 and the proapoptotic caspase-3 cleavage product of tau may contribute to
progression of neuronal cell death in AD (156,157). Aβ-induced induction of tau phos-
phorylation has been shown to involve MAP kinases in cultured cells and that tau phos-
phorylation precedes cell death (158). Induction of neuronal apoptosis by inhibition
of phosphatidylinositol 3-kinase results in a rapid increase in the phosphorylation of tau,
which is followed by the dephosphorylation and cleavage of the protein. In contrast,
necrosis triggered by high salt shock or glutamate treatment leads to a rapid dephos-
phorylation and an almost complete proteolysis of tau. These data suggest that a tran-
sient tau hyperphosphorylation occurs at an early stage of apoptosis, whereas tau is
dephosphorylated and cleaved during the late phase of apoptosis as well as in necrotic
neurons (158a). Activation of the JNK/p53 pathway in tauopathies, i.e., diseases char-
acterized by tau protein pathology, is related to tau phosphorylation but not to apoptosis
(158a). The kinase inhibitor N-(6-aminohexyl)-5-chloro-1-naphtalenfonamide (W 7)
prevents tau phosphorylation in Aβ-treated neuroblastoma cell cultures, but it does not
prevent cell death (159). The MAP kinases and extracellular signal-regulated kinases
(ERKs) may facilitate apoptosis in several paradigms (160–162) but are associated with
cell survival in others (163,164). In vivo studies have shown that excitotoxic cell damage
by systemic administration of kainic acid is associated with activation of JNK-1, c-Jun
and reduced expression of ERK and p38 (165), although activation of p38 kinase has
been shown to link tau phosphorylation, oxidative stress, and cell cycle-related events in
AD (166). However, in human AD brain, no colocalization of phosphorylated ERK immu-
noreactivity and nuclear DNA fragmentation was seen, suggesting a lack of direct involve-
ment of ERK activation in the cell death cascade in AD (167).

3.2. Parkinson’s Disease

In vitro studies have shown that two major neurotoxins used in the induction of Park-
insonian syndromes in animals, 1-methyl-4-phenylpyridinum (MPP+), the active metab-
olite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and 6-hydroxydopamine
(6-OHDA), are able to kill cells by triggering an apoptotic mechanism. 6-OHDA can
lead to apoptosis in neuronally differentiated PC12 cells (168); MPP+ also induces apop-
ototic cell death on neuroblastoma cells and primary dopaminergic cultures (169–171).
In these paradigms, direct caspase-3 activation was seen in tissue extracts and cell death
can be prevented for at least 72 h by inhibition of caspase-3 (172).The concentration of
these substances used were low because higher concentrations induced necrosis, further
reinfocing the notion that apoptosis and necrosis may be part of the same continuum.
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Natural death of dopaminergic neurons with the morphologic features of apoptosis
occurs during normal development (173), particularly in the first postnatal week (174).
Its extent can be influenced by excitotoxic injury to the striatum (175,176). PCD/“apop-
tosis” of dopaminergic cells in vitro and in vivo can be induced by a variety of sub-
strates, e.g., complex I inhibition (177), dopamine and related catecholes/monoamines
(178–183), dopamin-melanin (184), dopamine and iron (185), tumor necrosis factor
TNFα (186), L-dopa (187,188), MPTP in both high doses (189) and low-doses (187),
MPP+ (189,190), peroxinitrit and nitric oxide (191), cytochrome-c (192), paraquat (193),
and in a number of other models (see refs. 194–196). There are controversial data about
apoptosis induced by MPTP and the proapoptotic properties of MPP+. It has been sug-
gested that MPTP/MPP+ causes apoptosis when its neurotoxic effect is only mild and
necrosis when it is stronger (171). In chronic low-dose MPTP-mouse model, apoptotic SN
neurons were detected (187,197) as was seen following a single bolus injection of MPTP
(198). It was accompanied by activation of caspase-9 early and later of caspase-8 in the
course of cell demise. These data and the observation that caspase-3 activation was
significantly higher after 12 and 24 h after treatment of primary dopaminergic cell cul-
tures with MPP+, whereas con-comitant nuclear fragmentation was observed only at later
stages (72 h) of cell demise, suggest that activation of both caspases -3 and -8 precede
and are not the consequences of cell death (199). Caspase-3 activation has been shown
to be an early and transient phenomenon in apoptototic cell death of DA neurons, and
loss of TH immunoreactivity in subchronic MPTP model is the result of cell loss rather
than to loss of TH protein expression (200). However, cotreatment of MPP+-intoxi-
cated primary dopaminergic cell cultures with specific caspase-8 inhibitors did not result
in neuroprotection but seemed to trigger a switch from apoptosis to necrosis, which may
be related to intracellular energy or ATP depletion (201). In adult mice, there was up-
regulation of Bax and a decrease of Bcl-2 after MPTP administration, whereas mice
lacking Bax are significantly more resistent to MPTP neurotoxicity than their wild-type
littermates (202). However, despite almost complete survival of the SN cells they show
a marked dopamine reduction, which indicates that MPTP induces more than neuronal
death. Transgenic mice (over)expressing Bcl-2 are resistant to 6-OHDA and MPTP neu-
rotoxicity (203), and overexpression of Bcl-2 attenuates MPP+ but not 6-OHDA induced
neurotoxicity (204). MPP+ treatment of dopaminergic neurons in culture did not cause
redistribution of Bax, although cytochrome-c was released from the mitochondria and
nuclear condensation/fragmentation was induced, suggesting that Bax may not have a
central role in apoptotic death of dopaminergic neurons (205). Recent studies in various
models of inducing apoptosis in SN neurons (e.g., 6-OHDA intrastriatal injection, axot-
omy, and neuN) have shown that expression of cyclin-dependent kinase 5 (cdk5) and of
its known activators, particularly p35, is a general feature of apoptotic neuron death in
SN in vivo (206). Apoptosis of SN neurons was seen after intrastriatal injection of dopa-
mine (207), and of 6-OHDA in early postnatal stages, whereas in adults (208) or in SN in
adult murine Weaver mutations both apoptotic and nonapoptotic morphologies of SN
neurons were observed (209). In another animal model, intracerebral injection of 6-OHDA
caused both apopotitc and necrotic cell death of dopaminergic SN neurons (210,211),
whereas 6-OHDA has also been shown to mediate apoptosis via activation of a caspase-3-
like protease in neuronal PC 12 cells (212), and protection was observed by broad-spec-
trum caspase-3 inhibitors (213–215). In some models, activity changes of apoptosis-
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modulating proteins have been observed (e.g., upregulation of p53 and Bax proteins),
but no changes of Bcl-xL, after 6-OHDA treatment of PC 12 cells, suggesting that they
could represent relevant markers of apoptosis (216), activation of transcription factor
AP-1 in paraquat-induced apoptosis in PC-12 cells (217), of transcription factor E2F1
in 6-OHDA-evoked apoptosis in rat cortical neurons (218), and of c-Jun, Bax, and Bax
mRNA in SN neurons in a MPTP mouse model (219,220). These data and inhibition of
dopamine- and 6-OHDA induced apoptosis in PC-12 cells by Bcl-2 (180,182,221) sug-
gest the existence of some cascade mechanisms of apoptotic and nonapoptotic death of
dopaminergic neurons. It can be inhibited by glial cell line derived neurotrophic growth
factor (GDNF) (222–224), free radical scavengers (177), antioxidants (225), estradiol
(226), inhibition of transcription factor p 53 (227), melatonin (228), selegilin (191), and
caspase inhibitors (221). However, another recent study using primary dopaminergic
cultures showed that 6-OHDA induced cell death was blocked by caspase inhibitors,
whereas MPP+-induced cell death could not be inhibited by them, possibly because a
necrotic pathway being engaged (229). At earlier stages, in these models, cell death is
regulated by p-35 and Bcl-2 family systems, by NFκB and MAP kinase, whereas in the
very end stage, it depends on activated caspase (229a). However, it should be noted that
nonprotection by caspase inhibitors does not necessarily mean that these are not acti-
vated. Although not all dopaminergic neurotoxins (e.g., MPP+) appear to induce apop-
tosis (210), partizipation of Par-4 related to Fe 2+-induced mitochondrial dysfunction in
experimental models of PD has been observed (230). Attenuation of 6-OHDA-induced
neuronal apoptosis in some models has been shown by overexpression of hemag-gluti-
nin epitope-tagged Bax (HA-Bax) but not Bcl-2 or Bcl-xL (230), and caspase inhibition
protects dopaminergic neurons against 6-OHDA-induced apoptosis but not against the
loss of their terminals (231). Bcl-2 and GDNF delivered by HSV-mediated gene transfer
act additively to protect dopaminergic neurons from 6-OHDA-induced degeneration
(232). Bax ablation may prevent dopaminergic neurodegeneration in the MPTP mouse
model (202). However, Bcl-xL attenuates MPP+ but not 6-OHDA induced dopaminergic
cell death (205), whereas in other models, toxin-induced apoptosis can be prevented by
expression of Bcl-2 and Bax, suggesting that Bcl-2 related proteins may show a spe-
cific interaction with a distinct partner protein or cell-death pathway, determining its role
as a positive or negative modulator of cell death (51,96,233). In NO-mediated neuro-
nal apoptosis produced by astrocytes after hypoxic insult, decreased Bcl-2 and increased
Bar expression together with caspase-3 activation have been observed (234). Both MPP+

and other PD-related neurotoxins (e.g., paraquat, dieldrin and salsolinol) induce apop-
totic cell death in tissue cultures following initial increase of H2O2-related ROS activ-
ity and subsequent activation of NH2-terminal (JNK)1/2MAP kinases. Both MPP+ and
the oxidant H2O2 equally induce the ROS-dependent events, although oxidant treat-
ment alone induces similar sequential molecular events: ROS increase, activation of JNK
MAP kinases, of PITSLRE kinase, p 110, by both caspase-l and -8-like activities and
apoptotic cell death. A combination of the antioxidant Troloxand and a pan-caspase
inhibitor BOC (Asp)-fmk (BAP) exerts significant neuroprotection against ROS-induced
dopaminergic cell death (235). In addition, high-throughout cDNA screening using the
current model identified downstream response genes, such as heme oxigenase-1, a con-
stitutent of LBs, might be a useful biomarker for the pathological condition of dopamin-
ergic neurons under neurotoxic insult (235). MPP+ causes apoptosis of mesencephalic
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dopaminergic neurons in culture, combined with overexpression and nuclear accumula-
tion of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), whereas GAPDH knock-
down rescues them from MPP+-induced apoptosis (236).

Systemic administration of MPTP produces DNA fragmentation with induction of
both caspase-3 and -8 activity (55,95), whereas inhibition of the downstream cellular
substrate of caspase-3, PARP, an enzyme involved in DNA repair, protects against MPTP-
mediated neurotoxicity (55). A similar activation of caspase-3 was described in the rat
SNc following intrastriatal injection of 6-OHDA (237). MPTP administration in mice
increases nigrostriatal activity of both c-Jun and c-Jun NH2-terminal kinase (JNK), mem-
bers of the stress-induced protein kinase (SAPK) pathway, which is attenuated by a JNK-
specific inhibitor also reducing dopaminergic SN cell loss (238). Overexpression of
human α-synuclein caused dopamine neuron death in primary human mesencephalic
cultures (238a) and of transfected astroglia seen in several human α-synucleinopathies
(238b). Release and aggregation of cytochrome-c and α-synuclein have been shown to
be inhibited by certain antiparkinsonian drugs (e.g., talipexole and pramipexole) (239).

MPTP is a mitochondrial enzyme that elicits its action first via monoamine oxidase
B-catalysed conversion to its metabolite MPP+, which is selectively taken up into dopa-
minergic SN neurons by the dopamine transporter (DAT). It kills these cells by specific
inhibition of mitochondrial complex I which has also been implicated in the pathogene-
sis of SN cell death in human PD (see refs. 48,54,55,233,240,241). Loss of complex I
activity may result in decreased ATP production and increased formation of mitochon-
drially generated reactive oxygen species (ROS), both of which contribute to neuronal
cell death via decreased protein pumping and reduced voltage differential across the
inner mitochondrial membrane that would elicit opening of the mitochondrial transi-
tion pore and subsequent initiation of apoptosis (48,54–56,240,242). Similar inhibition
of complex I activity and subsequent mitochondrial impairment is seen with decreased
levels of the antioxidant compound glutathion (GSH) that, in PD, is suggested to precede
both complexe I and dopamine loss (48,233,243). Depletion of intracellular GSH has
been shown to induce apoptosis in neuronal cells in vitro (244,245). Conversly, apoptosis
can be prohibited by overproduction of Bcl-2 owing to increase in GSH levels (246).

3.3. Other Neurodegenerations

In Huntington disease transgenic mice expressing exon 1 of the human HD gene con-
taining an expanded polyglutamine, degenerating neurons within those specific areas
of the brain known to be affected in HD have not been found to show defining character-
istics of apoptosis (13). Similarly, no TUNEL-positive neurons were found, suggesting
that within dark neurons that have also been observed in postmortem brain from patients
with HD, there is no intranucleosomal DNA fragmentation (247). In marked contrast
to the late onset nonapoptotic form of neuronal death observed in human HD brain and
transgenic mouse and Drosophila models (248), is the rapid apoptotic death observed
following expression of high levels of mutant huntingtin in transgenic mice (249) or in
transfected cells in culture (250). This latter form of degeneration does not appear to
be dependent on aggregation of the mutant protein, forming intracellular inclusions,
and the mechanism of neurodegeneration clearly seems to differ from that seen in stria-
tal neurons induced by 3-nitroproponic acid (3-NP) (251). However, recent studies showed
DNA fragmentation, strong granular Bax expression and increased Bax/Bcl-2 ratio only
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in the center of severe lesions in rat striatum following 3-NP administration, while the
dark compromised neurons in mild and subtle lesions revealed an equally enhanced
expression of both Bax and Bcl-2 but lacked TUNEL-labeling, therefore, are not con-
sidered apoptotic (252). This is in line with recent studies in transgenic mice express-
ing exon 1 of the human HD gene carrying a CAG repeat expansion in which exposure
to neurotoxic concentration of dopamine induced neuronal autophagy that colocalized
with high levels of oxygen radicals and ubiquitin. These data suggest that the combina-
tion of mutant huntingtin and a source of oxyradical stress induces autophagy and may
underlie the selective cell death in HD (253). Neuronal cytochrome c immunoreactivity
and activated caspase-8 and -3 have been observed in end-stage disease in both human
HD and in RG/2 mice, suggesting that apoptosis may play a role in neuronal death in
these disorders (253a,253b). Despite considerable progress in our understanding of poly-
glutamine diseases, there is, however, a big gap of knowledge between the expansion
of CAG in huntingtin and the massive but selective death of neurons and glial cells
(254). Similar controversial data arguing for or against apoptotic neuronal death have
been reported in ALS transgenic mouse models (255–258).

4. IS THERE EVIDENCE FOR APOPTOSIS
IN THE HUMAN POSTMORTEM BRAIN?

In human postmortem brain of patients with various neurodegenerative disorders (e.g.,
AD, PD, CH, ALS, etc.), dying neurons are present that have been reported by some
groups to display morphologic features of apoptosis. These include cell shrinkage, chro-
matin condensation, DNA fragmentation, and increase expression of both proapoptotic
(c-Jun, c-Fas, Bas, p53, APO-1/Fax-CD 95, Fas, Fas-L, capsase-8 and -9, activated
caspase-3, tumor necrosis factor (R1/p55), and antiapoptotic proteins (Bcl-2, Bal-X) or
DNA repair enzymes, such as Ref-1 and the coexpressed GADD 45 (31,32,41,43–46,
48,55,59,76,95,96,105,120,123–125,194,195,204,257–267). However, other groups
have observed little or no evidence of apoptotic neuronal death associated with a vari-
ety of neurodegenerative disorders (50–53,268–274). These studies have relied on the
presence of morphological markers of apoptosis, such as TUNEL/ISEL staining and
related methods associated with the expression of ARPs, oncogenes, and other detect-
able players involved in the cascade of PCD (Table 2). The following summarizes some
of the most important findings in different types of human neurodegenerative disorders.

4.1. Alzheimer’s Disease

PCD or apoptosis has been implicated as a major mechanism of neuronal cell death
in AD (41–43). Histochemical techniques for the demonstration of fragmented DNA
revealed large numbers of positive neurons and glial cells in postmortem AD brain (43,
120,121,123,275–283). Compared to controls, DNA fragmentation in AD brain is 50-
fold increased in neurons and approx 25-fold in glial cells, microglia and oligodendro-
glia being mainly affected, whereas only 25% of all degenerating cells represent neurons
(120). Apoptosis of astrocytes with enhanced lysosomal activity and of oligodendro-
glia in white matter lesions in AD have been associated with significant atrophy of the
frontal and temporal white matter (283a). Most of the TUNEL-positive neurons are seen
in the temporal allocortex, the region initially and most severely involved in AD (284).
Only 13–50% (mean 28%) of the degenerating neurons are located within or near Aβ
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Table 2
In Situ Tailing and Immunohistochemical Results in PD, PSP, CBD, AD, and Controls (CO)

                   PD                     PSP                    CBD

Method/antibody applied Neurons Microglia Neurons Oligos Neurons Oligos AD CO

In situ tailing (TUNEL) 0 + + (~0.1%) ++ 0 + + (1.1 ± 0.4%) + (0.02 ± 0.01%)
Immunohistochemistry (ARPs)

c-Jun/AP-1 (ASP 1) + + ± + ± + ± –
c-Jun + + ++ + + + ++ ++
Bcl-2 ± + + ++ + + ++ ++
Bcl-X ++ + ++ + + + ++ ++
p 53 ± ± ± + NE NE + –
CD 95 – ± ± + NE NE + –

Immunohistochemistry
(heat shock) and others

α B-Crystallins – – ± + ++ ± ± ±
HSP 27 – – – – NE NE ± ±
HSP 65 – – ++ – NE NE ++ ++
HSP 70 – – + – NE NE ± ±
HSP 90 – – ++ – NE NE ++ ++
PHF/ubiquitin – – ± + ++ + ++ (NFT) ± (NFT)
Ubiquitin – – + – ++ ++ ++ (NFT) ± (NFT)
PHF-tau (AT-8) – – ++ ++ ++ ++ +++ ± (NFT)

Activated caspase III (CM1) – ± ± (<0.1%) + ± ± ± (0.02-0.05%) –

Note: (–) No labeling; (±) exceptional cells labeled; (+) few cells labeled; (++) many cells labeled; NE: not examined; ARPs: apoptosis related factors; NFT:
neurofibrillary tangles; Oligos: oligodendrocytes.
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deposits (plaques), but these are 5.7 (−0.8 SD)-fold more frequent than neurons without
contact to plaques. NFTs involve a mean of 41% (range 18–66%) of all degenerating
neurons, which means an approx threefold increased risk of degeneration compared to
tangle-free neurons (120). These data suggest that both histological markers of AD, i.e.,
senile plaques and NFTs, are not necessarily associated with neuronal death, because it
frequently occurs at a distance from the Aβ deposits or in cells not affected by NFTs
(120,279). On the other hand, recent studies in sporadic AD and PS-1 FAD brains, con-
firming rare apoptosis of NFT-bearing temporal neurons showed simultaneous intracel-
lular Aβ42 labeling, which suggests that intraneuronal deposition of a neurotoxic form
of Aβ42 may be an early event in neurodegeneration in AD (280). In APP and PS-1
double-transgenic mice, intraneuronal Aβ accumulation precedes plaque formation,
although intraneuronal Aβ is not detected in brains of aged double-transgeic mice, which
correlates with the typical neuropathology of chronic AD patients (281).

Increased expression of pro-apoptotic proteins or gene products, such as c-Jun,
c-Fos, Par-4, Bax, Bas, Bad, Bcl-X, p53, APO-1/Fas (DC 95), but also of antiapoptotic
protein Bcl-2 or of repair enzymes such as redox factor 1 (Ref-1), a potent activator of
p53, have been observed in AD brains (120,121,131,260,261,265,279–290). Recent
Western blot studies of human AD brain tissue revealed dysregulation of apoptosis-
related proteins, decrease of caspase-3, -8, and -9, of DFF45 (DNA fragmentation fac-
tor 45), and PLIP (Fas-associated death domain/FADD/-like interleukin-1β-converting
enzyme inhibitory protein) and increase of ARC (apoptotis repressore with caspase
recruitment domain), and RICK (receptor interacting protein/RIP)-like interacting CLARP
protease, whereas cytochrome-c and Apaf-1 (apoptose protease activating factor 1) were
unchanged (291). These data point towards a disturbed balance between proapoptotic
and antiapoptotic proteins in AD which is associated with incomplete cell cycle activa-
tion in postmitotic AD neurons possibly leading to their elimination via apoptosis (131,
292). This may occur via the death receptor pathway independent of cytochrome-c (291).
Cell cycle activation, an obligatory component in the cell death pathway (293), has been
demonstrated recently in hippocampal and basal forebrain neurons in AD brain suggest-
ing genetic imbalance as a cause of neuronal loss in AD (294). In addition to activation
of c-Jun, the entire JNK/SAPK pathway is activated in AD. It therefore appears that sus-
ceptible neurons face the dilemma of proliferation of death, a dilemma in which c-Jun
and the JNK/SAPK pathway play an important role (295).

Recent studies suggest that the development of Aβ plaques may cause damage to
axons, and the abnormally prolonged stimulation of neurons to this injury ultimately
results in profound cytoskeletal alterations that underly neurofibrillary pathology and
neurodegeneration (296). In some cells showing DNA damage, coexpression of ARPs
like c-Jun (104), Bax and Bcl-2 with decreased levels of Bcl-2 in tangle-bearing neurons
(265,266,297) and of DNA repair regulating GADD545 protein (T251) have been reported
(290). Despite large numbers of cells with DNA fragmentation in the severely involved
hippocampus, only exceptional neurons display the morphology of apoptosis or show
diffuse cytoplasmic expression of ARPs, although the intensity of Bcl-2, c-Jun, Apo-1/Fas
and several stress proteins shows no differences between AD and control brains (298).
However, only in one among 2500 to 5650 hippocampal neurons (0.02 to 0.05 %) apop-
totic features and expression of activated caspase-3 have been observed that are almost
never found in aged controls. These data document the extremely rare occurrence of
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apoptotic neuronal cell death in AD (128,298). On the other hand, increased expression
of Bcl-2 and nonactivated caspase-3 has been observed in AD neurons and glial cells
showing DNA fragmentation, with negative correlation to glutamate transporters but
related to spliced APP forms (299). This suggests that excitatory injury and imbalance
in the ratio of spliced APP may lead to cell death via caspase-3 activation that defines late
stages in the cell death cascade (44). Although some studies revealed that neither senile
plaques nor NFTs in human brain are associated with activation of caspase-3 despite
the ability of Aβ peptide to induce caspase-3 activation and apoptosis in vitro (273), which
requires caspase-8, a downstream component of the Fas-FADD pathway (97,300). Other
recent studies reported elevated immunoreactivity of activated caspase-3 in neurons,
astroglia, and blood vessels with high degree of colocalization with NFTs and SPs, sug-
gesting that activated caspase-3 may play an important role in neuronal cell death and
plaque formation in AD (301). Recent studies in human AD brain demonstrating the neo
epitope generated by caspase-3 mediated cleavage of APP (αδCcsp-APP) immunoreactiv-
ity in neurons, glial cells, and dystrophic terminals, colocalized with around 30% of senile
plaques suggest that apoptosis may contribute to cell death resulting from amyloidosis
and plaque deposition in AD (301a). On the other hand, activated caspase-3 was detected
in more than half of the hippocampal neurons showing granulovacuolar degeneration
(GVD) in AD brain. It was restricted to the granules which often showed colocalization
with tau protein (using antibody AT-8), suggesting a “pretangle” stage (300) but no nuclear
signs of apoptosis (273,298). Caspase-cleaved APP and activated caspase-3 are colocal-
ized in the granules of CVD in AD and Down’s syndrome (298a).

Although neurons with completed NFTs do not express activated caspase-3, recent
demonstration of elevated casein kinase-1 (CK-1), a member of protein kinases, in both
the matrix of GVD bodies and tangle-bearing cells suggests a link between these two
lesions in AD (302). However, the localization of caspase-3 and -6 activity within a select
subcellular compartment, such as autophagic granules, does not necessarily indicate a
global effective caspase amplification. Moreover, modulation of distal substrates of
activated caspase-3 may lead to further modification of this cell death pathway and may
explain absent evidence demonstrating acute end stages of apoptotis, including nuclear
compensation and blebbing, in AD susceptible neurons (303). The upregulation of indi-
vidual caspases, though seemingly not leading to apoptosis, could have great signifi-
cance for the pathogenesis of AD, whereas the lack of some downstream effector caspases
in neuronal pathology argues against a specific role in the apoptotic cascade. The Fas/
Fas-L signaling system also does not appear to be involved in specific processes in AD
(304). Detection of granular precipitates of phosphorylated MAP kinase (ERK 1 and 2)
associated with early tau deposition in AD and other tauopathies (PiD, PSP and CBD),
suggesting activated Ras as the upstream activator of the phosphorylation-independent
MEK 1/ERK pathway of tau phosphorylation, however, was not associated with increased
nuclear DNA vulnerability and cell death (167), whereas other recent studies suggest
mitochondrial DANN damage as a major mechanism of cell loss in AD (305). The inci-
dence of TUNEL-positive neurons in AD being increased in comparison to age-matched
controls is significantly higher than could be expected in a chronic disease with an aver-
age duration of 10 yr plus (303). However, the demonstration of very rare hippocampal
neurons, displaying both morphologic signs of apoptosis and expression of activated
caspase-3, appears fairly realistic given the short duration required for the completion
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of apoptosis and the protracted course of neurodegeneration in AD (97a). On the other
hand, the significantly increased incidence of cells with DNA fragmentation together
with a “proapoptotic” environment in AD brain indicate increased susceptibility of AD
neurons to metabolic and other noxious factors (e.g., oxidative stress, hypoxia, etc.) (120,
128,298). Incomplete cell cycle activation in postmitotic AD neurons possibly may lead
to their elimination by apoptosis (47,131), with autophagy as a possible protective mech-
anism in early stages of PCD (51,52,298).

4.2. Synucleinopathies

This group of neurodegenerative disorders that are characterized by neuronal or glial
inclusions of α-synuclein, includes PD, DLB, and MSA (12,106,307), in which exten-
sive studies of cell death markers have been performed.

4.2.1. Parkinson’s Disease

In 1996, the first human post-mortem study described a significantly higher number
of TUNEL-positive dopaminergic neurons in SNc of PD brains compared to controls
(308). Since then, conflicting results have contributed to the controversy.

The presence of DNA fragmentation, using TUNEL and related techniques, in dopa-
minergic SNc neurons in most studies is very low, ranging from 0 to approx 12%, with
a means of 1–2% of the total dopaminergic SN cell population as compared to 0–1% in
controls, whereas other groups did not find them in PD brains (Table 3). Occasionally,
a combination of apoptosis and autophagic degeneration of SN neurons has been found
in PD (47). A good example of the variability of results obtained in human postmortem
samples was provided by a study showing that in control brains, the number of TUNEL-
positive neurons was correlated with tissue pH as an index of postmortem hypoxia (122).
However, in addition to a percentage of TUNEL-positive SNc and brainstem neurons
that was twice as high in PD (2%) as in controls (1%), no correlation between tissue pH
and the number of TUNEL-positive neurons was observed in PD brains. This finding
was interpreted as reflecting the primary disease process rather than a perimortal effect.
Although this study can be classed among those that favor the apoptosis hypothesis in
PD, it also provides an interesting explanation for the observation that the number of apop-
totic dopaminergic neurons is higher than expected in PD brains. Given the slow rate
of neuronal degeneration in PD, particularly in late stages of the disease, it is unlikely
that this relatively high percentage of “dying” cells may reflect a primary disease pro-
cess. It is more likely that SNc neurons in PD brain are already altered in their function
and show a higher vulnerability towards deleterious stimuli such as hypoxia and, thus,
these increased numbers reflect a perimortem phenomenon to hypoxia or other factors
related to the patients’ agonal state (96,124).

Although very few SN neurons display a reduction in cell size and clumping of nuclear
chromatin resembling apoptosis (269), and show very mild expression of some pro-
apoptotic proteins (c-Jun, AP1, ASP, and Bax) (50,51), increased levels of antiapoptotic
proteins Bcl-2 and Bcl-X in basal ganglia and SN but not in cerebral cortex of PD brain
were reported (309). However, others have found no differences in the immunoreactiv-
ity of Bcl-2 and Bcl-X, and an unchanged expression of Bcl-2 mRNA in SN neurons of
PD patients compared with controls (50,310). By contrast, some postmortem data sug-
gest that Bax is expressed in SNc neurons (202), although the intensity of Bax immuno-
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reactivity was identical in LB and non-LB body containing neurons, leading to the con-
clusion that Bax does not contribute to LB formation (311).

Bcl-xL that is expressed in a stable manner in adult mammalian CNS (312), was
observed to label practically all dopaminergic cells in human SNc and, thus, appears to
be a constitutive protein in these neurons. In PD brains, Bcl-xL mRNA was 1.8 times
higher than in controls, suggesting that surviving SN neurons in advanced stages of ill-
ness might be protected by this anti-apoptotic protein. This was supported by significantly
higher expression of Bcl-xL mRNA in LB bearing neurons than in those without LBs
(96). Recent studies showed almost double increase of Bcl-X mRNA in dopamine neurons

Table 3
Incidence of DNA Fragmentation
in Substantia Nigra in Various Neurodegenerative Disorders

Disease n Time (h) pm Method % Neurons Refs.

PD 3 ? TU 0 123
Juvenile PD 4 3–12.6 TU 0 46, 308
Late PD 7 1–5 TU 0–4.2 (m 1.2)
Co 6 1–3 TU 0
PD 3 8.3 ± 2.3 EM 3.7 47
PD 5 1.7–31 TU 6.9 ± 2.2 125
DLB 7 2.5–24.3 TU 11.46 ± 1.3
AD/PD 4 5.5–20 TU 7.8 ± 2.45
AD 5 11–16 TU 1.7 ± 0.65
Co 3 3–8 TU 0.93 ± 0.47
PD 22 ? TU “Few” 1/22 brains 271
PD 3 7–30 TU 0 268
PD 3 ? TU+ 1.5 48
Co 3 ? YO 0.1
PD 16 5–3 TU 0–12.8 (m = 2.0) 124
MSA 4 8.5–35 TU 0–19.4 (m = 9.0)
DLB 1 16 TU 9.3
PSP 1 25.5 TU 0
Co 14 5.5–48 TU 0–10.5 (m = 1.0)
PD 3 20–38 TU 0 270
Co 4 4–42 TU 0
PD 3 20–38 TU 2.0 ± 1.2
Co 4 4–42 (prol) 1.3 ± 1.1
PD 5 4–12 TU 0/1080 50
DLB 2 18–24 TU 0/1010
PSP 3 12–24 TU 0/1080
CBD 3 14–24 TU 0/1010
Co 4 16–24 TU 0
PD 8 2.75–7 ISEL 9.0 ± 5.0 55
Co 4 8–11 YO 0.4 ± 0.1
DLB 11 15 ± 13 TU 0 366
Co 11 18 ± 14 TU 0

AD = Alzheimer’s disease; juv = juvenile; Co = Controls; PD = Parkinson’s disease; DLB = dementia
with Lewy bodies; MSA = multiple system atrophy; PSP = progressive supranuclear palsy; TU = TUNEL;
CBD = corticobasal degeneration; YO = YOYO 1; pm = postmortem.
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in PD brain compared to controls, which may be indicated by redistribution of Bcl-X from
the cytosol to the outer mitochondrial membrane (310a). These findings suggest that the
presence of LBs may represent an indicator for dysfunction or damage of the involved
neuron, and incidental LB disease is considered a presymptomatic form of PD (313).

On the other hand, immunohistochemical studies in human post-mortem brain observed
a positive correlation between the degree of neuronal loss in dopaminergic cell groups
affected in the PD mesencephalon and the percentage of caspase-3-positive neurons in
these cell groups in control subjects, and a 76% decrease of caspase-3-positive pigmented
SNc neurons in PD compared to controls (95). Furthermore, the percentage of caspase-3-
positive neurons with LBs was significantly higher than that of caspase-3-positive neu-
rons among all catecholaminergic neurons in PD, as was the percentage of caspase-3-
positive neurons among dopaminergic cells. Ultrastructural studies showed activated
caspase-3 staining in dopaminergic cells, displaying the morphologic features of increased
protein synthesis, whereas in cells with morphologic signs of apoptosis, activated cas-
pase-3 staining was not detectable (96). These data are in accordance with recent studies
showing elevated caspase activities and tumor necrosis factor receptor R1 (p53) in SN
of PD brains (240), as well as increased caspase-3- and Bax immunoreactivity accompa-
nying nuclear GAPDH (glyceraldehyde-3-phosphate dehydrogenase) translocation and
neuronal apoptosis in PD (55,202,314). Other studies showed that activated forms of
both caspase-8 and -9, upstream caspases that are known to cleave and activate caspase-
3, are present in dopaminergic SN neurons in PD brain (315). Taken together, these results
suggest that activation of the caspase cascade may be involved in the degeneration of
dopaminergic neurons in PD.

However, LBs, the morphologic markers of PD, are consistently negative for ARPs
and activated caspase-3 (50–53,316). LBs in the brainstem of FD and DLB are stained
with anti-ERK-2 antibodies, but negative for MAPK-P, SAPKJNK/P and p/38/P, though
immunoreactive cytoplasmic granules are found in association with α-synuclein depos-
its in few neurons. α-Synuclein affects the MAP-kinase pathway by reducing the amount
of available MAPK and, thus, may accelerate cell death. These kinases are not expressed
in cortical LBs or in cortical neurons with synuclein inclusions in DLB nor in dystro-
phic Lewy neurites in PD and DLB (317). These data suggest different expression of
MAPKs in brainstem and cortical LBs in PD and DLB. Furthermore, no relationship
between MAPK-expression and in situ labeling of nuclear DANN fragmentation or
caspase-3 activation in SN neurons in PD and DLB have been observed that argues
against apoptosis of SN neurons in these synucleinopathies (317). Reduced Fas and Fas-L
in both LB-bearing and nonbearing SN neurons, but increased Fas and Fas-L immuno-
reactivity in reactive astrocytesin SN were seen in PD (72). This suggests that the Fas/
Fas-L pathway does not play an essential role in regulating dopaminergic cell loss in
PD and related neurodegenerative disorders. On the other hand, frequent DNA frag-
mentation and expression of ARPs and activated caspase-3 have been observed in reac-
tive astrocytes and microglia in SNc of PD brains, indicating their increased turnover in
neurodegeneration (50,268,270). This is confirmed by findings in human subjects with
Parkinsonism following exposure to MPTP and survival for 3–16 yr, where signs of
active ongoing neuron loss, and clustering of microglia around nigral neurons, have been
observed (318). In population control of microglia, apoptosis plays an important role,
and overactivation-induced apoptosis of microglia may be a fundamental self-regula-
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tory mechanism devised to limit bystander killing of vulnerable neurons (319). On the
other hand, activated microglia can trigger neuronal apoptosis that is mediated through
the secretion of cathepsin B (320). Large numbers of reactive microglia and macroph-
ages, along with LBs and free melanin, have been found in SNc of PD brain and have
been considered a sensitive index of neuropathological activity and of inflammation
(321,322). They are accompanied by considerable increase of iron, particularly Fe3+, and
ferritin in proliferated microglia, perivascular macrophages, and astrocytes in various
subcortical regions not only of PD brain (323–325), but also in other movement disor-
ders, such as PSP, MSA, and CBD, but much less in DLB (unpublished data). Although
neither iron nor microglia are detected in the putamen and globus pallidus in PD brain,
there are variable amounts of microglia and Fe3+ in these nuclei in PSP, and CBD and,
in particular, in MSA (Table 4).

In conclusion, the contribution of Bcl family members and caspases in dopaminergic
cell death still needs to be better established, but a relationship between mitochondrial
dysfunction specific to PD and involvement of apoptosis-related proteins appears pos-
sible. Specifically, abnormalities of complex I of the mitochondrial respiratory chain are
now well recognized in PD (see refs. 240,241,326–328), and mitochondrial inhibition of
cytochrome-c release by reinforcing antiapoptotic or blocking proapoptotic factors (e.g.,
by caspase inhibition), which may block the apoptotic program but will not reverse the
underlying cellular dysfunction, could represent a new challenge in PD therapy (44,96).

4.2.2. Other Synucleinopathies
In DLB, similar controversial findings in both SN and cortex have been reported.

While increased numbers of TUNEL-positive neurons in SNc, ranging between 9.3 and
11.45–1.3%, were observed by some authors (124,125), our personal studies could neither
confirm these data nor show significant differences in the expression of proapoptotic
and antiapoptotic proteins in SNp and cortical neurons involved by LBs vs controls or
any expression of activated caspase-3 (50,51).

Table 4
Morphology, Iron, and Microglia in Movement Disorders
(Semiquantitative Assessment)

PD DLB PSP MSA CBD Controls

N cases 14 8 5 12 3 6
Age (mean) 64–87 (75) 57–84 (70) 67–71 (70) 51–82 (66) 58–63 (60) 66–97 (80)
SN neuron loss 3+ 3+ 3+ 3+ 2–3+ 0–0.5
Sc Lewy bodies 3+ 3+ 0 0 0 0
SNC-Fe(III) 1.5 0–0.5 3+ 3+ 2–3+ 0–0.5
SNC-Microglia b 1.5 0–0.5 3+ 3+ 3+ 0–0.5
Putamen Fe(III)a 0 0 0.5 3+ 1+ 0–0.5
GPI-Fe(III) a 1+ NE 0.5 3+ 1+ 0
GPE-Fe(III)a 0 NE 0.5 3+ 1+ 0
LC neuron lossb 3+ 0 1.2 3+ NE 0
LC Fe(III)a 0 0 0 0 NE 0
LC-Microglia 1.1 0 1.5 1.2 NE 0

aPerl’s stain.
bMainly in involved areas.
Note: NE: not examined; LC: locus ceruleus; 0: absent, 0.5: very mild, 1+: mild, 2+: moderate, 3+: severe.
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In MSA, a Parkinson-like disorder histologically featured by widespread GCIs (12,
329), TUNEL positivity, expression of ARPs, and activated caspase-3 were not seen in
neurons, but only in microglia in SNc and in oligodendroglia, often showing α-synuclein
positive inclusions (50,51,329), whereas other authors observed occasional DNA frag-
menation of SN neurons (330), with an incidence of DNA fragmentation in SN neurons
ranging from 0 to 19.4% (mean 9.0%) (124). A distinct cytoplasmic expression of Bcl-2
was seen in oligodendrocytes with coexpression of α-synuclein in about 25% of inclu-
sion-bearing cells (51,330). Since oligodendrocytes are usually Bcl-2 negative, its expres-
sion in pathologically altered cells in MSA may represent a final repair mechanism of
a sublethally damaged cell to avoid cell death via apoptotis by upregulation of this
antiapoptotic protein.

4.3. Other Neurodegenerative Disorders

In PSP, a mostly sporadic tauopathies, clinically presenting with atypical parkinson-
ism and cognitive deficits, morphologically characterized by multisystem neuronal degen-
eration associated with gliosis and tau-positive inclusions in neurons and glia differing
from those in AD (331–335), only single neurons in brainstem tegmentum (about one
among 1050 cells) are TUNEL positive, with moderate expression of c-Jun and some heat-
shock proteins, much less of ASP-1 and Bcl-2 (51–53), without distinction between
tangle-bearing and non-tangle bearing neurons (336). Only one among five such neurons
showed coexpression with hyperphosphorylated tau-protein, whereas neurons in SN,
basal ganglia and pontine nuclei were all negative, although significant decrease in aco-
nitase activity, cellular ATP level and oxyagen consumption in PSP cybrids suggest a
contributary role of impaired mitochondrial energy metabolism (337). In addition, a num-
ber of oligodendroglial cells in brainstem tegmentum and pontine basis were TUNEL-
positive and expressed both ARPs and activated caspase-3; about 25–30% of these oligos
contained tau-positive inclusions (coiled bodies), whereas no signs of apoptosis were
detected in astrocytes with tau-positive inclusions (51,52).

In CBD, another rare sporadic movement disorder with atypical parkinsonism and cog-
nitive deficits, morphologically featured by asymmetric frontotemporal cortical atrophy
with neuronal loss, NFT-like inclusions in ballooned neurons and tau-positive inclu-
sions in astro- and oligoendroglia differing in structure and biochemisty from those in
AD and PSP (333,338–340), some of the ballooned neurons in cerebral cortex and in
the severely damaged SNc displayed mild expression of Bcl-2 and activated caspase-3,
but none of them showed DNA fragmentation nor the morphological phenotype of
apoptosis. In SNc and other subcortical nuclei, part of the proliferated microglia were
TUNEL-and ARP-positive, as was a moderate number of oligodendrocytes and a few
astrocytes, some of them showing Gallyas- and/or tau-positive inclusions (51,52).

In Pick disease, a rare form of presenile dementia with severe frontotemporal cortical
atrophy, neuronal loss and ballooned neurons (Pick cells) and tau-positive neuronal inclu-
sions (Pick bodies) composed tau proteins forming straight and twisted fibrils that differ
from thos in AD and PSP (10,11), only very rare neurons with Pick bodies have been shown
to exhibiting DNA fragmentation (9). By contrast, in frontotemporal dementia (FTD) with-
out Pick bodies, DNA damage and activated caspase-3 expression as evidence for apop-
tosis were observed in neurons and astrocytes (341). Recent studies suggest a relation
between degenerating astrocytes and disturbances of cerebral perfusion in FTD (342).
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In Huntington disease, oligodendroglia but only very rare striatal neurons present DNA
fragmentation (123,343–346), possibly resulting from mutant huntingtin that enhances
excitotoxic cell death (13,346). Experimental data revealed various ways in which mutant
huntingtin, either in soluble or insoluble form, might disrupt neuronal function, but they
could not explain the regional selectivity of neurodegeneration. The basic mechanisms
of polyglutamine toxicity could apply not only to various types of neurons but also to
nonneuronal cells. Thus additional downstream changes, some intrinsic to the suscepti-
ble neurons and others triggered by mutant huntingtin, should come into play shaping
the pattern of neuronal loss. Particularly strong evidence seems to incriminate glutamate
excitotoxicity and related factors, such as disturbed homeostasis of Ca2+ and mitochon-
drial dysfunction (13). Reduced levels of Fas an Fas-L were seen in striatum and striatal
neurons with increase in reactive astrocytes of vulnerable regions, suggesting selective
attenuation of Fas/Fas-L expression in striatal neurons in HD, although the meaning of
their increased expression in astrocytes is still unclear (72). Early and progressive accu-
mulation of reactive microglia was seen in HD brain increasing with the degree of neu-
ronal loss and often in proximate association with degenerating neurons, suggesting
microglial response to changes in the neuropil and axons (347). Recent studies have
shown that cycle-AMP-responsive element binding protein (CREB), member of tran-
scriptional factors essential for neuronal survival, are disrupted in HD suggesting that
neurodegeneration is related to disturbance of CREB-dependent expression of cell-sur-
vival factors (347a).

In motor neuron disorders, controversial findings for and against apoptotic neuronal
death have been reported: Whereas earlier findings in ALS reported increased DNA
fragmentation in ALS (348–352), and recent studies demonstrated motor neurons apop-
tosis in Werdnig-Hoffmann disease (264), and changes in the levels of Bcl-2 family
members, activation of caspase-1 and -3, and detection of apoptosis-related molecular
La4 antibodies (see ref. 352a), others failed to find evidence of apoptosis in ALS spinal
cord (255,257,274,353). In situ hybridization studies in postmortem samples of ALS
showed increased levels of Bax mRNA and significant decrease in Bcl-2 mRNA (349)
and Bcl-2 protein levels (352), whereas recent research on the subcellular alterations
of Bcl-2 (decreased) Bak, Bax, and Bcl-Xl (increased) in ALS spinal cord and cortex
revealed a pattern of protein distribution that suggests neuronal death to be apoptotic
(351). This was confirmed by increased expression of p53 in motor neurons of spinal cord
and motor cortex as well as in astroglia, suggesting that p53 may participate in apopto-
tic cascade in ALS (354). Delaying caspase activation by Bcl-2 was considered a clue to
disease retardation in a transgenic mouse model of ALS (355), while motor neuron
degeneration is attenuated in Bax-deficient neurons in vitro (356). However, using dif-
ferent forms of fixation for human postmortem material, recent personal studies revealed
only sparse motor neurons in spinal cord and motor cortex being immunoreactive for
Bcl-2, Bax, Bak, and activated caspase-3, with no differences in their numbers between
ALS patients and controls, thus showing no evidence that apoptosis is a major mecha-
nism of motor neuron cell death in ALS (255,274).

Recent studies of human postmortem brains in major depression, occasional apop-
totis in the absence of major pyramidal cell loss was found in hippocampus of both
patients treated with corticosteroids and untreated ones, whereas immunohistochemis-
try for heat-shock protein 70 and NFκB was negative. These data indicate that apoptosis
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probably only contributes to a minor extent to the volume changes of hippocampus in
major depression (357).

5. APOPTOSIS AND TIME-COURSE OF NEURODEGENERATION

Although evidence for a role of apoptosis and related forms of PCD has been repeat-
edly reported in both experimental animal and cell culture models of various neurode-
generative disorders, and recent studies have shown an increased number of cells with
DNA fragmentation in human AD brain and other neurodegenerative diseases, their
incidence is significantly higher than could be expected in chronic processes with long
preclinical phases and duration of illness (303). Indeed, unlike DNA fragmentation,
the hallmark end-stage signs of apoptosis such as nuclear chromatin condensation and
apoptotic bodies are extremely rare or almost absent in AD and other neurodegenerative
disorders. In addition to the morphologic and biochemical ambiguity of neuronal apop-
totic mechanisms, there is a temporal dichotomy between the acuteness of apoptosis and
the slowly progressive process in neurodegeneration with cell death occurring over peri-
ods of 5–20 yr and more (303,358). In this case, apoptotic events may be rare at any
given time and apoptotic bodies may be rapidly phagozytosed by neighboring glial cells
without essential inflammatory reaction, and therefore difficult to detect. However, at
any time, a small proportion of neurons and other cells appear to undergo conspicuous
morphological changes. These include DNA fragmentation and nuclear condensation,
hyperchromatic changes in the cytoplasm, and dislocation of the nucleus which are
consistent with a rapid transient phase of the neurodegenerative process. The morphol-
ogy of this phase that contrasts with the classical morphological features of necrosis
(21–24,29–33) is sufficiently distorted to make normal cell function unlikely. Follow-
ing these changes, it appears likely that the cellular cytoplasm disappears and abnor-
mal nuclei remain. Such cell withering has been called apoklesis (269). On the other
hand, it has been shown that, although initiated, apoptosis does not necessarily progress
to its completion. In in vitro models, the activation of caspases signifies apoptosis. How-
ever, in chronic neurodegenerative disorders, a different, low-grade process leading to
cell dysfunction but not immediate cell death would have to be postulated. One possi-
bility is that such a process might be initiated and mediated by procaspeses that have a
much lower catalytic activity (359–361); the proenzyme form of caspase-3 has approx
60-fold less activity than the activated enzyme (13,62,66). However, it is not known
whether caspases, especially procaspase-3, may be differentially expressed or regulated
in affected and nonaffected brain regions in neurodegenerative disorders (13).

Given that execution of apoptosis requires amplification of caspase-mediated apop-
totic signals (Figs. 2 and 3), recent data indicate that in AD and other neurodegenerative
disorders, there is a lack of effective apoptotic signal propagation to downstream caspase
effectors (359). Although upstream caspases (#8 and #9) are elevated in NFT-containing
neurons in AD, downstream caspases, such as #3 and #7, remain at control levels. In
addition, caspase-6, also an effector caspase, is restricted to senile plaques and not neu-
rons, suggesting that extracellular pathology, i.e., Aβ deposition, differs from neuronal
pathology. While the upstream caspases are restricted specifically to susceptible neurons
in AD, the absence of effector caspases indicates a lack of propagation of the initial
apoptotic signal. The lack of increased caspase-3 and -7 in AD brain, except within auto-
phagic granules and rare neurons (298), indicate incomplete or absent amplification
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of downstream events of the caspase cascade (61). Because such downstream caspases
and their proteolytic products are recognized as markers of apoptotic irreversibility (360),
their avoidance or sporadic appearance in AD indicates an absence of effective distal
propagation of the caspase-mediated apoptotic signals. Thus, AD represents the first in
vivo situation reported in which the initiation of apoptosis does not directly lead to
apoptotic cell death. In certain areas in AD brain, while many neurons degenerate, it is
unclear whether this is through successful propagation of the apoptotic cascade or by
another pathway such as paratosis (60). However, in those surviving neurons, it can be
suggested that neuronal viability is, in part, maintained by the lack of distal transmis-
sion of the caspase-mediated apoptotic signals. This novel phenomenon of apoptotic
avoidance termed abortive apoptosis or abortosis, may represent an exit from the cas-
pase-induced apoptotic program (359,361), that, given the robust survival of neurons
with NFTs in both AD (362) and Parkinson-dementia complex of Guam (363) may ulti-
mately lead to prolonged neuronal survival. This argues that neurons in AD may have
an effective defense to apoptotic death (avoidance) rather than active complications of
apoptosis (363a). Alternatively, there may be other cellular mechanisms that limit the
activation of the caspase cascade, which would be consistent with evidence that there
are many compensatory mechanism in neurons that respond either to one-hit (364), or
perhaps accumulating insults, leading to neurodegeneration (43). Thus, in neurode-
generative disorders, there may occur forms of cell death that are neither classical necro-
sis nor apoptosis (140). Such factors are found in cells with abundant intracellular
filaments (23,24) or insoluble protein filaments in the cytoplasm (e.g., NFTs, LBs, tau
inclusions, Pick bodies, etc.), suggesting that such filamentas may contribute to dysfunc-
tion or increased vulnerability of the involved cell (105,106) but not necessarily to
immediate cell demise.

6. CYTOSKELETAL CHANGES AND CELL DEATH

The relationship between PCD and aggregation of insoluble protein filaments and
inclusions in the cytoplasm and, rarely, within nuclei of neurons and glia, in various neu-
rodegenerative disorders remains unclear, although there are some interesting parallels
between the neurochemical pathology of some of these inclusions and the biochemical
correlates of PCD.

6.1. Alzheimer’s Disease

In sporadic AD, DNA fragmentation may accompany tangle formation but is less cor-
related with the amyloid (plaques) load (120,365,366). On the other hand, recent studies
suggest that the development of Aβ plaques in the brain may cause damage to axons,
and the abnormally prolonged stimulation of the neurons to this injury ultimately results
in cytoskeletal alterations that underly neurofibrillary pathology and neurodegeneration
(291). The variable correlation between neuronal loss with both Aβ deposition and NFTs
in AD suggests that these two hallmark lesions may not be the only causative factors of
neuronal death (120). For comparison, in aged canine brain lacking cytoskeletal (neuro-
fibrillary) abnormalities, DNA damage is related to areas of Aβ deposition and is not
considered a consequence of tau pathology or agonal artefacts (367). On the other hand,
recent studies showing colocalization of both caspase-cleavage product (CCP) anti-
body and PHF-1 in hippocampal neurons in AD brain, provide evidence for the activation
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of death-inducing mechanisms in neurons and suggest a possible association between
NFT formation and caspase activation (368). However, induction of tau phosphoryla-
tion by Aβ protein has been shown to involve MAP kinase and to precede cell death
(158). In AD brain and other tauopathies (PSP, PiD, CBD), expression of phosphory-
lated MAP kinases is associated with early tau deposition in neurons and glial cells but
not with increased nuclear DNA vulnerability and cell death, indicating a lack of direct
involvement of the MEK/ERK pathway of tau phosphorylation in the cell death cascade
in these neurodegenerative disorders (167). Light- and ultrastructural features of auto-
phagic degeneration (i.e., mild condensation of nuclear chromatin, moderate vacuola-
tion of endoplasmic reticulum, and lysosome-like vacuoles), but normal mitochondria
(21), which were observed in hippocampal neurons of AD brain (128,273), and in occa-
sional melanized SNc neurons in PD (47), suggest alternative mechanisms of cell death
not necessarily via apoptotis, but rather reflect the combined action of deficient DNA
repair and accelerated DNA damage within susceptible cell populations (43,52,53,298).
However, it may be related to other underlying abnormalities that render cells more
susceptible to oxidative stress and free radical damage that are suggested to represent
major contributors to cell loss in AD as well as in other neurodegenerative diseases (59,
242,369–378). Recent studies showed that, in addition to apoptosis and related forms
of PCD, mitochondrial DNA damage represents a major pathogenic factor for cell loss
and increased susceptibility to neuronal demise in AD (379). The increased mitochon-
drial DNA damage is associated with reduced mitochondrial mass and enzyme gene
expression. Impaired mitochondrial function could enhance neuronal sensitivity to apop-
tosis and may result in the activation of proapoptotic signaling in AD (375,376).

Oxidative stress and free radical injury have been shown to induce some AD typical
molecular abnormalities, including p53-mediated apoptosis, impaired mitochondrial func-
tion, and accumulation of hyperphosphorylated tau in neurons (376,379). Furthermore,
AD-associated neural thread protein (AD7c-NTP), a novel cDNA isolated from a library
prepared with mRNA extracted from AD brain tissue, has recently been demonstrated to
mediate some of the important cell death cascades associated with AD neurodegener-
ation. This suggests a link between overexpression of AD7c-NTP and the accumulation
of hyperphosphorylated tau protein in susceptible neurons (380). These changes may
promote intracellular oxidative injury, and thus may increase the vulnerability of neu-
rons in AD brain.

6.2. Synucleinopathies

Lewy bodies and degenerating (Lewy) neurites in PD and DLB brain are composed
of aggregates of 7–20 nm intermediate filaments associated with a granular electron-
dense coating material and vesicular structures, the core of the LB contains densely
packed filaments and dense granular material. Cortical LBs are eosinophilic, rounded,
angular, or reniform structures without an obvious halo (3,381). Both LBs and “pale
bodies”—their precursors (382)—are diagnostic hallmarks for both PD and DLB but
are not specific for these disorders; they have been described in a variety of conditions as
secondary pathology and show a wide distribution within the central and autonomous
nervous system (2–5,307).

The precise biochemical composition of LBs is still unknown, but immunohistochem-
ical studies have shown that major components are phosphorylated neurofilament pro-
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teins present in both core and periphery, ubiquitin, a heat shock protein targeting proteins
for breakdown, enzymes associated with ubiquitin mediated proteolysis and (de)phos-
phorylation, cytosolic- and microtubule-associated proteins except for tau-protein (only
tau that is not bound to microtubules can interact with α-synuclein, whereas α-synuclein
may modulate tau function (107), αB-crystalin modulating intermediate filament organi-
zation and probably mediating the aggregation of microfilaments (383), synaptophysin,
chromogranin A (suggesting that vesicular structures in LBs may represent degenerat-
ing nerve endings), α-synuclein, a 143-amino-acid presynaptic, neuron-specific protein
(105,106,384–389), and synphylin-1, another protein that associates with α-synuclein
and promotes LB formation (106,399). In addition, LBs contain lipids and redox-active
iron (391,392). Altered α-synuclein is incorporated into LBs, their precursors (“pale
bodies”) and dystrophic Lewy neurites before ubiquitination; it is aggregated and fibril-
lated in vitro, morphologically resembling LB-like fibrils (388). Ultrastructurally, major
components of LBs are straight or twisted α-synuclein-positive filaments, 50–700 nm
long and 5–10 nm wide, suggested to assemble from 5 nm protofibrils, two of which
may interact to form a LB-filament (385). LBs and related cytoplasmic inclusions express
cdk5, a proline-directed protein kinase involved in cell cycle regulation that is likely to
catalyse the in vivo phosphorylation of neurofilament proteins. The aberrant accumula-
tion or ectopic expression of cdk5 and mitogen-activated protein kinase (MAPK), nor-
mally not found in neurons and glia, may lead to the formation of pathologic cytoskeletal
inclusions (393). Recent studies on the development of LBs in brainstem suggest an
initial intraneuronal appearance of fine dust-like particles related to neuromelanin or
lipofuscin, with homogeneous deposition of α-synuclein and ubiquitin with transition
into a continuous deposition of α-synuclein in the periphery and of both substances in
the central core of the LB (391,394). The later frequent extraneural deposition of LBs
may be related to disappearance of the involved neurons (3).

The mechanisms of α-synuclein aggregation in vivo has not yet been fully eluci-
dated, whereas in vitro it is modulated by various factors (Fig. 4). Although α-synuclein
is usually unfolded or has an α-helical form, gene mutations, environmental stress, inter-
action with chaperon molecules Aβ, apolipoprotein E (ApoE) and metal ions can induce
a transformation to β-folding (91,107). In this form, it is sensible to self-aggregation in
filamentous, amyloid-like fibrils and formation of insoluble intracellular inclusions (Fig.
5). In cultured cells, aggregation of α-synuclein takes place under certain conditions,
such as high temperature or low pH (388). Both wild-type and mutant types of α-synu-
clein may undergo self-aggregation and form insoluble fibrillar aggregates with anti-
parallel β-sheet structure upon incubation at physiologic temperature, which is accelerated
for both hitherto known PD-linked point mutations (395,396). Both α-synuclein muta-
tions linked to autosomal dominant early-onset forms of PD promote the in vitro con-
version of the natively unfolded protein into ordered prefibrillar oligomers, suggesting
that these protofibrils, rather than the fibril itself, may induce cell death. Protofibrils
differ markedly from fibrils with respect to their interactions with synthetic membranes.
Protofibrillar α-synuclein, in contrast to the monomeric and the fibrillar forms, binds
synthetic vesicles very tightly via a β-sheet rich structure and transiently permeabilizes
these vesicles. The destruction of vesicular membranes by protofibrillar α-synuclein was
directly observed by atomic force microscopy. The possibility that the toxicity of α-synu-
clein fibrillization may derive from an oligomeric intermediate, rather than the fibril, may
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have implications for the therapy of PD (397). Because aggregation has been shown to be
a nucleation-dependent process followed by fibril formation, α-synuclein nucleation may
be the rate-limiting step for the formation of LB α-synuclein fibrils (397). Because it
binds to phospholipids with a certain conformational change of structure (398), the altered
composition of membrane lipids in neurodegeneration might be a prerequisite for the
aggregation of α-synuclein (391). Sequestration of redox-active iron and aberrant accumu-
lation of ferrric iron causing formation of hydroxyl radicals via the Fenton reaction (325,
399,400) suggest that the iron-catalyzed oxidation reaction also plays a significant role
in α-synuclein aggregation in vivo (107). This aggregation could be partially blocked by
desferoxamine, a high-affinity iron chelator (401). Whether the interaction with ApoE
ε3 and 4 that could facilitate the aggregation of Aβ peptide and NAC, the non-Aβ com-
ponent of APP (402), is important in the pathogenesis of PD still needs to be established.
However, a recent association study in patients with sporadic PD suggested that a com-
bination of ApoE and a polymorphism in the α-synuclein promoter may be pathogenic
in PD (403). Because α-synuclein interacts with several proteins known to affect cell
viability (BAD, PKC, ERK) and overexpression of α-synuclein inhibits ERK, a MAP
kinase activated in some cell survival transduction pathways, inhibition of ERK may
result in loss of cell viability, and overexpression of the human A53T mutant resulted in
dopaminergic cell death in culture (404). In vivo, transgenic mice overexpressing human
α-synuclein show marked loss of dopaminergic neurons in different brain regions includ-
ing SNc and formation of inclusion bodies composed of granular, not fibrillar α-synu-

Fig. 4. Putative pathological mechanisms of α-synuclein aggregation (modified from ref.
92). The binding partners and hypothetical steps of the different pathogenic mechanisms are
indicated by arrows. PA, phosphatidic acid; PLD2, phospholipase D2; ERK, extracellular regu-
lated kinase; WT, wild-type; A30P and A53T, described α-synuclein mutations; > possibly
more toxic than.
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clein aggregates which might be possibly correlate with the more toxic nonfilamentous
aggregates in vitro (405). In Drosophila that overexpress human wild-type or mutant
α-synuclein, dopaminergic cell loss, filamentous intraneural inclusions, and age-depen-
dent locomotor dysfunction were observed (406). Overexpression of wild-type and mutant
α-synuclein showed different effects on dopaminergic cell susceptibility: overexpres-
sion of wild-type-delayed cell death induced by MPP+, while decreases of glutathione
(GSH) levels were attenuated by wild-type α-synuclein. Mutant forms increased levels
of 8-hydroguanidine, protein carbonyls, lipid peroxidation, and 3-nitrotyrosine, along
with markedly accelerating cell death in response to the above insults. The presence of
abnormal α-synuclein in SN in PD brain, thus, may increase neuronal vulnerability to a
range of toxic agents inducing apoptotic mechanisms (407). On the other hand, decreased
α-synuclein mRNA in both rat SN following administration of 6-OHDA (408), and in SN
and cortex of human PD brain in the presence of preserved dopamine transporter (DAT)
and vesicular VMAT2, suggest that its increase is an early change in the process, lead-
ing to neuronal degeneration likely preceding changes in tyrosin hydroxylase and dopa-
mine markers (409). Because immunoreactivity for the heme protein, cytochrome-c,
which is located in the intramembrane of mitochondria and released upon apoptotic stim-
uli into the cytosole, was detected in LBs with defects of cytochrome-c oxidase in SNp
neurons in PD (410), aggregation of α-synuclein that is stimulated by cytochrome-c (411)
may also be closely related to mitochondrial dysfunction (388). α-Synuclein has been
shown to produce neuronal death in vitro owing to promotion of mitochondrial deficit,
oxidative stress, and effectors of the APK pathway (412–414) (see Fig. 6).

Crosslinking of α-synuclein by advanced glycation end products (AGEs) thought to
play an important role in the pathogenesis of neurodegenerative disorders have been

Fig. 5. Model of α-synuclein aggregate formation caused by several factors inducing conver-
sion to a β-pleated sheet conformation. In this conformation, α-synuclein is more susceptible
to self-aggregation into filamentous protein fibrils forming intracellular inclusions. Modified
from ref. 53.
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described not only in advanced stages of PD, but also in very early LBs of cases with
incidental Lewy body disease believed to represent preclinical PD (415). Because AGEs
are both markers of transition metal-induced oxidative stress, and inducers of protein
crosslinking and free radical formation, it appears likely that AGE-promoted formation
of LBs reflects early disease-specific changes rather than late epiphenoma of PD (400).

Although α-synuclein belongs to a family of proteins involved in synaptic function,
plasticity, and neurodegeneration (106,107), and recent in vivo and in vitro studies
suggest toxicity of α-synuclein and its mutant forms, it is still unknown whether neuro-
degeneration is owing to α-synuclein aggregation, to interference with specific func-
tions of this protein, or whether LBs containing α-synuclein are harmless side products
of cell damage. On the other hand, the involvement of the ubiquitin proteolytic system
suggests that they may be the structural manifestation of a cytoprotective response
designed to eliminate damaged cell elements. The deposits of insoluble proteinaceous
fibrils may contribute to dysfunction or death of the involved cells (106,387). Further-
more, LBs being the sequelae of frustraneous proteolytic degradation of abnormal cyto-
skeletal constiuents may represent—similar to other cellular inclusions (e.g., NFTs in
AD, Pick bodies, etc.)—end products or reactions to hitherto unknown neuronal degen-
eration processes that are associated with disturbancs of axonal protein transport, and
finally lead to cell death. In PD, SNc cell degeneration is preceded by loss of neuro-
filament proteins (NFP), neuronal thyrosin hydroxylase (TH) immunoreactivity, TH,
DAT, and NFT mRNA, TH- and DAT-proteins, and cytochrome oxidase-c, indicating
functional neuronal damage (4,124,410,416). It is accompanied by distribution of neu-
romelanin with uptake into macrophages (3), astroglial reaction, and proliferation of
MHC class II positive microglia, the latter by releasing cytokins, CD 23, NO, and other

Fig. 6.  Possible mechanisms of cell death in synucleinopathies. Modified from ref. 414.
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substances mediating inflammatory reactions that may be both inducing factors or seque-
lae of neuronal death (319,322,323,417–420).

In MSA, argyrophilic intracytoplasmic inclusions are found in numerous oligodendro-
cytes (GCIs) and scattered neurons (12,106,329,384). They contain ubiquitin, αB-crys-
talin, tau protein, tubulins, and high-molecular-weight aggregates of truncated α-synuclein
(107,108,421–424). Ultrastructurally, they contain 15–30 nm fibrils that are irregular
on their outer surface; some are tubular perhaps because of incorporation of other pro-
teins or entrapment of microtubules in bundles of α-synuclein (425). The GCIs in MSA,
like LBs and NFTs in AD, express cdk5kinase, that is likely to catalyse the in vivo phos-
phorylation of proteins. The ectopic expression of ckd5 and MAPK in GCIs, both kinases
not normally found in neurons and glial cells, resulting in the abnormal phosphorylation
of microtubular cytoskeletal proteins (e.g., neurofilament and tau-protein), has been sug-
gested to lead to the formation of pathological cytoskeletal inclusions (426). The forma-
tion of GCIs in MSA may be the crucial event in this sporadic synucleinopathy through
which the oligodendroglia-myelin-axon pathway causes neurodegeneration (12,329,423).

The selective accumulation of insoluble α-synuclein in LBs, Lewy neurites, GCIs, and
neuronal inclusions in MSA (425), suggests that a reduction in its solubility may induce
filament formation with aggregation into cytoplasmic inclusions. However, recent studies
showed different solubility of α-synuclein between LBs in DLB (insoluble) and GCIs
in MSA oligodendroglia (soluble) possibly resulting from different processing of α-synu-
clein (427), which might also influence the viability of involved cells in different ways.
In MSA, a distinct cytoplasmic expression of Bcl-2 was seen in oligodendrocytes in an
GCI-like pattern with moderate Bax expression and coexpression of ubiquitin and/or α-
synuclein and Bcl-2 in about a quarter of the GCI-containing cells (51,330).

6.3. Other Neurodegenerative Disorders

In PSP and CBD, both tauopathies, the histological hallmarks are widespread tau-
positive inclusions in either neurons (globose NFTs) and both oligodendroglia (“coiled
bodies”) and “tufted” astrocytes, with additional astrocytic plaques in CBD composed
of 15 nm tubuli containing 64 + 69 kd tau doublet (four R isoforms) that differ from
paired helical filaments in AD (332–335,338–340), while the argyrophilic Pick bodies
in PiD are composed of straight and twisted 12-15 nm fibrils and NFT-like 24 nm fibrils
containing ubiquitin, αB-crystallin, chromogranin A, and 3-repeat tau doublets (11). In
both PSP and CBD, frequent DNA fragmentation and expression of ARP and activated
caspase-3 were observed in oligodendroglia and occasional astroglia, approx 1/4 of which
showed coexpression with tau-positive cytoplasmic inclusions (51,52), suggesting some
causal relationship between these two findings. On the other hand, in PiD, the Pick-
body containing neurons in only less than 1% showed DNA fragmentation or signs of
apoptosis (9).

In Huntington disease, the DNA fragmentation observed in oligodendroglia was
suggested to result from either Wallerian degeneration because of neuronal death or a
direct effect of genetic IT-15 huntingtin mutation changes (344–346).

In general, these intracellular inclusions mainly composed of insoluble proteinace-
ous fibrils may contribute to dysfunction of the involved cells (105–107,387,388,421).
This is in line with the suggestion that neurodegeneration is prone in cells containing
phosphorylated proteins that participate in formation of various cytoskeletal inclusions
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and, thus, may be vulnerable to PCD induced by many different causes (105–107,387,
421,428). However, recent demonstration of negative DNA fragmentation in SN neu-
rons containing LBs (48–52,316), in neurons with Pick bodies (9), limited involvement
of NFT-bearing AD neurons by apoptosis (120,128), recent calculation that tangle-
bearing neurons in Parkinson-dementia complex, and AD may survive for an average
of 2.5 yr or even up to 20 yr (362,363), indicates that these inclusions may not predis-
pose a cell to undergo (programmed) death. This is in agreement with recent data after
chronic inhibition of protein phosphatases 1 (PP1) and 2 (PPSA), causing dephospho-
rylation of tau protein and neuronal apoptotis that show different distribution, suggest-
ing that these cytoskeletal changes have no obvious consequences for the viability of
the involved neurons (429). Thus, the biological significance of these inclusions, related
to mismetabolism of cytoskeletal proteins (often representing morphological hallmarks
of a specific neurodegenerative disorder) and also the role they play in neurodegener-
ation, are still undetermined. Recent studies on the subunit dissociation of oligomeric
proteins induced by hydrostatic pressure have shown that interconversion between dif-
ferent conformations occurs within hours or days, suggesting that the proteins represent
a persistently heterogeneous population of different long-lived conformers. This may
have important implications for our understanding of protein folding and misfolding
and biological functions. This deterministic behavior of proteins may be closely related
to the genesis of conformational diseases, including AD, transmissible spongiform enceph-
alopathies, and other neurodegenerative disorders (430). Despite considerable progress
in the clarification of the molecular mechanisms of PCD (30–36,44,45,63,96), the intra-
cellular cascade leading to neuronal death in chronic progressive disorders remains to be
elucidated. Better understanding of these mechanisms and their basic pathobiological
causes and routes may lead to future development of protective strategies and novel
approaches for the treatment of neurodegenerative disease.

7. CONCLUSIONS

On the basis of the presently available data, it has to be stated that, although many in
vitro and in vivo studies favor apoptosis in Alzheimer’s and Parkinson’s disease and other
neurodegenerative disorders, the majority of human brain tissue studies have yielded
mixed or controversial results, and there is increasing evidence for alternative mechanisms
of neuronal demise in neurodegeneration. Human and experimental data indicate that
cells with DNA fragmentation are either sensitive to various noxious factors or are in-
jured cells, although not necessarily undergoing apoptosis or necrosis. Furthermore, the
activation of some caspases and other cell-death signals, important for the activation of
the apoptotic cascade, apparently does not have a significant role in the wide-spread neuro-
nal death that occurs in most neurodegenerative disoders, although it may contribute to
the loss by apoptosis or related forms of programmed cell death of specifically vulner-
able neurons. Increased sensitivity of specific neuronal populations may be related to
a proapoptotic environment in the brain of patients with AD or other neurodegenerative
diseases. The death cascades, however, may be counteracted by other cellular mechanisms
that limit the activation of caspases and other apoptotic triggers, suppress oxyradicals, and
stabilize calcium homeostasis and mitochondrial function. This would suggest that there
may be compensatory mechanisms in neurons that respond to various one-time, chronic,
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1. THE MAPK/SAPK FAMILY

Neurones respond to extracellular stimuli via a variety of intracellular signaling path-
ways. Some of the most intensely studied of these are those involving the mitogen-acti-
vated protein kinases (MAPKs). MAPKs are serine/threonine protein kinases and their
substrates include both cytoplasmic and nuclear targets. The founder members of the
MAPK family are the p42/p44 MAPKs or extracellular-regulated kinases (ERKs). In non-
neuronal cells, these kinases are mainly activated by mitogenic stimuli, but in neurones,
such signals include those emanating from neurotrophic and neurotransmitter receptors.

The remaining members of the MAPK family comprise the stress-activated protein
kinases (SAPKs), which are mainly activated in response to cellular stresses and proin-
flammatory cytokines. Well-characterized members of the SAPKs include the SAPK1
members (also known as Jun-N-terminal kinases [JNKs]) and p38 (SAPK2) kinases.
SAPK1 members (SAPK1a, SAPK1b, and SAPK1c) are encoded by distinct genes, but
these undergo alternative splicing such that there are 4 different SAPK1a/SAPK1b/
SAPK1c isoforms, giving rise to a total of at least 12 different SAPK1 family members.

Activation of MAPKs and SAPKs is regulated by signal transduction cascades of reg-
ulatory kinases and different nomenclatures exist for both the MAPK/SAPK family and
their regulatory kinases. To facilitate a proper understanding of this review, these nomen-
clatures are listed in Tables 1 and 2. For a more detailed review of the MAPK/SAPK
family nomenclature, see ref. 1.

2. REGULATION OF MAPK/SAPKs

Both p42 and p44 MAPK activities are controlled by a cascade of regulatory kinases
and signaling molecules that emanate from the cell surface. Both are activated by phos-
phorylation on threonine and tyrosine residues by the dual-specificity kinases MKK1 and
MKK2. These are activated by the Raf kinases, which, in turn, are regulated by the GTP-
binding protein Ras. In the classical MAPk cascade, Ras activity is coupled to stimulation
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of receptor tyrosine kinases at the plasma membrane by src homology 2 (SH2) domain
containing proteins such as the Grb2–Sos complex. Alternative routes to activation of
p42/p44 MAPKs include those involving increased intracellular Ca2+ and cAMP con-
centrations. Stimulation of glutamate receptors induces elevation of Ca2+ and protein
kinase C (PKC)-mediated Ras/Raf activation. Stimulation of receptors such as β-adre-
nergic receptors leads to PKA-mediated Rap1 and B-Raf activation of MEK1/2 (Fig. 1).

Similarly, the SAPKs are regulated via protein kinase cascades although these are less
well-characterised than those of the MAPKs (Fig. 2). Perhaps the best studies are those
involving the SAPK1 and SAPK2 family members (JNK and p38 kinases). SAPK1 mem-
bers are activated by phosphorylation by MKK4 and MKK7; SAPK2 members are acti-
vated by phosphorylation by MKK3 and MKK6. These, in turn, are activated by MAPKKK
family members. A diverse array of cellular stresses leads to SAPK1/2 activation and
these include oxidant and osmotic stresses and ultraviolet radiation. In addition, inflam-
matory cytokines can also lead to activation of SAPKs with tumor necrosis factor-α
(TNF-α) and interleukin-1 stimulating both SAPK1 and SAPK2 isoforms (for reviews,
see refs. 2–4).

Table 1
The Mitogen- and Stress-Activated Protein Kinase Family

Kinase Other names

p42 MAPK Erk2; MAPK1
p44 MAPK Erk1; MAPK2
SAPK1a JNK2; SAPKα
SAPK1b JNK3; SAPKβ
SAPK1c JNK1; SAPKγ
SAPK2a p38; CSBP; Mxi2; Mpk2; RK
SAPK2b p38β
SAPK3 Erk6; p38γ
SAPK4
SAPK5 Erk5; BMK1

Table 2
Regulatory Kinases for the Mitogen- and Stress-Activated Protein Kinase Family

Kinase               Other names Substrates

MKK1 MAPKK1; MEK1 p42/p44 MAPK
MKK2 MAPKK2; MEK2 p42/p44 MAPK
MKK3 SAPKK2; SKK2 SAPK2
MKK4 SKK1; SEK1; JNKK; SAPKK1 SAPK1; SAPK2
MKK6 SKK3; MEK6; SAPKK3 SAPK2; SAPK3; SAPK4
MKK7 SKK4; SAPKK4; SAPKK5 SAPK1
MEK5 SKK5 SAPK5
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Fig. 1. Signaling pathways for MAPKs.

Fig. 2. Signaling pathways for SAPKs.
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3. MAPKs AND SAPKs AND NEURODEGENERATIVE DISEASE

Both p42 and p44 MAPKs and SAPK1/2 isoforms are abundantly expressed in neu-
rones of the mature central and peripheral nervous system of mammals. Substrates for
MAPK/SAPK isoforms include a number of proteins involved in human neurodegen-
erative diseases, and as such, much effort has focused on the pharmacological manipu-
lation of their activities as a therapeutic strategy.

3.1. SAPK1, c-Jun and Neuronal Survival and Apoptosis

The SAPK1 pathway has been implicated in both cell survival and cell death by apop-
tosis (see refs. 5 and 6). One known substrate for SAPK1 of direct relevance to apopto-
sis is the transcription factor c-Jun, which is a component of the activator protein (AP-1)
transcription factor complex. Phosphorylation of c-Jun by SAPK1 on the c-Jun amino-
terminal regulatory residues serine-63 and serine-73 causes increased transcriptional
activity of AP-1 (7,8).

Activation of SAPK1 members and phosphorylation of c-Jun is known to be involved
in some forms of apoptosis, including those involving neurones (see, e.g., refs. 2, 4, 9,
and 10). However, the effectors of apoptosis downstream of c-Jun are not properly
characterized. c-Jun is essential for normal mouse development because homozygous
knockout c-Jun mice die in mid-gestation (11). However, replacing endogenous c-Jun
with a mutant isoform in which the SAPK1 targeted regulatory residues, serine-63 and
serine-73 are replaced with alanine to preclude phosphorylation leads to viable mice
(12). Most interestingly, these mice are resistant to epileptic seizures induced by the glu-
tamate receptor agonist kainate. Furthermore, primary neurones obtained from these
animals are also protected from glutamate-induced apoptosis although SAPK1 levels
are normal (12).

Studies of mice in which the SAPK1a, 1b, and 1c genes have been ablated either alone
or in combination have reinforced the role of SAPK1s and c-Jun phosphorylation in
glutamate-induced neuronal cell death and apoptosis. Individual SAPK1a, 1b, and 1c
knockout mice are all viable and carry no overt phenotype (13,14). Likewise, double
knockouts involving SAPK1a and 1b and SAPK1b and 1c are also viable. In contrast,
SAPK1a and 1c double knockouts are embryonic lethal with a phenotype involving dys-
regulation of apoptosis in the brain (14). SAPK1b is a major SAPK in the adult brain and
studies of the SAPK1b knockout mice have revealed that these mice are resistant to excito-
toxic insults involving kainate. The animals have reduced seizures following administra-
tion of kainate, and kainate-induced apoptosis of hippocampal neurones is also reduced
(13). Thus, these studies of c-Jun phosphorylation mutant mice and SAPK1 knock-out
mice together provide compelling evidence that SAPK1 (and, in particular, SAPK1b-
mediated phosphorylation of c-Jun) plays a major role in glutamate-induced excitotoxic
damage of neurones.

3.2. SAPK Inhibitors and Ischemia

Glutamate is known to activate both SAPK1 and SAPK2 isoforms in neurones (15–
17) and the development of specific SAPK inhibitors has enabled their therapeutic value
to be determined following ischemic insults. Recently, SB239063, a second generation
SAPK2 inhibitor, has been shown to be neuroprotective in rodent models of cerebral
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focal ischemia (18). Interestingly, SB239063 also reduced stroke-induced expression of
interleukin (IL)-1β and TNF-α, which are cytokines that contribute to stroke-induced
brain injury (19). These studies demonstrate the potential of SAPK inhibitors as thera-
peutics for neurodegenerative disease.

3.3. MAPKs/SAPKs and the Neuronal
Cytoskeleton in Neurodegenerative Diseases

Abnormal accumulations of the cytoskeleton are seen in several neurodegenerative
diseases; these include Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and
Parkinson’s disease. The constituent proteins in these accumulations are often charac-
terized by being abnormally or inappropriately phosphorylated. Thus, in Alzheimer’s
disease, accumulations of hyperphosphorylated tau are the major component of the paired
helical filaments (PHF) seen in the neurofibrillary tangle (for reviews, see refs. 20 and 21).
Likewise, neurofilament accumulations found in degenerating motor neurones in ALS
contain phosphorylated neurofilament-middle- and -heavy-chain (NF-M/NF-H) side
arms (22). Neurofilaments containing phosphorylated NF-M/NF-H side-arms are also a
component of the Lewy bodies in Parkinson’s disease and Alzheimer’s disease (23,24).

Many of the sites that are phosphorylated in the tau and neurofilament accumulations
are serine and threonine residues that precede a proline (SP/TP motifs). These are con-
sensus sites for phosphorylation by members of the MAPK/SAPK family. Although the
best candidate kinases for phosphorylating tau on the SP/TP motifs are glycogen syn-
thase kinase-3 (GSK-3) and cyclin-dependent kinase-5 (cdk5/p35) (25,26), there is evi-
dence that p42/p44 MAPKs, SAPK1, and SAPK2 may also phosphorylate these sites
(27,28). Indeed, MAPKs have been shown to be associated with components of the cyto-
skeleton, including tau (29). Thus, aberrant activation of MAPK/SAPKs may be part of
the pathogenic process that leads to hyperphosphorylation of tau in Alzheimer’s disease.

More robust data, however, links MAPK/SAPKs with phosphorylation of neurofila-
ment side arms. Several laboratories have now shown that NF-M and NF-H side arms
are substrates for both p42/p44 MAPKs and SAPK1 members (17,30–34).

Neurofilaments are synthesized in cell bodies and then transported into and through
axons, and their accumulation in disease states indicates that this transport might be per-
turbed. Indeed, defective transport of the cytoskeleton is an early pathogenic feature in
transgenic mice expressing mutant forms of Cu/Zn superoxide dismutase-1 (SOD1) (35,
36). Mutations in SOD1 are the cause of some familial forms of ALS and mice express-
ing mutant SOD1 are a model of this disease.

The mechanisms that regulate the speed of transport of neurofilaments down the axon
are not properly understood, but much correlative evidence links slowing of neurofila-
ment transport with increased phosphorylation of NF-M/NF-H side arms (see, e.g., refs.
32 and 37–43). Thus, one possibility is that aberrant activation of MAPK/SAPKs occurs
in these disease states, leading to increased NF-M/NF-H side-arm phosphorylation, slow-
ing of neurofilament transport, and the formation of neurofilament accumulations.

3.4. SAPKs and Familial Forms of ALS and Alzheimer’s Disease:
Mutant SOD1, the Amyloid Precursor Protein, and Presenilins

Some forms of ALS and Alzheimer’s disease are familial; mutations in the SOD1
gene can cause ALS, and mutations in the amyloid precursor protein (APP) and pres-
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enilin genes can cause Alzheimer’s disease. The precise mechanisms by which these
mutations induce disease are not properly understood. However, for mutant SOD1,
some of its proposed pathogenic properties are predicted to lead to activation of MAPK/
SAPKs. One suggestion is that mutant SOD1 acts as a peroxidase to catalyze the for-
mation of damaging hydroxyl radicals (44). A second possibility is that the mutations
cause the enzyme to catalyze the conversion of oxygen to superoxide (effectively run-
ning the normal reaction backward); superoxide would then combine with nitric oxide
to produce peroxynitrite (45,46). Both of these agents are known to activate MAPK/SAPKs;
hydroxyl radicals can activate SAPK1 isoforms (47) and peroxynitrite can activate
p42/p44 MAPKs and SAPK2 isoforms (48). Thus, some of the pathogenic events down-
stream of mutant SOD1 may be mediated by members of the MAPK/SAPK family.

Increased production and deposition of the 39–43 amino acid Aβ peptide derived from
APP is believed to be mechanistic in Alzheimer’s disease. The mutations in APP and
presenilin-1 that cause Alzheimer’s disease are known to modulate APP processing and
Aβ production. APP is a phosphoprotein and phosphorylation of threonine 668 within
its cytoplasmic domain may regulate APP processing and Aβ production (49). Recently,
we have shown that this site is phosphorylated by SAPK1b (50) and so activation of SAPKs
may lead to increased Aβ production. Mutant presenilin has been shown to increase
vulnerability of neurones to excitotoxic damage by glutamate (51). Mutant presenilin
may therefore lead indirectly to activation of SAPKs. Thus, as with ALS, activation of
SAPKs may also play a part in neuronal cell death in Alzheimer’s disease.
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Roles of Chemokines

and Their Receptors in Neuroinflammation

Andrzej R. Glabinski and Richard M. Ransohoff

1. CHEMOKINES: OVERVIEW

Chemokines are chemoattractant cytokines that stimulate directional migration of
inflammatory cell in vitro and in vivo. Because of this, chemokines can be included into
a large group of cytokines involved in the pathogenesis of inflammatory processes. All
chemokines were identified within the last 20 yr and our knowledge about their roles in
biology is rapidly growing. At present, an enormous amount of literature about chemo-
kines and chemokine receptors is published each year.

There are now more than 50 different chemokines described in the literature. They
are virtually all 8- to 10-kDa proteins with 20–70% homology in amino acid sequence.
Chemokines are divided according to their structure into four main subfamilies: XCL,
CCL, CXCL, and CX3CL. The criterion is the presence or absence of intervening amino
acids between the first two cysteines near the N-terminus. If these cysteines are adjacent,
the chemokine belongs to the CCL subfamily. The presence of one or three separating
amino acids assigns the chemokine to the CXCL or CX3CL subfamily. The XCL sub-
family possesses only one cysteine at the N-terminus. The CX3CL subfamily comprises
only one chemokine: fractalkine. The XCL subfamily includes two chemokines: XCL1
(lymphotactin) and XCL2 (SCM1). The two other chemokine subfamilies, CXCL and CCL,
are much larger and can be further subdivided. The CXCL family consists of at least 16
members, CCL is even larger—at least 28 members identified to date. The criterion for
further division of the CXCL subfamily is the presence of the ELR motif (glutamate–
leucine–arginine) near the N-terminus. This subdivision also has functional significance.
Chemokines with the ELR motif attract neutrophils, whereas non-ELR CXC chemo-
kines attract predominantly mononuclear inflammatory cells: monocytes and lymphocytes.
CC chemokines can also be subdivided further into monocyte chemoattractant proteins
(MCP-1–5) and others (1).

Originally described as chemoattractant factors, chemokines turned out to be involved
also in a large diversity of other physiological and pathological processes. They can not
only guide leukocytes to inflammatory sites but also activate target cells at sites of injury.
ELR-positive CXC chemokines (interleukin [IL]-8, GRO possess angiogenic activity,
whereas ELR-negative interferon-inducible protein [IP-10], Mig) are angiostatic. Sev-
eral chemokines may also induce smooth-muscle proliferation and induce cytokine pro-
duction in lymphocytes (2).
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2. CHEMOKINE RECEPTORS

Chemokines influence their target cells through chemokine receptors, which belong
to seven transmembrane domain receptors signaling through the G-protein system.
The homology between chemokine receptors is between 25% and 80% (3). There are
11 chemokine receptors described so far for CC chemokines (CCR1-11), 6 for CXC
chemokines (CXCR1-6), and 1 for each CX3C and C chemokine (XCR1 and CX3CR1,
respectively). The interactions between chemokines and their receptors are complex
and significant redundancy in this system is observed. It is frequently observed that
multiple chemokines can bind to single chemokine receptor and that several chemokine
receptors can respond to an individual chemokine ligand. Several chemokine receptors
provide exceptions to this rule and are “monogamous.” In general, chemokine receptors
do not respond to ligands from distinct subfamilies. These properties resulted in the divi-
sion of chemokine receptors into four main functional groups: shared, specific, promis-
cuous, and viral (4). The examples of specific receptors are CXCR5 (ligand BCA-1),
CCR6 (ligand MIP-3a), and CCR9 (ligand TECK). The cardinal example of a promis-
cuous chemokine receptor is Duffy antigen receptor for chemokines (DARC), which is
expressed mainly on erythrocytes and postcapillary venules. Because it does not signal
and is present abundantly on circulating erythrocytes, it was suggested that this recep-
tor may serve as a “sink for chemokines,” eliminating excess and promoting maintenance
of chemokine gradient (5). The last group of chemokine receptors are virus-encoded
receptors. Their biological role(s) is not known. The most plausible hypothesis is that
viruses “pirated” chemokine receptors to degrade host defenses during infection. In
addition to virus-encoded chemokine receptors, some viruses also encode chemokine
homologs and chemokine-binding proteins, presumably to achieve the same goals dur-
ing infection (6).

Chemokine receptors are present mainly on blood inflammatory cells (leukocytes).
Some of them may be constitutively expressed like CCR2 on monocytes; others (like
CCR5 on lymphocytes) have to be upregulated by inflammatory stimuli (e.g., IL-2) (7).
It was also recently shown that the division of acivated T-helper lymphocytes (Th)
cells into pro-inflammatory Th1 and anti-inflammatory Th2 cells is also reflected by
the expression of a different spectrum of chemokine receptors. Th1 cells express mainly
CCR1, CCR5, and CXCR3 receptors, whereas Th2 predominantly CCR3, CCR4, and
CCR8 (8). Our knowledge about chemokine receptors increased significantly after the
discovery that the human immunodeficiency virus (HIV) uses CCR5, CXCR4, and many
other chemokine receptors as coreceptors for invasion of T-cells and monocytes.

Chemokine binding to chemokine receptors initiates upregulation of inositol triphos-
phate and intracellular calcium flux. Moreover, the activation of Ras and Rho families
is induced. The Rho family plays a role in the formation of pseudopods involved in direc-
tional migration of inflammatory cells (9).

3. CHEMOKINES AND LEUKOCYTE EXTRAVASATION

Chemokines are produced at tissue sites of inflammation by parenchymal cells that
thereby induce the migration of inflammatory cells from the blood. Moreover, chemo-
kines are produced by migrating leukocytes, thus augmenting the inflammatory pro-
cess. The extravasation of leukocytes and their accumulation in an inflamed region is a
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complicated and multistep process. It is initiated by adhesion molecules (i.e., selectins
expressed on endothelium and leukocytes that interact with their carbohydrate recep-
tors). This interaction causes leukocyte “rolling” on endothelium. At this stage, another
group of adhesion molecules, integrins, initiate firm attachement of leukocytes to endo-
thelium and their exposure to chemokine gradient. This signal stimulates transmigra-
tion of inflammatory cells from the vessel lumen to inflamed tissue. Chemokines play
an important role during the extravasation step of this process, but they are also required
to activate integrins and initiate leukocyte arrest and, in this way, accelerate the pro-
cess of transmigration. Expression of specific sets of chemokines in an inflammatory
region is responsible for the cellular composition of inflammatory foci.

The inflammatory process in the central nervous system (CNS) has unique features
not seen in the periphery. The most important difference is the presence of the blood-
brain barrier (BBB), which is composed of the nonfenestrated cerebrovascular endothe-
lium sealed by tight junctions. Inflammatory cells migrating to the CNS must first penetrate
the BBB and accumulate in perivascular/subarachnoid space (10). Under physiologi-
cal conditions, only activated T-cells penetrate this barrier during the process of immu-
nological surveillance of the CNS (11). Inflammation of immunological origin starts when
patrolling T-cells encounter cognate antigen within the CNS parivascular space (12).
As a result, proinflammatory cytokines are produced by both T-cells and perivascular
macrophages, stimulating CNS parenchymal cells to express chemokines (see Section
4). Astrocyte-derived chemokines may influence the BBB endothelium and attract anti-
gen-nonspecific inflammatory cells to the nascent site of inflammation (13). Inflammatory
responses in the CNS also result from diverse other types of injury, including infection
and mechanical, physical, chemical, and ischemic damage. Regardless of its origin, this
response is usually characterized by chemokine overexpression (see Section 5).

4. EXPRESSION OF CHEMOKINES BY CNS CELLS IN VITRO

Although inflammatory leukocytes are the principal producers of chemokines and
bearers of their receptors, cells of neural origin are also able to express chemokines
and chemokine receptors. Initial studies showed that human glioma cell lines produce
MCP-1 and IL-8 (14,15). Cultured astrocytes stimulated with tumor necrosis factor-α
(TNF-α) and transforming growth factor (TGF-β) express MCP-1 at both mRNA and
protein levels (16) and astrocytoma cells stimulated with interferon-γ (IFN-γ) produce
MCP-1 (17). Stimulated astrocytes are also able to express monocyte inflammatory pro-
tein (MIP)-1α, MIP-1β, RANTES, and IP-10 (18–20). Infection of cultured astrocytes
with paramyxovirus NDV stimulates expression of IP-10 and RANTES (21), and HIV-1
infection stimulates expression of IL-8 and IP-10 in affected astrocytes (22). Infection of
cultured human astrocytes with neurotropic coronavirus OC43 leads to increased expres-
sion of cytokines IL-6 and TNF-α, as well as chemokine MCP-1 (23).

Microglial cells (especially after stimulation) have been also shown to be potent sources
of some chemokines. After stimulation with IL-6 and colony-stimulating factor-1 (CSF-1)
brain macrophages express MCP-1 (24). Other inflammatory cytokines like TNF-α and
IL-1β and lipopolysaccharide (LPS) may stimulate cultured microglia to produce MCP-1,
MIP-1α, and MIP-1β (25), IL-8 (26), and RANTES (27). It has been also shown that
some infectious agents may stimulate overexpression of chemokines by microglia. For
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example, the simian immunodeficiency (SIV) virus (28) and cryptococcal polysaccha-
ride (29) can induce expression of IL-8 in cultured microglia.

Cultured brain endothelial cells can express MCP-1 spontaneously and this expres-
sion increases after stimulation with TNF-α (30). It has been recently shown that cultured
human cerebromicrovascular endothelial cells are able to express genes for MCP-1 and
IL-8 when stimulated by hypoxic astrocytes, mediated by IL-1β (31). Brain microvas-
cular endothelial cells may express CXCR2 as well (32). Parasitic infection of cultured
brain endothelium stimulates expression of IL-8 (33). Mixed human brain cell cultures
stimulated with TNF-α expressed RANTES and MIP-1β (34).

Chemokine receptors have also been found to be expressed on CNS cells in vitro and
in vivo. Numerous studies showed that cultured astrocytes can express CXCR4, CX3CR1,
CCR1, CCR10, and CCR11 (35–37). In our studies, TGF-β1, but not IFN-γ, TNF-α, and
LPS was able to stimulate primary mouse astrocytes to upregulate selectively CCR1 in
vitro (38). In the same model, TNF-α was a potent supressor of CXCR4 expression at
the mRNA and protein levels (39).

Microglia can express CCR3, CCR5, CXCR4, and CX3CR1 in vitro (36,40,41). Cul-
tured human neurons were shown to express CCR1, CCR5, CXCR2, and CXCR4 (42).
Another group showed that cultured human fetal neurons and the human neuronal cell
line NT2.N can express CCR2, CXCR2, CXCR3 and CXCR4 at the mRNA and protein
levels. Additionally, it has been shown in those studies that NT2.N neurons may pro-
duce chemokine MCP-1 (43).

5. GENETICALLY PROGRAMMED
OVEREXPRESSION OF CHEMOKINES IN CNS IN VIVO

Studies on chemokine expression under the control of CNS-specific promoters showed
accumulation of appropriate subsets of leukocytes in this organ. These observations
indicate that chemokines are potent inducers of selective recruitment of leukocyte sub-
populations from the blood to the CNS in vivo. Transgenic mice expressing MCP-1
under control of the oligodendrocyte-specific MBP promoter exhibited selective mono-
cyte accumulation in CNS perivascular spaces (44). Intraperitoneal injection with LPS
augmented this accumulation. Despite massive inflammatory infiltrates, transgenic mice
did not show any evident neurological and behavioral deficits (44). In another study, trans-
genic mice expressing chemokine KC in oligodendrocytes massive accumulation of neu-
trophils was found. The peak of this expression was observed between 2 and 3 wk of age
in perivascular, meningeal, and parenchymal sites of CNS tissue (45). Those mice devel-
oped delayed (beginning from 40 d of age) neurological syndrome of postural instabil-
ity and rigidity. Neuropathological analysis showed BBB disruption and microglial
activation (45).

Those observations suggested that chemokines may selectively recruit specific sub-
populations of inflammatory cells to the CNS and that this chemokine-driven recruitment
is not invariably linked to leukocyte activation.

6. CHEMOKINES IN INFECTIOUS NEUROINFLAMMATION

 Chemokines are important players in the formation of the inflammatory response
of an organism to infectious challenge. Although neuroinflammation is characterized
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by certain unique features (when compared to inflammation in other organs), other essen-
tial characteristics of inflammatory responses are conserved. One conserved mecha-
nism is localized production of chemoattractant agents at sites of inflammation. In an
early study analyzing chemokine involvement in the pathogenesis of experimental
pneumococcal meningitis, Saukkonen and co-workers observed that intracisternal admin-
istration of antibodies blocking MIP-1α, MIP-1β, and MIP-2 during induction of the
diseases delayed the onset of inflammation (46). In brains from mice with encephalo-
myelitis induced by Listeria, expression of genes for MIP-1α, MIP-1β, and MIP-2 was
also detected (47). This expression was mainly localized in neutrophils accumulating
in lateral and third ventricles starting from 12 h after disease induction. The highest level
of MIP-1α and MIP-2 in corresponding cerebrospinal fluid (CSF) was found by enzyme-
linked immunosorbent assay (ELISA) at 48–72 h postinfection (47).

Many studies analyzed the level of chemokines in the CSF from patients with menin-
gitis of different origins. It has been reported that there is a correlation between IL-8 and
GRO-α levels and granulocyte counts in the CSF from patients with bacterial meningitis
and between MCP-1 CSF levels and mononuclear cell counts in CSF from patients with
nonbacterial meningitis (48). Others observed a correlation between IL-8 concentration
in CSF and neutrophil counts in patients with nonpyogenic meningitis (49). In patients
with pneumococcal, meningococcal, and Haemophilus influenzae bacterial meningitis,
MCP-1, IL-8, and GRO-α, as well as also levels of MIP-1α and MIP-1β were elevated
in the CSF (50). This observation was extended by studies showing diminished migra-
tion of neutrophils after addition to the CSF of anti-IL-8 and anti-GRO-α antibodies.
Migration of mononuclear cells was reduced in the same system by anti-MIP-1α, anti-
MIP-1β, and anti-MCP antibodies (50). A recent study analyzing the development of
experimental brain abscess after embolization of Staphalococcus aureus beads showed
involvement of chemokines in that process. Increased expression of neutrophil chemo-
attractant KC was detected 24 h after infection, whereas MCP-1 and MIP-1α were over-
expressed in the brain within 24 h after bacterial exposure (51).

Viral infections of the CNS parenchyma were also shown to be connected with increased
chemokine levels in the CSF. In encephalitis caused by SIV, a primate model of human
AIDS encephalitis, increased expression of MIP-1α, MIP-1β, MCP-1, MCP-3, RANTES,
and IP-10 was detected (52). Lymphocytic choriomeningitis infection led to increased
expression of genes for MCP-1, MIP-1β, RANTES, IP-10, and MCP-3 in the brains of
infected mice by 3 d after infection. A later increased expression of C-10, MIP-2, MIP-
1α and lymphotactin was observed (53). In encephalomyelitis caused by mouse hepati-
tis virus (MHV), increased expression of MIP-1α, MIP-2, IP-10, MCP-1, and RANTES
was detected in the infected brain and spinal cord. Astrocytes expressed IP-10 in that
model (54). It has been proposed recently that Mig contributes significantly to the clear-
ance of MHV CNS infection, as mice treated with anti-Mig antisera had much more
severe disease. In the treated group, accumulation of CD4+ and CD8+ T-cells and expres-
sion of IFN-γ in the brain were significantly decreased (55).

Increased expression of MIP-1α, MIP-1β, IP-10, MCP-1, and RANTES was present
in murine brain during fatal hemorrhagic encephalopathy induced by infection with
mouse adenovirus type-1 (MAV-1) (56). The same infection caused increased upregu-
lation of chemokine receptors CCR1-5 in BALB/c and C57BL/6 mice (57). In dogs
infected by canine distemper virus (CDV), an increased level of IL-8 was observed in
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the CSF (58). During meningoencephalitis induced by infection with the Borna disease
virus (BDV), astrocytes were shown to express mRNA for IP-10 (59). Theiler’s virus
model of multiple sclerosis (MS) was characterized by biphasic overexpression of che-
mokines IP-10, MCP-1, and RANTES, first during the acute inflammatory stage of the
disease and, later, during demyelinating stage of infection (60).

In brains from patients with HIV encephalitis, MCP-1, MIP-1α, and RANTES were
detected on macrophages (61). Moreover, in brains from patients with HIV-associated
dementia, in which monocytic infiltration of the CNS is present, increased levels of
MCP-1 were detected in brains and CSF (62). The human T-cell lymphotrophic virus
type-1 (HTLV-1) virus causes chronic progressive myelopathy with neurological and path-
ological features similar to progressive MS. Expression of MCP-1 has been observed in
spinal cord lesions present in that disease (63). Moreover, HTLV-1 -specific T-cell clones
from patients with this myelopathy may express chemokines MIP-1α and MIP-1β (64).

Additional information showing involvement of chemokines in infectious neuro-
inflammation was obtained by studying mice with disrupted chemokine and chemokine
receptor genes. MIP-1α knockout mice infected with neurotropic fungus Cryptococcus
neoformans had decreased leukocyte recruitment to the brain and impaired cryptococcal
clearance from the brain (65). In the CSF from patients with Cryptococcal meningitis,
an increased level of IL-8 was found (29).

7. CHEMOKINES IN IMMUNE-MEDIATED NEUROINFLAMMATION

The best characterized experimental neuroinflammation of immunological origin is
experimental autoimmune encephalomyelitis (EAE). This disease can be induced in
susceptible strains of laboratory animals (mice, rats, guinea pigs, monkeys) by immuni-
zation with CNS myelin protein antigens like myelin basic protein (MBP), proteolipid
protein (PLP), and myelin oligodendrocyte glycoprotein (MOG). EAE is an example of
autoimmune inflammation of the CNS and is characterized by the presence of dissemi-
nated inflammatory “cuffs” around microvessels of the brain and spinal cord. EAE is
considered to be a useful animal model of certain aspects of the human demyelinating
disease MS. Both diseases share similar pathological features, although the autoimmune
origin of MS has not been rigorously proven yet.

Initial descriptive reports showed that expression of some chemokines (MCP-1, IP-10)
occurs during early stages of EAE (66,67) and those chemokines are expressed by astro-
cytes in the vicinity of inflammatory lesions (67). Later, the expression of additional che-
mokines (MIP-1α, MIP-1β, RANTES, KC, MCP-3, TCA-3, fractalkine, MCP-5) was
detected during acute EAE (68–70). Our results showed that chemokine expression by
parenchymal astrocytes during EAE do not initiate, but amplify, the ongoing CNS inflam-
matory process (13). A correlation among MIP-1α, RANTES, and GRO-α expression
and intensity of CNS inflammation was also reported (71). A functional study found that
the blockade of MIP-1α expression by antibody prevented the appearance of passively
transferred acute EAE (72). However, mice with knockout of MIP-1α and its receptor
CCR5 were fully susceptible to MOG-induced EAE, showing the complexity of this sub-
ject (73). Lately, in a variant of EAE in BALB/c mice characterized by pronounced neu-
trophil accumulation, increased expression of MIP-2 (chemokine-attracting neutrophils)
as well as MIP-1α and MCP-1 was reported. Astrocytes were the main cellular source
of MIP-2 and MIP-1α; infiltrating neutrophils expressed MIP-1α and MCP-1 (74).
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In chronic relapsing EAE (ChREAE), characterized by the spontaneous appearance of
clinical relapses of the disease, we observed overexpression of chemokines MCP-1, IP10,
GRO-α, MIP-1α, and RANTES concomittant with relapse. Astrocytes were the pro-
ducers of MCP-1, IP-10, and GRO-α, whereas infiltrating inflammatory cells expressed
RANTES and MIP-1α (75). Anti-MCP-1, but not anti-MIP-1α, antibody was shown to
significantly reduce the severity of relapses in ChREAE (76). Recently, mice lacking
the MCP-1 gene were shown to be markedly resistant to EAE induction and showed
impaired recruitment of macrophages to the CNS (77). The expression of chemokines
within the CNS parenchyma during EAE is probably driven by inflammatory cytokines
produced by migrating inflammatory cells as supported by observations in IFN-γ knock-
out mice (GKO) with EAE. In that model, we observed selectively diminished IP-10
expression, whereas non-IFN-γ-dependent chemokines, MCP-1 and GRO-α, were over-
expressed (78).

In addition to chemokines, CNS expression of chemokine receptors CXCR2, CXCR3,
CXCR4, CX3CR1, CCR2, CCR5, and CCR8 was increased during EAE (41,79). In
ChREAE, the expression of CXCR2 and CXCR4 correlated with the appearance of new
relapses (80). Protection from EAE induced with altered peptide ligand (APL) was shown
to reduce levels of several chemokines and also CXCR2, CXCR3, CCR1, CCR5, and
CCR8 (79). CCR6 and its ligand MIP-3a, a potent attractant of dendritic cells (DCs),
were both upregulated in the CNS during EAE. In those studies, a prominent infiltra-
tion of mature DCs in the spinal cord of mice with acute and chronic EAE was described
(81). Two recent publications showed that CCR2 plays a necessary role in the patho-
genesis of EAE. Mice with CCR2 knockout did not develop clinical EAE and failed to
accumulate mononuclear inflammatory cells in the CNS. Moreover, they failed to
upregulate RANTES, MCP-1, IP-10, CCR1, CCR2, and CCR5 during EAE (82,83).

Many reports have been published lately addressing chemokine expression in MS.
Reassuringly, these results resemble those obtained earlier in EAE. Hvas and co-workers
detected RANTES by in situ hybridization in perivascular inflammatory cells (84). In
another study, MCP-1 was localized in astrocytes and inflammatory cells and MIP-1α
and MIP-1β in inflammatory cells in active MS plaques (85). Reactive astrocytes and
inflammatory cells were also shown to express MCP-1, MCP-2, and MCP-3 in active
MS lesions by others (86). Recently, our group reported increased levels of IP-10, Mig,
and RANTES in the CSF from patients with MS relapse (87). The receptor for IP-10 and
Mig (CXCR3) was detected on CSF cells, as well as lymphocytes in perivascular inflam-
matory cuffs; the receptor for RANTES (CCR5) was present on lymphocytes, macro-
phages, and microglial cells in active MS lesions (87). Compatible results were published
by others (88). Analysis of chemotactic activity of T-cells from MS patients showed
increased migratory rate toward chemokines RANTES and MIP-1α. This aberrant migra-
tion could be diminished by anti-CCR5 antibodies (89). Moreover CCR2 and, to a smaller
extent, CCR3 were detected in MS brains on CNS-infiltrating lymphocytes as well as on
macrophages and microglia. Ligands for those receptors, MCP-1 and MCP-3, were local-
ized around inflammatory foci (85). The same group reported Mig, IP-10, and CXCR3
expression in actively demyelinating lesions by macrophages and reactive astrocytes in
periplaque CNS tissue (90). Treatment of remitting–relapsing MS with IFN-β reduced
RANTES production in sera- and blood-adherent mononuclear cells both in relapse
and in remission (91).
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8. CHEMOKINES IN TRAUMA TO THE NERVOUS SYSTEM

Several types of physical CNS injury have been shown to be followed by increased
expression of chemokines. MCP-1 overexpression was observed after mechanical pene-
trating injury to the brain (92,93). Astrocytes in the vicinity of the injury site expressed
MCP-1 as early as a few hours after trauma (93). Expression of other chemokines studied
in that model was not increased. We observed a strict correlation between MCP-1 expres-
sion and the intensity of the inflammatory reaction in the brain. Out of four different
injury models studied, the paradigm with the lowest intensity of inflammatory reaction
(neonatal stab injury model) was typified by the lowest MCP-1 expression (93). Other
investigators showed increased expression of RANTES and MIP-1β 24 h after stab
injury to the brain (94). Immunohistochemistry localized MIP-1β in reactive astrocytes
and macrophages at the site of injury, whereas RANTES was diffusely expressed in sur-
rounding necrotic tissue (94). Augmentation of mechanical cortical injury with LPS led
to increased expression of several chemokines: MCP-1, MIP-1α, MIP-1β, RANTES,
IP-10, and KC (95). Antisense oligodeoxynucleotides that suppress MCP-1 protein expres-
sion diminished the accumulation of macrophages at the site of stab injury to the rat
brain (96). In a model of mechanical injury to the spinal cord, the expression of MIP-1α
and MIP-1β was observed 1 d after injury diffusely in gray matter, later being present in
inflammatory cells at the site of injury (97). In a precisely calibrated contusion injury
to the spinal cord, increased expression of other chemokines was also reported. MCP-1
>>> MCP-5 = GRO-α = IP-10 = MIP-3α were expressed within hours after injury and
pre-ceded influx of inflammatory cells to the site of injury (98).

Another type of injury, cryolesion of the cerebral cortex, induced increased expres-
sion of MCP-1, with a peak at 6 h after trauma. Another chemokine analyzed in that
model, IP-10, was not overexpressed (99). During chemical injury to the CNS induced
by triethyltin (TET) overexpression of MIP-1α was detected (100). It has been reported
recently that MCP-1 may be an important mediator of acute excitotoxic injury induced
by N-methyl-D-aspartate in the neonatal rat brain (101). In the CSF from patients with
severe brain trauma, the IL-8 concentration was significantly elevated. There was a clear
correlation between the CSF IL-8 level and BBB disruption measured by the CSF/serum
albumin ratio (102).

9. CHEMOKINES IN ISCHEMIC INJURY TO THE NERVOUS SYSTEM

Several studies have demonstrated that one consequence of CNS ischemia is increased
expression of chemokines. Early experiments reported increased expression of MCP-1
and MIP-1α 6 h after onset of brain ischemia (103). In that study, endothelial cells and
macrophages expressed MCP-1, whereas MIP-1α was described in astrocytic cells (103).
In another study, experimental middle cerebral artery occlusion (MCAO) also induced
increased expression of MCP-1 beginning 6 h after injury (104). Astrocytes provided the
main cellular source of MCP-1 after MCAO; later (after 4 d) MCP-1 was expressed
predominantly by macrophages and microglia at the ischemic area (105). Overexpression
of MIP-1α was detected in microglia localized in injured brain region after 4–6 h of
ischemia (106). In the rat model of MCAO, CXC chemokine cytokine-induced neutro-
phil chemoattractant (CINC) was overexpressed after 12 h of ischemia (107). In the same
model, increased expression of CXCR3 was observed and correlated with leukocyte
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accumulation after focal brain ischemia (108). In a neonatal model of brain hypoxia–ische-
mia, the peak of MCP-1 expression was detected at 8–24 h after the onset of ischemia and
this expression returned to basal levels by 48 h (109).

Pronounced reperfusion after focal brain ischemia may lead to additional brain dam-
age and is usually a result of the accumulation of neutrophils. Chemokines attracting
neutrophils like IL-8 and CINC were shown to be upregulated after brain reperfusion
(110). Blocking IL-8 with the antibody significantly reduced the size of infarcted brain
tissue (110). In a rat forebrain reperfusion injury model, MCP-1 expression was detected
at the transcript level as early as 1 h after reperfusion (111).

In patients with subarachnoid hemorrhage, MCP-1 and IL-8 levels in the CSF were
significantly increased compared with patients with unruptured aneurysms (112).

10. CHEMOKINES IN NEURODEGENERATION

In the course of neurodegenerative disorders, the BBB remains intact and migration of
inflammatory cells from the blood to the CNS is not observed. Therefore, inflammatory
cells detected during chronic neurodegenerative pathologies are CNS macrophages/
microglia. Chemokine and chemokine receptor expression was extensively studied in
Alzheimer’s disease (AD), the most common nerodegenerative disease causing demen-
tia. It has been shown that CXCR2 immunostaining is present in senile plaques and
correlates with APP expression (113,114). Additionally, increased expression of CCR3
and CCR5 in reactive microglia of AD brains was reported. In that study, MIP-1β was
detected in AD predominantly in reactive astrocytes (115). The same group reported
overexpression of IP-10 and its receptor CXCR3 in astrocytes in AD brains (116). Other
authors observed increased expression of MCP-1 in mature senile plaques and reactive
microglia from patients with AD (117). Additional information from in vitro studies con-
firms the possible involvement of chemokines and their receptors in AD pathogenesis.
β-Amyloid was shown to stimulate cultured brain macrophages to produce MCP-1 (118)
and astrocytoma cells for production of IL-8 (119). Interestingly, RANTES was shown
to be neuroprotective when added to neuronal cultures exposed to toxic fragment of β-
amyloid peptide (120).

In an experimental model of thalamic retrograde neurodegeneration induced by dam-
age to the cerebral cortex, rapid overexpression of MCP-1 in a thalamus ipsilateral to
injury was observed. This expression was localized by in situ hybridization to glial cells
of the lateral geniculate nucleus (121).

11. CHEMOKINES IN PERIPHERAL NERVOUS SYSTEM PATHOLOGY

After axotomy in the peripheral nervous system, macrophages accumulate at the site
of nerve transection. It has been hypothesized that this inflammatory reaction is the
principal factor promoting regeneration of injured periperal nerve. It has been reported
that expression of MCP-1 preceded recruitment of macrophages to the injury region
and was localized by in situ hybridization in Schwann cells (122). In a recent study
analyzing chemokine expression in the experimental lesion of facial and hypoglossal
nerves, MCP-1 was expressed by damaged neurons. Expression of RANTES and IP-10
as well as the MCP-1 receptor CCR2 was not elevated (123). In a model of peripheral
Wallerian degeneration induced in CCR2 knockout mice, a macrophage invasion after
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sciatic nerve transection was significantly impaired. In sciatic axotomy of CCR5-defi-
cient mice, this finding was not observed (124).

An animal model of human Guillain–Barre polyneuropathy, experimental autoim-
mune neuritis (EAN) is characterized by the presence of mononuclear inflammatory cells
(lymphocytes and macrophages) in affected nerves. It has been reported that MCP-1
expression increases shortly before clinical signs of this disease (125). In another study
in that model, the peak of MIP-1α and MIP-1β expression preceded maximum disease
severity, whereas the maximum expression of MCP-1, RANTES, and IP-10 was present
at the time of peak of the disease. RANTES expression was localized within invading
lymphocytes, and IP-10 was detected mainly in perineurial endothelium (126). In tri-
geminal ganglia from mice infected at least 5 d earlier with herpes simplex virus type I,
increased expression of RANTES was found (127).

12. CONCLUSIONS

The data described in this review show that chemokines play important roles in
diverse nervous system pathologies. Originally described as chemotactic agents, che-
mokines have recently been found to be crucial factors in damage to nervous tissue, as
key mediators of inflammatory responses. Chemokine involvement has been reported
in neuroinfections, autoimmune pathologies, neurotrauma after mechanical, physical,
or chemical injury, and ischemia. Rapidly accumulating information about the extra-
inflammatory properties of chemokines has also impacted the neurosciences. Currently,
chemokines and their receptors are considered to be important factors in neurodegen-
erative processes, nervous tissue development, and neuron–glia communication. One
may expect that, in the near future, our knowledge in this area will expand further. How-
ever, even at present, chemokines can be considered important targets for new therapies,
especially in neuroinflammatory conditions.
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Neurotoxic Mechanisms of Nitric Oxide

Kathleen M. K. Boje

1. INTRODUCTION

Nitric oxide (nitrogen monoxide; NO) is a simple molecular specie that has diverse,
yet versatile biological functions. As a biological emissary, NO and its redox deriva-
tives participate in necessary physiological functions or undesired pathological distur-
bances (1). NO is a ubiquitous second messenger (2), exerting physiological roles in
many organ systems (e.g., musculature, pulmonary, gastrointestinal, immune, renal, endo-
crinological, and reproductive systems) (3–8), in addition to modulation of regional and
systemic circulation (9–11). NO is also involved in the developmental aspects of neu-
rosynaptic plasticity (12,13).

The scientific literature is replete with numerous and diverse contemporary reviews
of NO and nitric oxide synthase (NOS) (14). For a succinct global overview with a his-
torical perspective, the reader may wish to consult the review by Moncada and Furchgott
(15), who each are established leaders for his seminal contribution to the discovery and
identification of NO.

Nitric oxide and related species exert intricate physiological and pathophysiological
effects in the central nervous system (CNS). Under the “right” conditions, NO and its
derivatives can initiate and mediate toxicity either exclusively or synergistically with
other effectors. As such, NO neurotoxicity represents only one mechanism of neuro-
toxicity; other mechanisms are operative, depending on the brain region, cell type, and
initial cellular insult. The focus of this chapter is restricted to a discussion of the neuro-
toxicity of NO and its derivatives.

2. BIOCHEMISTRY OF NITRIC OXIDE

2.1. Nitric Oxide Synthase Isoforms: Biochemical Characteristics

Nitric oxide is synthesized by one of three isoforms of NOS, each of which has been
characterized and cloned from many tissues from diverse animal species, including
humans (15). The naming conventions for the isoforms are based on the isoform’s orig-
inal expression characteristics (tissue source, constituitive or inducible) and, as such, the
currently accepted nomenclature still uses such designations with the implicit under-
standing that the designation is not to be construed literally. For example, the inducible
isoform (iNOS) is constituitively expressed in some tissues (including fetal tissue); the
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constitutive isoforms can be upregulated under certain conditions; and the neuronal
isoform (nNOS) is expressed in skeletal muscle (15,16). It is apparent that the expres-
sion (constitutive versus inducible) and functional activity (transient versus sustained
synthesis) of the NOS isoforms are influenced by cell/tissue type (14).

Various CNS cell types express all three isoforms. Discrete neuronal populations
constituitively express nNOS with a subset that also coexpresses the endothelial iso-
form (eNOS). However, nNOS is dynamically regulated during CNS development, plas-
ticity, and injury (17). Cerebrovascular endothelial cells express eNOS constituitively,
whereas glial and cerebrovascular endothelial cells express iNOS following exposure
to immunostimulatory agents.

In broad strokes, eNOS and nNOS typically function in cell signaling processes,
with transient picomolar production of NO governed by elevations of intracellular cal-
cium and subsequent NOS enzyme association with calcium/calmodulin. This is in
general contrast to the gene-mediated regulation of iNOS, where sustained micromolar
synthesis of NO occurs in an apparent calcium-independent manner because of a tightly
coupled association between iNOS and calcium/calmodulin (18). eNOS is primarily a
membrane-associated enzyme, whereas nNOS and iNOS are predominately cytosolic
enzymes (15,16).

2.2. Biochemical Synthesis and Metabolism of Nitric Oxide

The biosynthesis of NO is highly regulated, requiring either elevations in intracellular
calcium (for constituitively expressed eNOS and nNOS) or immunostimulatory agents
(for de novo expression of iNOS) (19). Synthesis of NO requires L-arginine, O2, NADPH,
flavin adenine dinucleotide, flavin mononucleotide, and tetrahydrobiopterin in a five-
electron oxidation of the guanidino moiety of arginine (20–22).

Nitric oxide is typically produced upon demand; by itself, it is not stored in cellular
pools for future use. However, a fraction of endogenously synthesized NO may be cap-
tured as NO–thiol protein adducts (i.e., S-nitrosothiols), thereby creating a “NO reser-
voir” for cell signaling, modulation of protein function, or antimicrobial defense. For
example, intracellular S-nitrosothiol stores, particularly S-nitrosoglutathione, may attain
micromolar concentrations (23). The seminal work of Stamler et al. postulated that S-
nitrosylated hemogloblin serves as a local oxygen biosensor (24–26) and as a circulating
“delivery agent and bank” of bioactive NO (27,28). Moreover, exogenous, nonprotein
S-nitrosothiols are in drug development for potential therapeutic use (29). Thus, the
biological effects of NO should also be considered from the S-nitrosothiol perspective.
As the biological chemistry of S-nitrosothiols is distinctive from NO, and the roles of
S-nitrosothiols in the CNS are intriguingly diverse, the reader is urged to consult excel-
lent contemporary reviews in these areas (23,30–32).

The biological chemistry of NO and related species is amazingly elegant, yet bewilder-
ingly complex, as lucidly presented in several excellent reviews (33–36). NO is a para-
magnetic free radical that possesses an odd number of electrons. Owing to its relative
stability (a biological half-life of several seconds under ideal conditions), a net ionic
charge of zero and a high 1-octanol/water partition coefficient, NO can diffuse across
several lipid membranes to exert effects distal from its biosynthetic source (33–35).

A number of factors influence the biological fate of NO: its local concentration, phys-
iological milieu (redox environment, pO2, pH, CO2 concentration), and local concentra-
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tions of other bioreactants (metalloproteins, thiols, reactive oxygen species) (35,37,38).
It is generally accepted that NO is a very modest effector of toxicity (35–38). Oxidation,
reduction, or adduction of NO (Fig. 1) produces to a variety of nitrogen oxide species
(e.g., NO−, NO+, ONOO−, ONOOCO2

−, NO2, NO2
−, NO2

+, and N2O3), collectively
referred to as reactive nitrogen oxide species (RNOS). The initial reaction of NO with
superoxide (O2

•−) forms peroxynitrite (ONOO−) (Fig. 1). Similarly, NO can react with
O2 to produce NO2, which then reacts with NO to produce N2O3. Although ONOO− is
considered the primary and most injurious effector of nitric oxide toxicity, NO2 and
N2O3 may exert substantial biological toxicity as well (33,36). The RNOS are capable
of damaging a number of molecular targets (Fig. 1), thereby creating cellular distress.
When the number of insults sustained by critical molecular targets reaches an upper
limit, cell death ensues via apoptotic or necrotic mechanisms (39,40). Cells resistant to NO
neurotoxicity (e.g., neurons with nNOS), survive because of the O2

•− detoxifying effects
of manganese superoxide dismutase (41).

2.3. Biological Effects of Nitric Oxide and Reactive Nitrogen Oxide Species

The biological effects of NO and its corresponding RNOS are broad and diverse,
encompassing regulatory, protective and deleterious effects (33,36). The type of bio-
logical effect is highly dependent on the conditions of NO synthesis (e.g., molecular
events triggering biosynthesis, cell synthesis source, duration of synthesis, localized NO
concentration, and biological target [cell type and protein]) (36). Regulatory effects of
NO are likely to occur under conditions of low synthesis and to promote physiological
homeostasis that is commonly mediated through a variety of signal transduction mecha-
nisms, including interactions with guanylate cyclase and other hemoproteins (2,23,33,
42). For instance, NO and corresponding S-nitrosothiols are involved in the mainte-
nance of cardiovascular tone, renal function, and bronchodilation (33), as well as synap-
tic neurotransmission and neuroplasticity (31,43,44). The protective effects of NO are
exerted through inactivation of oxidants and reactive oxygen species known to evoke
oxidant stress. For example, under certain conditions, NO can protect cells against oxi-
dant stress through a direct reaction with alkoxyl (RO•) and alkyl hydroperoxyl (ROO•)
radicals, lipid peroxidation through chain termination of the lipid free-radical reaction
(33,36,40,45,46) and apoptosis through multiple mechanisms (40). The deleterious
effects of NO are manifest as cytotoxic insults that contribute to the underlying pathol-
ogy of various disease states (47).

3. MECHANISMS OF TOXICITY

Nitric oxide is chemically reactive toward O2 or O2
•−, depending on the local concen-

trations of NO and oxygen tension, NO scavenging agents (e.g., glutathione or other thiols),
and O2

•− scavenging agents (e.g., superoxide dismutase [SOD]) (48). Typically, high
concentrations of NO produced by upregulated NOS isoforms will indiscriminately
attack critical cellular targets via the NO/O2

•− and NO/O2 reaction pathways, as illustrated
in Fig. 1 (36,49). RNOS can oxidize, nitrate (covalent bond formation with NO2), nitro-
sate (addition of NO+), or nitrosylate (covalent bond formation with NO) at critical resi-
dues of biomolecules. The contribution of the RNOS to cytotoxic mechanisms will be
discussed in this section.
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Fig. 1. Mechanisms of nitric oxide toxicity. NO reacts with O2
•− or O2 to form RNOS and highly reactive free-rad-

ical derivatives. These potent oxidizing compounds attack critical cellular targets. For illustrative purposes, NO is
depicted with an unpaired electron.
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3.1. Universal Molecular Mechanisms of Cytotoxicity
3.1.1. NO and Its Redox Metabolites NO− and NO+

Compared to ONOO−, NO is a relatively weak oxidant. NO itself can directly react
with the transition metals (e.g., iron, copper, zinc) of metalloproteins, thereby altering
protein structure/function through nitrosylation reactions. NO nitrosylates the iron cen-
ters of heme proteins to either enhance (e.g., guanylate cyclase) or inhibit (e.g., cyto-
chrome P450s, hemoglobin and cyclooxygenase–2) protein functional activity (2,36,
50). NO also reacts with copper proteins, although the biological significance is an area
of future research (51). Quite possibly, NO nitrosylation of proteins may accentuate
cellular distress under conditions favoring formation of ONOO− and RNOS.

The nitroxyl anion (NO−) is a one-electron reduction product of NO and is postulated
to be physiologically synthesized by NOS, SOD, and/or S-nitrosothiols (52–55). In the
presence of hydrogen peroxide or transition metals, NO− forms strong oxidants capa-
ble of evoking cytotoxity (56). NO− also reacts rapidly with NO to form reactive N2O2

•−

or with O2 to form ONOO− (34).
The metabolite NO+ is postulated to derive from a redox reaction involving NO.

However, based on the reduction potentials of NO+/NO, it is not physiologically possi-
ble to form NO+ as a unique specie, no matter how fleeting its existence (15,34).

3.1.2. ONOO− and Its Metabolites NO2 and NO2
+

The major molecular mechanism of NO toxicity is the formation of ONOO− via
reaction of NO with O2

• − (Fig. 1). Under normal physiological conditions, intracellular
concentrations of NO and O2

• − are relatively low because NO is utilized for regulatory
functions and O2

•− is effectively scavenged by SOD. However, under conditions of pro-
digious NO synthesis, NO effectively competes with SOD for reaction with O2

•−, form-
ing ONOO− at cytotoxic concentrations (48,57,58). ONOO− is sufficiently stable to diffuse
across several cell membranes before reacting with critical cellular targets in nitrative,
nitrosative, and/or oxidative reactions (23,36) (see Section 3.2).

At physiological pH, ONOO− also exists in equilibrium as its conjugate acid ONOOH
(pKa 6.6–6.8), with the concentration of ONOO− four to six times greater than ONOOH,
as estimated by the Henderson–Hasselbalch equation. Depending on the cellular environ-
ment, ONOOH may decompose to cytotoxic species (i.e., hydroxyl radical [HO−] and
nitrogen dioxide [NO2]), or to the relatively inert nitrates/nitrates (NO2

−, NO3
−) via nitric

acid (e.g., ONOOH → HNO3) (33–35,57).

3.1.3. ONOOCO2
− and Its Metabolites NO2

+ and CO3
2−

Given the high concentration (approx 1 mM) and ubiquitous physiological distri-
bution of CO2, ONOO− rapidly and readily reacts with CO2 to form ONOOCO2

−, a far
more potent nitrating specie than ONOO− (37). The ONOO−/CO2 reaction is pH inde-
pendent and occurs at a rate faster than the spontaneous decomposition of ONOO−. In
fact, this reaction is now believed to be the major pathway of metabolic biotransforma-
tion for ONOO−, and the ONOOCO2

− specie likely serves as the major intermediate in
the nitration of critical tyrosine, tryptophan, and nucleic acid residues (37,38).

3.1.4. NO2 and N2O3

Another mechanism of NO toxicity can occur with the reaction of NO with O2 to
yield cytotoxic NO2. Subsequent NO auto-oxidation with NO2 produces yet another
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toxic specie, N2O3 (Fig. 1). Given the relative lipophilicity of NO and O2, it is postu-
lated that the NO/O2 auto-oxidation reactions are preferentially promoted in the hydro-
phobic environment of lipid membranes. Compared to HO− and ONOO−, NO2 and N2O3
are relatively mild oxidants, yet the extent of their damage can be significant. NO2 and
N2O3 effectively nitrosate amines and nitrosylate thiols, forming carcinogenic nitroso-
amines and S-nitrosothiols, respectively (33,36).

3.2. Universal Cell Biological Mechanisms of RNOS Cytotoxicity

Compared to NO or O2
• −, ONOO−, and subsequent RNOS derivatives are a much more

potent nitrative, nitrosative, and oxidative stressors, possessing substantially greater reac-
tivity toward critical cellular components. Targets of ONOO− and RNOS toxicity include
amines, thiols, tyrosine and tryptophan residues, nucleic acids, iron–sulfur centers, and
metalloproteins.

3.2.1. DNA Damage and Fragmentation,
PARP Activation, and Cellular Energy Depletion

Reactive nitric oxide synthase can damage DNA by three mechanisms (36): (1) direct
interaction with DNA, resulting in mutagenic insults and DNA strand breakage; (2) inhi-
bition of enzymes involved in DNA repair processes; and (3) chemical reaction with
endogenous molecules to form DNA alkylating carcinogens, such as the nitrosoamines.
RNOS promote mutagenic effects by nitrosative deamination of cytosine, adenine, and
guanine bases (36,59). RNOS inhibits DNA ligase, thereby abolishing the repair of
RNOS-mediated DNA strand breaks (60–62). RNOS-mediated DNA damage activates
a DNA repair enzyme, poly(ADP-ribose) polymerase (PARP). In an ironic set of circum-
stances, PARP undergoes RNOS nitrosylation, which further enhances PARP activity.
This leads to excessive consumption and subsequent depletion of cellular energy reserves
in compromised neurons (63,64).

3.2.2. Mitochondrial Enzyme Damage and Cellular Energy Depletion
Disruption of cellular energetics through mitochondrial dysfunction may be an impor-

tant mechanism for numerous neurodegenerative diseases (65). RNOS can reversibly
and irreversibly depress mitochondrial respiration by three mechanisms (66): (1) rever-
sible inhibition of cytochrome-c oxidase (complex IV) by low concentrations of NO; (2)
irreversible inhibition of mitochondrial complexes I–IV (e.g., cis-aconitase, NADH:
ubiquinone oxidoreductase, and succinate:ubiquinone oxidoreductase) by RNOS nitro-
sylation of the iron–sulfate centers (67,68) and (3) induction of the mitochondrial per-
meability transition (PT) pore. RNOS inhibition of key respiratory enzymes promotes an
intracellular mobilization and loss of iron. Moreover, RNOS nitrosylates the thiol resi-
dues of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), thereby inhibiting gly-
colysis (66,69). RNOS inhibition of mitochondrial complexes coupled with impairment
of GAPDH activity creates a synergistic effect of crippling cellular ATP synthesis. The
last RNOS mechanism of mitochondrial damage, the PT pore mechanism, is controver-
sial, as data from one group contend that this last mechanism is an artifact of the experi-
mental conditions (47).
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3.2.3. Protein Oxidation and Modification
Reactive nitric oxide synthase can nitrosate and nitrate key amino acids in proteins,

thereby altering function through alteration of active sites, conformation, or blockade
of phosphorylation sites. S-Nitrosylation of cysteinyl or methionyl sulhydryls and nitra-
tion of tyrosine residues may represent another new class of cellular signaling mecha-
nisms, not unlike that which occurs with serine, threonine, and tyrosine phosphorylation
(23). Alternatively, these reactions may be destructive under conditions of cytotoxicity.

Reactive nitric oxide synthase-mediated S-nitrosylation of thiol groups may alter pro-
tein structure/function or promote oxidation of vicinal thiols or histidine residues (23,
38,70). The activities of G-proteins, ion channels, and kinases are altered by S-nitrosy-
lation (23,66). For example, S-nitrosylation will promote a structural activation of tis-
sue plasminogen activator (23). A more complicated example is observed with RNOS
effects on the ryanodine-sensitive calcium release channel. S-Nitrosylation will rever-
sibly activate the ryanodine-sensitive calcium channel, with an irreversible activation
occurring with RNOS-mediated oxidation of vicinal thiols (71). RNOS influences gene
regulation through nitrosylation of cysteine residues of transcriptional regulators (66,
72), as exemplified by NO-mediated functional alterations of the transcription factors
NF-κB and AP-1.

Depending on the conditions, RNOS-mediated nitration of proteins may be necessary
or superfluous. Nitration of tyrosine residues is essentially irreversible and may repre-
sent an alternative mechanism of tyrosine phosphorylation regulation. Nitrated proteins
are typically targeted for degradation, which suggests a physiological regulation of pro-
tein turnover. RNOS tyrosine nitration, without exception, diminishes protein function,
as observed with SOD and glutamine synthetase (49). RNOS can also nitrate tryptophan
residues (73), although the significance of this reaction is unclear.

3.2.4. Lipid Peroxidation

Although NO itself acts to quench lipid alkoxyl (LO•) or lipid hydroperoxyl (LOO•)
radicals, RNOS can initiate and propagate lipid peroxidation (33,45,49). The reaction
mechanisms are unclear but may include a direct oxidant effect on fatty acids and/or oxi-
dation of endogenous antioxidants, such as α-tocopherol (45).

3.3. RNOS Cytotoxic Cell Biological Mechanisms Unique to the CNS
3.3.1. N-Methyl-D-Aspartate Receptor-Mediated Excitotoxicity

The N-methyl-D-aspartate (NMDA) receptor is a ligand-gated ion channel that per-
mits the influx of calcium upon ligand binding by the coneurotransmitters glutamate
and glycine. Under conditions of excessive synaptic glutamate, the subsequent chronic
influx of calcium via the NMDA receptor complex promotes excitotoxicity through
prolonged nNOS synthesis of NO and mitochondrial production of O2

• −. NMDA recep-
tor activation in non-nNOS neurons stimulates the mitochondrial synthesis of O2

•−. These
products (NO and O2

• −) diffuse from their sources to form ONOO−, which is cytoxic to
neighboring neurons (74,75). nNOS neurons are uniquely resistant to NMDA toxicity
because of overexpression of MnSOD (41). This hypothesis of NO-mediated NMDA
excitotoxicity is not universally accepted, as the phenomenon has been inconsistently
replicated by various laboratory groups using in vitro cell cultures (76).
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S-Nitrosylation of a redox modulatory site of the NMDA receptor complex causes a
downregulation of the frequency of NMDA receptor channel opening (31). Specifically,
S-nitrosylation of the Cys-399 residue of the NR2A subunit represents a feedback mech-
anism to curtail not only excessive receptor activation but also provide neuroprotection
(77). However, not all laboratory groups are convinced that NO acts exclusively at the
redox modulatory site, as other evidence suggests that NO may act at multiple sites of
the NMDA receptor complex (76).

3.3.2. Inhibition or Stimulation of Synaptic Neurotransmitter Reuptake Transporters
Excessive glutamate in the synaptic cleft is an initiating event for excitotoxcity. NO was

observed to not only reduce the uptake of glutamate from synaptosomes or cultured
astrocytes (78–81) by S-nitrosylation (82) but also to augment the release of glutamate
(83,84), which may promote a vicious cycle of glutamate neurotoxicity via activation
of glutamate receptor subtypes.

Although a direct neurotoxic effect is not evident, NO can mediate the uptake and
release of the neurotransmitters. Specifically, S-nitrosylation is thought to underlie the inhi-
bition of norepinephrine reuptake (85); NO also mediates norepinephrine and L-glutamate
release following NMDA receptor stimulation (84). It is believed that NO-mediated alter-
ations in calcium and sodium flux are operative mechanisms for a NO-dependent enhance-
ment of GABA release (86). Interestingly, NO can enhance the reuptake of seratonin (87).
Divergent results were reported for the effects of NO on dopamine reuptake (81,85,88).

4. NITRIC OXIDE NEUROTOXICITY
IN CENTRAL NERVOUS SYSTEM DISEASES: AN OVERVIEW

4.1. NO: CNS Cell Sources and Targets

Nitric oxide synthase activity is implicated in many human neurological diseases and
animal disease models. The sources and targets of NO toxicity are CNS cells themselves
(Fig. 2). Subsets of neuronal populations can express two or three NOS isoforms. For
example, cultured cerebellar granule neurons express all three isoforms (64,89) and
hippocampal pyramidal CA1–CA3 neurons express eNOS (64). Astrocytes can express
all three isoforms (72), microglial cells clearly express iNOS (20,90–96), and cerebro-
vascular endothelial cells express eNOS and iNOS. nNOS neurons make up <5% of the
neuronal population (97) and show remarkable resistance to RNOS toxicity because of
their exceptional expression and activity of manganese SOD (41). However, given the
diffusivity of NO, neighboring cells are susceptible to RNOS toxicity. Neurons (75,93),
oligodendrocytes (98), choroid epithelium of the blood–cerebrospinal fluid barrier (99),
and endothelial cells of the blood-brain barrier (100–102) are susceptible to RNOS toxic-
ity. Neurons and oligodendrocytes, in contrast to astrocytes, are exquisitely vulnerable to
RNOS toxicity owing to an inability to sustain a high level of glycolysis and lower reserves
of intracellular antioxidants, such as glutathione and α-tocopherol (vitamin E) (67).

4.2. RNOS Evidence in CNS Diseases

The following subsections present an overview of literature evidence that implicates
RNOS participation in a variety of CNS diseases. Although the pathological causes of
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Fig. 2. Targets of nitric oxide-mediated neurotoxicity and neurodegeneration. Neurons, glia, and the cere-
brovascular endothelium incur toxic insults, which, depending on the brain region and extent of toxic injury,
may initiate or promote a variety of neurological afflictions.
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many neurodegenerative diseases remain elusive, basic and clinical research has identi-
fied a participatory role of RNOS in the neurodegenerative disease process (Fig. 2).

4.2.1. Infection, Inflammation, and Blood-Brain Barrier Disruption
Alterations in blood-brain barrier function are evident during CNS infection or inflam-

matory processes (103) [e.g., multiple sclerosis (104,105), HIV-1 dementia (106), cerebral
ischemia (107), brain tumors (108), and meningitis (109)]. Given that excessive NO synthe-
sis may be a pathological process involved in a number of these disease states (see fol-
lowing subsections), it is tempting to speculate that NO might be involved in permeability
changes of the blood-brain barrier.

Morphologically, the blood-brain barrier consists of astrocytic processes envelop-
ing cerebral endothelial capillaries. Support for the hypothesis that excessive production
of NO mediates blood-brain-barrier disruption is derived from in vitro studies identi-
fying iNOS induction in human astrocytes (110,111), fibroblasts (112), and endothelial
cells (113,114). In rats, intracisternal administration of lipopolysaccharide (LPS) pro-
voked blood-brain- and blood–cerebrospinal fluid (CSF)-barrier disruption, accom-
panied by meningeal inflammation and NO synthesis (99,100,115,116). Treatment with
a specific iNOS inhibitor, aminoguanidine, during meningeal inflammation signifi-
cantly diminished meningeal NO production and preserved normal blood-brain- and
blood–CSF-barrier integrity (99,100). Finally, pharmacological provision of NO (as
NO, NO− and NO+ redox forms) enhanced the blood-brain-barrier permeability in nor-
mal rodents (102,117). NO itself provoked only modest elevations in permeability; the
greatest enhancement of barrier occurred with NO donors that released the NO− and
NO+ redox forms (102).

4.2.2. Cerebral Ischemia

The roles of NO and RNOS during cerebral ischemia appear to be contradictory (118).
However, reasonable amounts of NO, particularly that produced by eNOS, aid in pro-
moting regional cerebral blood flow during ischemia, thereby minimizing the extent of
the infarct. During cerebral ischemia, excessive glutamate release and persistence in
the synaptic cleft promotes excitotoxicity via activation of NMDA receptors and nNOS.
ONOO− and RNOS are produced most likely during the reperfusion phase following ische-
mia (119) and contribute to neuronal cell death (118). One to two days following the
ischemic event, microglia and invading phagocytes supply NO (via iNOS) and O2

•− to gen-
erate additional ONOO− (120). 3-Nitrotyrosinated proteins, a fingerprint for ONOO−,
are found in the infarcted region, along with evidence for nNOS activity throughout
the peri-infarct and infarct regions (121).

4.2.3. Trauma
Traumatic injury of the brain or spinal cord triggers the expression of iNOS in rodent

models (122–124). The traumatic event triggers the elevation of iNOS induction signals
(i.e., inflammatory cytokines, followed by iNOS is expression by injured astrocytes and
microglia). Infiltrating phagocytes provides a second source of iNOS. Whether or not
CNS trauma-induced RNOS toxicity occurs in humans is an issue that requires critical
evaluation.
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4.2.4. Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a chronic and progressive paralytic disorder

characterized by neurodegeneration of the large motor neurons in the brain and spinal
cord. In the early 1990s, Beckman hypothesized that SOD mutations observed in ALS
patients may contribute to an increased nitration of proteins (especially neurofilaments)
and impaired phosphorylation (58,125) because of ineffective scavenging of O2

• − and
subsequent formation of RNOS. In support of this hypothesis, motor neuron death occurs
in a transgenic mouse model of ALS, with features of mutated SOD and upregulation
of iNOS and no change in nNOS (126–128). Moreover, patients with sporadic ALS have
elevated CSF concentrations of NO2

− and NO3
− (129,130) and evidence of iNOS expres-

sion and nitrotyrosinated proteins, as revealed by immunostaining (131).

4.2.5. Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory demyelinating neurological disorder with
a variable clinical presentation. Evidence for a participatory role of RNOS in MS is
based on patient data and animal models of MS (i.e., experimental allergic encephalo-
myelitis [EAE]) (132). iNOS and nitrotyrosinated proteins are prominent features found
in the CNS lesions of patients and EAE animals (38,67,132,133). MS patients with active
disease also present with increased CSF NO2

− and NO3
− (134–136). Of interest is the

finding that interferon-β, an approved therapy for MS, inhibits iNOS expression in
human astroglial cell cultures (137).

4.2.6. Parkinson’s Disease
Parkinson’s disease is a chronic and progressive neurologic disorder involving “shak-

ing palsy” (paralysis agitans) with four cardinal features of tremor, rigidity, bradykine-
sia, and postural instability. A pathological marker of Parkinson’s disease is a significant
loss of dopaminergic neurons in the substantia nigra. The current thinking is that mito-
chondrial dysfunction and oxidative stress may be major contributing mechanisms in
the development of Parkinson’s disease (138), although the precise identities of the oxi-
dative free-radical species awaits further characterization. RNOS are postulated to con-
tribute to the Parkinsonian neurodegenerative processes (139,140). A destructive role
for nNOS was observed in animal models of MPTP-induced parkinsonism (141,142).
In addition, parkinsonian patients have increased CSF concentrations of NO2

− and NO3
−

(143), iNOS expression in glial cells of the substantia nigra (140), and 3-nitrotyrosinated
proteins (144).

4.2.7. Alzheimer’s Disease
Alzheimer’s disease is a progressive degenerative dementia, characterized by a decline

in memory and cognitive functions. Although Alzheimer’s is likely to be an etiologically
heterogeneous syndrome, neuroinflammation and oxidative stress are likely to contrib-
ute to the underlying pathology. It is suspected that β-amyloid plaques contribute to or
are a consequence of the underlying pathology. Although some studies demonstrated
that β-amyloid is directly neurotoxic in cell cultures (145,146), other reports identified
an indirect mechanism, involving β-amyloid induction of iNOS (147,148) and activation
of NADPH oxidase to synthesize O2

• − (149). In addition, it is hypothesized that aberrant
expression of cerebrovascular eNOS also promotes the formation of neurotoxic RNOS
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(150–152). Finally, elevations of nitrotyrosinated proteins in Alzheimer’s patients pro-
vides data that RNOS contribute to the pathology (153,154).

4.2.8. AIDS Dementia
Acquired immunodeficiency syndrome (AIDS) dementia is a neurologic complica-

tion of human immunodeficiency virus type 1 (HIV-1) infection. A current, though not
universally accepted hypothesis is that RNOS neurotoxicity contributes to AIDS demen-
tia (155–159). The HIV-1 coat protein, gp41, triggers neurotoxicity through induction of
iNOS (160). Postmortem examination of patients with AIDS dementia typically reveal
iNOS immunoreactivity that is colocalized with gp41 (155–158) and accompanied by
an increased in nitrotyrosinated brain proteins (158).
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Chronic Intracerebral LPS

as a Model of Neuroinflammation

Gary L. Wenk and Beatrice Hauss-Wegrzyniak

1. INTRODUCTION

This chapter will describe our recent progress in studying the effects of chronic neu-
roinflammation in order to better understand the contribution of this condition to neuro-
degeneration. The animal model to be discussed is directed at a better understanding of
the role of chronic neuroinflammation in the progression of Alzheimer’s disease (AD).
The most important point to make at the onset of this review is that we do not believe that
neuroinflammation causes AD. Rather, this chapter will outline the details of an animal
model that has provided compelling evidence that inflammation develops in response
to existing genetically determined conditions within brains of AD patients.

Animal models of neurodegenerative diseases are useful because they offer the oppor-
tunity to investigate the effectiveness of potential pharmacotherapies that can be admin-
istered to affected individuals. An animal model of a neurodegenerative disease is useful
and valid if it reproduces important aspects of the pathology seen in humans and its
ability to predict an effective therapy. This chapter will discuss the features of an animal
model of chronic neuroinflammation in rats that meets many aspects of these criteria.

1.1. Significance of the Model

A major problem in AD research today is that none of the hypothesized mechanisms
either previously or currently in vogue have been able to explain the cellular and regional
distribution patterns that characterize the neuropathology of AD. None of the current
animal models of AD, particularly those involving transgenic animals (1,2), being inves-
tigated are able to explain why certain neural systems (e.g., cholinergic) or specific
brain regions (e.g., temporal lobe) degenerate to such a great extent in the AD brain.

In the course of studying the effects of chronic neuroinflammation, we became increas-
ingly persuaded that this process qualifies as a promising candidate mechanism to help
explain the pattern of the pathophysiology of AD. Our model allows the investigation and
comparison of important parallels between consequences of the neuroinflammation-
induced neurodegeneration in young and old rats and the neurodegeneration seen in AD
patients. These similarities include the pattern of neurodegeneration within the brain,
the types of neurons affected, the abnormal expression of specific proteins, and the chronic
nature of the neurodegenerative process. We will show that the disseminated pattern of the
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neuronal degeneration induced by our animal model of chronic neuroinflammation bears
a close resemblance to the pattern of selected neurodegeneration, neurofibrillary changes,
and senile plaque distribution seen in the brains of AD patients. It is important to note
that no other animal model of AD has been able to explain as closely the pattern of neu-
rodegeneration associated with specific neurotransmitter systems or the regional pattern
of neuropathology that characterize AD.

The chronic inflammatory condition in the brains of AD patients most likely develops
in response to prolonged activation by deposits of soluble β-amyloid (3). The extent
and degree of the brain’s inflammatory response to the presence of β-amyloid varies in
different regions. Brain regions that develop the greatest and most prolonged inflam-
matory response are also those that show the greatest degree of neuropathology. The con-
sequences of neuroinflammation may also underlie the loss of specific neural systems.
For example, we have shown that chronic exposure to inflammatory proteins leads to the
selective degeneration of basal forebrain cholinergic neurons (4,5). Furthermore, our
recent findings (6,7) suggest that inflammation plays an important role during the initial
phases of neurodegeneration (i.e., the pattern of highest degree of inflammation in the
brain parallels the pattern of changes glucose utilization that has been documented by
positron emission tomography (PET) studies in humans during the early stages of demen-
tia and neurodegeneration) (8,9). The results of our studies also offer a plausible explana-
tion for why people who consume high doses of anti-inflammatory drugs have a reduced
incidence of these disorders, particularly AD (10–12). Given the unique interactions of
inflammatory processes with the pathological hallmarks associated with AD (13–15), it
is not surprising that conventional therapy using nonsteroidal anti-inflammatory drugs
(NSAIDs) can slow the progress, or delay the onset, of AD (11,12,16,17).

Recently, we introduced a novel animal model that uses chronic infusion of the inflam-
mogen lipopolysaccharide (LPS) into the brain (6,18–21). Two different approaches
using LPS infusions have been investigated. The first involves the chronic infusion of LPS
directly into the fourth ventricle in order to produce widespread inflammation through-
out the brain. The fourth ventricle was chosen in order to avoid mechanical injury to
forebrain structures that might impair the behavioral performance of the animals. The
second approach involves the infusion of LPS directly into the basal forebrain region.
We have found that rats infused with very low levels of LPS do not develop fevers or sei-
zures nor do they show any overt signs of illness. In contrast, chronic exposure to ele-
vated levels of tumor necrosis factor-α (TNF-α) in transgenic mice (22) or to high doses
of LPS (23) produced extensive inflammation that was associated with ataxia, fever,
and seizures.

2. STUDIES OF WIDESPREAD BRAIN INFLAMMATION

We have used chronic infusion of LPS into the fourth ventricle of young rats in order
to investigate the time-dependent evolution of the distribution and density of activated
microglia. Rats were sacrificed at various times after the infusion began. The brains of
these rats were then prepared for immunohistochemical analysis to determine the location
and density of activated microglia. After 2 d of infusion, activated microglia could be
seen scattered evenly throughout the brain. This finding was consistent with the hypothe-
sis that the LPS had spread throughout the cerebral hemispheres within a relatively short



Chronic Intracerebral LPS 139

period of time. In contrast to our findings 2 d after the infusion began, 21 d later we found
that the greatest inflammatory response was now concentrated within the hippocampus,
particularly the dentate gyrus, and within the entorhinal and piriform cortex within the
temporal lobe as well as throughout the cingulate gyrus (7). Surprisingly, even though
the LPS was still being infused throughout the brain, these results demonstrated that tem-
poral lobe regions responded differently to the continued presence of an inflammogen
such as LPS. Given these results, we speculate that it is possible that the continued acti-
vation of microglia by an inflammogenic molecule could lead to the long-term exposure
of temporal lobe neurons to potentially toxic levels of cytokines and complement pro-
teins. A similar condition of chronic neuroinflammation is thought to exist in the brains
of AD patients, possibly in response to the presence of elevated levels of soluble β-amy-
loid (3). These data might explain the apparent concentration of AD-related pathology
(i.e., senile plaques and tangles) within the temporal regions and the hippocampus. Recent
studies using PET have confirmed that these brain regions that demonstrate the greatest
inflammatory response also show the earliest detectable declines in glucose utilization (8),
particularly in those patients who are vulnerable to AD because of their APOE status (9).

Chronic LPS infusion into the fourth ventricle reproduced many of the pathological
components of AD. The brains of these young rats had increased activation of microglia
and astrogliosis. Many regions had elevated levels of various inflammatory proteins, such
as interleukin-1 (IL-1α and IL-1β) and TNF-α, as well as elevated levels of β-amyloid
precursor proteins (APP). The glial cell activation and presence of elevated inflamma-
tory proteins was associated with significant temporal lobe pathology (i.e., pyramidal with
cell loss) (6,7). Furthermore, and most importantly, these rats also demonstrated impair-
ments in tasks that depend on an intact hippocampus (e.g., performance in the Morris
water maze and a spatial memory task on a T maze). In contrast, these chronically inflamed
rats were not impaired in the performance of tasks that do not require an intact hippo-
campus (e.g., object recognition) (6,18,19). The working memory impairment demon-
strated in the Morris water maze task correlated with the degree of inflammation within
the hippocampal region and could be made worse if the LPS infusion was increased to
74 d (20). A much shorter infusion of IL-2 into the lateral ventricles (i.e., for only 14 d)
also impaired performance in the water maze task (24). Similarly, transgenic mice that
chronically overexpress IL-6 in their resident astrocytes, under the control of a GFAP
promoter, exhibited dose- and age-related learning and memory deficits that were cor-
related with microglial activation, loss of synapses, and the degeneration of calbindin-
containing neurons (25). Finally, the memory impairment produced by LPS infusion could
also be attenuated by treatment with an interleukin-1 receptor antagonist (26).

Overall, the chronic infusion of LPS was well tolerated by all of the rats. Initially after
surgery, all of the LPS-treated rats lost a few grams of weight. Within a few days, how-
ever, all of the rats had regained the lost weight and continued to grow normally for the
duration of the study. The chronic infusion of LPS did not induce seizures or fever and
our preliminary studies have found that the blood-brain barrier remains intact. Although
LPS is a lipophilic molecule, it does not appear to leave the brain in significant amounts
when infused centrally (27). The effects of the LPS infusion in our model appeared to
be limited to the central nervous system inasmuch as we have not found detectable levels
of inflammatory proteins in the blood of LPS-treated rats. Therefore, a general malaise
did not cause the impaired behavioral performance observed in these studies. It is also
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conceivable that the pathological effects of the chronic LPS infusion are the result of
nonspecific cytotoxic effects of LPS upon the brain. This is highly unlikely inasmuch
as the cytotoxicity of LPS can be completely attenuated by coadministration of either
cyclo-oxygenase inhibitors or glutamate receptor antagonists (see Section 3.2.).

2.1. MRI Studies of the Effects of Chronic LPS Infusion

The chronic infusion of LPS into the fourth ventricle was associated with a loss of
hippocampal pyramidal cells (6). Recently, we have used magnetic resonance imaging
(MRI) to study the consequences of the cell loss. These MRI studies have identified
enlarged lateral ventricles with shrinkage of the temporal lobe regions in rats chroni-
cally exposed to the effects of low-level neuroinflammation (28). We speculate that this
ventricular enlargement and atrophy of temporal lobe regions, which is very similar to
that seen in patients with AD in the early phases of the disease (29–34), is related to the
cell loss that we have observed within temporal lobe structures (6) and probably also
underlies the spatial working memory impairment.

2.2. Studies Using Anti-Inflammatory Drugs

Taken together, these findings predict that the effects of inflammation upon work-
ing memory could be reversed by treatment with an anti-inflammatory drug. We tested
this prediction using a novel cyclo-oxygenase (COX) inhibitor, nitroflurbiprofen (NFP,
NicOx, France). NFP (2-fluoro-a-methyl [1,1'-biphenyl]-4-acetic acid, 4-(nitrooxy) butyl
ester) is a novel NSAID drug that shows a significant attenuation of the gastrointestinal
side effects (35,36). NFP is a derivative of flurbiprofen, an inhibitor of COX enzyma-
tic activity (IC50 type 1/IC50 type 2 = 10.27). NFP was produced by the incorporation of
a nitric oxide (NO) moiety through an ester linkage to the carboxyl group of flurbiprofen.
NO plays an important role in gastric mucosal defense; drugs that generate NO reduce
the severity of gastric mucosal injury in vivo and ex vivo (37,38). The usefulness of NFP
in the current model is most likely the result of its ability to cross the blood-brain barrier
and inhibit both isoforms of the COX enzyme leading to the suppression of prostaglan-
din synthesis (39). The behavioral effects of chronic NFP treatment that are described in
detail (see Section 3.1.) are probably the result of the inhibition of prostanoid synthesis
within activated glia and the subsequent decreased production and release of cytokines
and complement proteins. Because AD is a disease that is closely associated with aging,
we also investigated whether aged rats could benefit from the chronic anti-inflammatory
therapy.

Young (3 mo), adult (10 mo), and aged (24 mo) rats were infused with LPS for 42 d. The
aged control (those infused with artificial cerebrospinal fluid [CSF]) rats demonstrated
poor performance on the Morris water maze, as compared to young or adult control rats.
The performance of adult rats was significantly worse than young rats, but significantly
better than old rats. When the brains of young rats were chronically infused with LPS,
their performance became as impaired as that seen in adult and old rats infused with only
CSF. Also, in contrast to young rats, the brains of control adult and aged rats had signif-
icantly more activated microglia. As expected, aged rats had the greatest number of acti-
vated microglia. Probably for this reason, the young and adult rats demonstrated a much
greater inflammatory response following the chronic LPS infusion, as compared to the
aged rats. We speculate that the level of inflammation reaches a maximum level with
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normal aging and that the chronic LPS infusion was not able to increase the level of inflam-
mation further. Overall, the results of these studies are consistent with the hypothesis
that performance in the Morris water maze can be impaired by the presence of a chronic
inflammatory condition, particularly within the hippocampus. Furthermore, these data
are consistent with the hypothesis that the increase in inflammation that accompanies
normal aging (40–42) might underlie the age-associated impairment in performance in
this and other tasks that depend on normal temporal lobe function.

The degree of inflammation and the level of inflammatory proteins as well as the impair-
ment in performance in the Morris water maze task were all significantly attenuated in
young rats given chronic NFP therapy (18,19). In contrast to the benefits of chronic NFP
therapy that was seen in young rats, NFP therapy did not improve the working memory
ability of either adult or old rats infused with LPS (19). The chronic NFP therapy was
also ineffective against the level of activated microglia in the older rats (19) (i.e., the
therapy did not decrease the number of activated microglia within the temporal lobe
regions).

The results of these studies suggest that future investigations of NSAID therapies
that are designed to slow the onset and development of diseases associated with chronic
neuroinflammation should be initiated in genetically predisposed adults before age-asso-
ciated inflammatory processes have a chance to develop. This finding and the fact that
many common NSAIDs do not cross the blood brain barrier may explain why recent
attempts to alter the course of progression of the dementia in elderly humans with AD
using NSAID therapy has not been successful. The results of our studies suggest that
NSAIDs can provide neuroprotection but not therapy.

2.3. Ultrastructural Changes Induced by Chronic LPS Infusion

Electron microscopic studies revealed numerous changes in the cellular components
involved in protein synthesis within the hippocampal neurons of young rats chronically
infused with LPS into the fourth ventricle for 37 d (43). These ultrastructural changes
probably underlie the loss of neurons that was responsible for the significant learning
and memory impairments reported earlier. The cytoplasm of the effected hippocampal
neurons contained only a few polyribosomes, a few cisternae of rough endoplasmic retic-
ulum (RER), and a small Golgi apparatus, all suggestive of either impaired or reduced
protein synthesis. In addition, the presence of myelinic figures within the nucleus and the
high concentration of ribosomes sequestered within the nuclear infoldings are consistent
with nuclear dysfunction. However, the presence of deep invaginations of the nuclear
envelope would result in an increase in the exchange area between the nuclear matrix
and the cytoplasm. The nucleolus was also located in an eccentric position; this usually
occurs in cells actively engaged in protein synthesis. These two ultrastructural changes
would represent a possible attempt by the neurons to compensate for impaired protein
synthesis within the cytoplasm. Because this initial study (43) only examined for changes
at a single time-point, it is not possible to know whether the observed changes reflect
either progressing or recovering changes in neuronal integrity.

The most interesting and unusual electron microscopic finding was that almost all of
the RER cisternae were paired between themselves and also with the perinuclear cisterna.
The meaning of this pairing is unknown, but certainly at the regions of the paired tracts,
the ribosomes would be prevented from interacting with the RER surface; this would
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be consistent with a further impairing in protein synthesis and normal cellular function.
In contrast to these changes seen in the nucleus, no problems were associated with the
organelles of cellular respiration (mitochondria) or catalytic processes (lysosomes, pig-
ments). The cytoskeleton also appeared normal; these findings would be consistent with
normal axonal transport. These ultrastructural findings are consistent with the hypothe-
sis that long-term inflammation within the brain may lead to degenerative changes within
hippocampal pyramidal neurons.

3. STUDIES OF LOCALIZED
INFLAMMATION WITHIN THE BASAL FOREBRAIN

We have used chronic infusion of LPS into the nucleus basalis magnocellularis within
the basal forebrain to selectively destroy cholinergic cells in a time-dependent, but not
dose-dependent, manner (21,44). Similarly, the chronic infusion of interleukin (IL)-1β
or TNF-α can also destroy the cholinergic projection to the neocortex that originates
within the nucleus basalis (5). Medial septal cholinergic neurons that innervate the hippo-
campus may also be selectively vulnerable to immune-mediated processes (45). In addi-
tion, the level of cholinergic enzyme activity was significantly reduced within the septal
cholinergic neurons of transgenic mice that express elevated levels of TNF-α (46). There-
fore, the entire forebrain cholinergic system may be vulnerable to elevated levels of inflam-
matory proteins, particularly to TNF-α. Stimulation of TNF-α receptors may induce
cell death by “silencing of survival signals” via the inhibition of insulin-like growth fac-
tor-1-mediated signaling within neurons (47). TNF-α can also inhibit glutamate reuptake
into astrocytes and may potentiate glutamate-receptor-mediated toxicity (48–51) within
the basal forebrain, a region that is vulnerable to excess glutamatergic function (52).

Alzheimer’s disease is characterized by a forebrain deficiency of acetylcholine (53,
54) that may underlie aspects of the cognitive impairments associated with AD (55,56).
The mechanism underlying the degeneration of basal forebrain cholinergic cells is
unknown. The results of these studies using LPS infusions have led us to speculate that
the long-term exposure to elevated inflammatory proteins may lead to the selective degen-
eration of basal forebrain cholinergic neurons in AD (5,21). A potential role for neuro-
inflammation and the specificity of its effects upon cholinergic neurons were initially
suggested by a study that isolated antibodies from the sera of AD patients that selec-
tively recognized and destroyed basal forebrain cholinergic cells when injected into a rat
brain (57). In addition, head trauma in humans is a significant risk factor for AD (58) and
is associated with increased levels of inflammatory proteins (59) and a decline in the
number of basal forebrain cholinergic neurons (60). In vitro studies also indicate that brain
inflammation may selectively destroy basal forebrain cholinergic neurons (61).

3.1. Neuroprotection Studies Using Anti-Inflammatory Drugs

Basal forebrain cholinergic neurons can be rescued from the cytotoxic effects of chronic
LPS infusion by treatment with anti-inflammatory drugs. We have investigated two dif-
ferent NSAIDs that lack gastrointestinal toxicity (i.e., NFP [discussed earlier] and NCX
2216 [both supplied by NicOx S.A., Nice, France]). NFP and NCX 2216 {trans-3-4[4-
[2-fluoro-α-methyl-1(1,1'-biphenyl)-4-acetyloxy]-3-methoxyphyenyl]-2-propenoic
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acid 4-(nitrooxy)butyl ester} are derivatives of flurbiprofen; NCX2216 also possesses
significant antioxidant proclivities. Previous experiments have demonstrated that these
novel NSAIDs have good anti-inflammatory efficacy and gastrointestinal tolerability
in rats (35,36). We have also determined previously that daily peripheral administration
of NFP can significantly reduce the number of activated microglial cells in young rats
(6,18). Therefore, we felt confident that these drugs would significantly attenuate the
inflammation induced by the chronic LPS infusion into the basal forebrain.

The infusion of LPS into the basal forebrain of young rats produced extensive inflam-
mation and a significant loss of cholinergic cells that was significantly attenuated by
cotreatment with either NFP or NCX2216 (4). These results suggest that exposure to LPS
can activate glia and that this activation can lead to the release of cytokines and inflam-
matory proteins that can be detrimental to cellular function (26,62). Our histological
and biochemical analyses have confirmed that the cytotoxic effects of chronic neuro-
inflammation within the basal forebrain were selective for cholinergic neurons (21). For
example, radioimmunoassays found no significant LPS-induced decline in the endoge-
nous levels of galanin, leu-enkephalin, neurokinin B, neurotensin, somatostatin, or sub-
stance P within the basal forebrain region. However, the histological analyses found a
dense distribution of silver-stained cells within the basal forebrain that had a general
morphology and size that was consistent with cholinergic magnocellular neurons. When
considered together with the decrease in neocortical ChAT activity and the reduced num-
ber of ChAT-immunoreactive cells, the results strongly suggests that the inflammatory
processes reduced cholinergic cell number and not simply cholinergic cellular function.
The medial septal cholinergic neurons that innervate the hippocampus may also be selec-
tively vulnerable to immune-mediated processes (45). The level of ChAT activity was
also significantly reduced within the septal cholinergic neurons of transgenic mice that
express elevated levels of the inflammatory protein TNF-α (46). Whether TNF-α acts
directly upon cholinergic cells, or via stimulation of the release of other cytokines, or
via its influence on nerve growth factor (46) remains to be determined. Finally, when
mixed neuronal/glial cell cultures were exposed to LPS, only cholinergic neurons died;
this cell loss was significantly attenuated by coincubation with the N-methyl-D-aspar-
tate (NMDA) open-channel antagonist MK-801 (61). During inflammatory processes
in the brain that are associated with disease, a marked rise in the synthesis of prostaglan-
dins can also be seen (63–65). Taken together, the results of these studies predict that
the long-term inhibition of prostaglandin synthesis by chronic NSAID therapy might
attenuate the loss of basal forebrain cholinergic neurons in the AD brain and reduce the
symptoms of the dementia associated with AD.

3.2. The Role of NMDA Receptors
in the Death of Basal Forebrain Cholinergic Neurons

A fundamental question that has challenged previous hypotheses of neurodegenera-
tion in AD is why specific neuronal populations are affected more than others. The results
of the studies discussed earlier are consistent with the hypothesis that basal forebrain
cholinergic neurons are vulnerable to the consequences of elevated levels of cytokines
and prostaglandins produced by the condition of chronic neuroinflammation that charac-
terizes the brain of AD patients (66). Although the mechanism of this toxicity is unknown,
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we have recently demonstrated an important role for NMDA-sensitive glutamate recep-
tors (7,21) in the toxicity of LPS. We have hypothesized (7) that the following cascade of
events occurs in the basal forebrain in response to the chronic infusion of LPS that leads
to the degeneration of cholinergic cells:

LPS → IL-1, TNFα → Prostaglandins → ↑[Glutamate]ext → NMDArecpt

→ Calcium Influx → ↑[Nitric Oxide] → Cell Death

Lipopolysaccharide infusions stimulate the endogenous production of inflammatory
cytokines by activated astrocytes and microglia (26,62); cytokines, in turn, stimulate
the production of other inflammatory mediators such as prostaglandins (67); prostaglan-
dins induce the release of glutamate from astrocytes (68), leading to increased levels of
extracellular glutamate and the stimulation of glutamate receptors, the depolarization-
dependent unblocking of NMDA receptors by Mg2+, and the entry of toxic amounts of
Ca2+ into neurons and the subsequent generation of toxic levels of nitric oxide and ini-
tiate a cascade of reactive oxygen intermediates (69,70). Prostaglandins and various cyto-
kines may also indirectly elevate the extracellular concentration of glutamate by inhibiting
its reuptake by astrocytes (71,72). Neurons in astrocyte-poor cultures are more vulner-
able to glutamate excitotoxicity, and blocking astrocytic uptake of glutamate results in
neurodegeneration (71,72). Recent evidence suggests that elevated levels of inflamma-
tory proteins may selectively target cholinergic basal forebrain neurons (5,21,44,61).
The selective vulnerability of cholinergic neurons within the basal forebrain may also be
related to the fact that they receive a dense glutamate projection from the pedunculopon-
tine tegmentum (58) and are sensitive to excess stimulation of glutamate NMDA recep-
tors (52). Consistent with this hypothesized process is the recent finding that the cytokine
IL-6 can increase NMDA-mediated calcium influx and potentiate its neurotoxicity (73).

We hypothesize that this model of inflammation-induced lesions of the basal fore-
brain cholinergic neurons mimics the human condition associated with chronic glial
activation and may thereby replicate the initial steps of the neurotoxic cascade that may
lead to cell death in the AD brain. Taken together with the results of previous studies
(6,7,19,21,44,74–76), the following scenario can be suggested that depends on the ulti-
mate role of glutamate as endogenous neurotoxin acting within the basal forebrain. The
interaction of microglia within senile plaques containing β-amyloid protein results in a
chronic activation of these cells and the release of various cytokines and complement
proteins. Elevated levels of cytokines and β-amyloid proteins may then advance gluta-
mate excitotoxicity within the AD brain (77) by releasing glutamate to overstimulate
NMDA receptors on glia as well as impairing glutamate uptake mechanisms and detox-
ification processes vital to neuronal survival (78). Stimulated glia would also release
cytokines that would then potentiate the toxicity of glutamate (79). The long-term expo-
sure of cholinergic cells to elevated levels of extracellular glutamate may ultimately
lead to their gradual degeneration as the behavioral symptoms progress, particularly
during the advanced stages of the disease (54,80). Taken together, the results of these
studies are consistent with a role for both prostaglandins and NMDA receptors in the cas-
cade of biochemical processes that lead to the degeneration of cholinergic cells within
the basal forebrain region of AD patients. Recent evidence suggests that β-amyloid acts
to enhance the susceptibility of neurons to glutamate toxicity and that this toxicity can
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be attenuated by treatment with NMDA receptor channel antagonists (81). Our findings
predict that combination therapy using a safe and effective NSAID, such as NFP, and a
NMDA receptor channel antagonist, such as memantine (52), would attenuate the loss of
forebrain cholinergic neurons and delay the onset of the cognitive impairments associ-
ated with their degeneration.

3.3. The Role of Caspase in the Death
of Basal Forebrain Cholinergic Neurons

Chronic infusion of LPS into the basal forebrain region was associated with a signif-
icant increase in the level of caspase activity (i.e., caspases-3, -8, and -9) (7). In order
to investigate whether the generation of caspase activity contributes to the degeneration
of basal forebrain cholinergic cells, some rats that were also infused with a potent and
irreversible pan-caspase synthesis inhibitor, z-Val-Ala-Asp(OMe)-fluoromethyl ketone
(zVAD) (82). Treatment with zVAD significantly reduced endogenous caspase levels;
however, the inhibition of caspase synthesis inhibition did not provide neuroprotection
for cholinergic cells. These findings suggested that the increase in endogenous levels
of caspase produced in response to the LPS infusion was not responsible for the degener-
ation of basal forebrain cholinergic neurons. Elevated caspase activity is associated with
the process of apoptosis (83). We have used the terminal transferase-mediated deoxyuri-
dine-digoxigenin nick end labeling (TUNEL) method to examine for the presence of DNA
fragmentation as a marker for detection of apoptosis at the cellular level. Our investiga-
tions have found no TUNEL-positive cells within the basal forebrain region of LPS-infused
rats. Taken together, these findings are consistent with the hypothesis that LPS-induced
death of cholinergic neurons is not via apoptotic processes. Recent evidence suggests that
β-amyloid induces necrosis rather than apoptosis (84).

4. CONCLUSIONS

At the beginning of this chapter, we stated that an animal model of a neurodegener-
ative disease is useful and valid if it reproduces important aspects of the pathology seen
in humans and if it predicts an effective therapy. We have presented evidence that the
chronic infusion of LPS into the brain, either via the fourth ventricle to produce global
neuroinflammation or via the basal forebrain to produce local effects, reproduces impor-
tant aspects of the pathobiology of AD. In addition, this model suggests a unique mech-
anism to explain the cellular and regional distribution pattern of the neuropathology
that characterizes AD. The results of our studies suggest that the condition of chronic
neuroinflammation underlies the degeneration of specific neural systems (e.g., cholin-
ergic) or selected brain regions (e.g., temporal lobe) in the AD brain. No other animal
model of AD has been able to explain as closely the pattern of neurodegeneration asso-
ciated with specific neurotransmitter systems or the regional pattern of neuropathology
that characterizes AD. These aspects of our model make it useful for testing potential
pharmacotherapies for the prevention of AD.
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1. NEUROINFLAMMATION AND NEUROLOGICAL DISEASE

Inflammatory processes play a central role in a number of diseases afflicting the ner-
vous system. There is considerable controversy over whether inflammatory mechanisms
are the cause or consequence of neurodegenerative changes. Moreover, if inflammatory
changes are secondary to more primary neuropathological changes, do they exacerbate
neuronal dysfunction and promote cell death? In some neurological diseases, the inflam-
matory cells are the primary effectors of the pathology; for example, in multiple sclero-
sis, T cells direct macrophage-mediated loss of myelin. In other diseases such as stroke,
peripheral leukocytes are recruited to the lesion site along with the parallel activation of
the endogenous microglia. These cells act in concert to mount a robust pro-inflamma-
tory response that greatly expands and exacerbates the primary infarct. Traumatic brain
injury is also associated with inflammatory cell infiltration and induction of a local inflam-
matory response. More recently, human immunodeficiency virus (HIV) and Creutzfeldt–
Jakob disease have been shown to have an inflammatory component arising secondary to
the primary neuropathological process. The involvement of an inflammatory component
in the etiology of Alzheimer’s disease (AD) has recently received considerable atten-
tion (1). Indeed, the only demonstrated effective therapy for AD patients is long-term
treatment with nonsteroidal anti-inflammatory drugs (NSAIDs). The mechanistic basis
of the efficacy of NSAIDs in AD remains unclear. However, the recent recognition that
NSAIDs can bind to and activate the nuclear receptor peroxisome proliferator-activated
receptor gamma (PPARγ) has offered an explanation for the efficacy of these drugs in
AD and has opened new therapeutic approaches to this disease. Indeed, the newly appre-
ciated anti-inflammatory actions of PPARγ agonists may allow novel therapies for other
central nervous system (CNS) indications with an inflammatory component.

1.1. Inflammatory Mechanisms in Alzheimer’s Disease

The pathophysiological relevance of inflammation in AD has been established by mul-
tiple lines of converging evidence (1). A substantial body of literature has documented
the elevated expression of cytokines, complement proteins, chemokines, and other acute-
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phase and pro-inflammatory molecules in the AD brain. In the AD brain, the inflammatory
response is most evident in those areas that show prominent neurodegenerative changes
and abundant amyloid plaques. Inflammation is absent in brain regions not affected by
AD pathology, such as the cerebellum. AD inflammation arises from within the brain,
with no significant involvement of lymphocytes (1).

Abundant, activated microglia are invariably found to be associated with amyloid
deposits in the AD brain (2,3) as well as in transgenic mouse models of AD that develop
extensive plaque pathology (4). Microglia interact with β-amyloid plaques through cell
surface receptors linked to tyrosine–kinase-based pro-inflammatory signal transduction
cascades (5–8). The interaction of microglia with the deposited fibrillar forms of β-amy-
loid leads to the conversion of the microglia into an activated phenotype and results in the
synthesis and secretion of cytokines and other acute-phase proteins that are neurotoxic (9).

Nonsteroidal anti-inflammatory drugs have been shown to be remarkably effective
in reducing the risk of AD (10,11). Five epidemiological surveys, three population-
based studies and one prospective clinical study have investigated the protective effects
of NSAIDs in AD (12,13). Sustained treatment with NSAIDs lowers the risk of AD by
55%, delays disease onset, attenuates symptomatic severity, and slows the loss of cog-
nitive abilities. Importantly, several studies indicate that the beneficial effects of NSAIDs
are positively correlated with the duration of the medication (12). The principal cellu-
lar target of NSAID actions is believed to be the microglia. This view is supported by
the finding that the number of activated microglia is reduced by approx 65% in patients
receiving anti-inflammatory drugs (14). The canonical targets of NSAID actions are
the cyclo-oxygenases (COX), which are effectively inhibited by this class of drugs. How-
ever, treatment of AD patients with a COX-2 selective inhibitor was without effect, rais-
ing the question of whether the protective effects of NSAIDs might be mediated through
other mechanisms (15). It is of particular importance that Lehmann et al. have identi-
fied another target of NSAID actions, the ligand-activated nuclear receptor PPARγ (16).
NSAIDs directly bind to PPARγ and activate its transcriptional regulatory activities.
Thus, it has been argued that the anti-inflammatory actions of NSAIDs may be mediated
principally through their ability to activate PPARγ (17–20).

1.2. Inflammatory Mechanisms in Stroke

The recognition that PPARγ agonists act to suppress microglial pro-inflammatory
responses led us to consider the utility of these drugs in other CNS indications with an
inflammatory component, such as stroke. Stroke is the third leading cause of death and
the principal cause of disability in the United States. Inflammation plays a critical role
in ischemic injury in the brain. The activation and proliferation of macrophages and
microglia are the hallmark of this reaction. Previously, these cells were thought to play
a beneficial role by phagocytosing necrotic debris and helping to restore blood supply.
More recently, it has been appreciated that the inflammatory response is also detrimen-
tal in ischemic injury (21). Manipulation of the immune reaction to stroke is a promising
strategy for reducing injury following cerebral ischemia and several lines of evidence sup-
port the idea that blocking inflammation is beneficial. The inflammatory reaction begins
soon after the onset of ischemia and precedes the onset of apoptotic cell death. Micro-
glial activation is observed as early as 30 min after the onset of cerebral ischemia. Micro-
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glia synthesize and secrete the pro-inflammatory cytokines interleukin (IL)-lβ and tumor
necrosis factor (TNF)-α, as well as reactive oxygen and nitrogen species. Together, these
microglial products trigger neuronal apoptosis. In addition to the inflammatory response
of microglia within the brain, a vigorous systemic response also occurs. Soon after the
onset of ischemia, neutrophils, followed by monocytes and macrophages, are recruited
to the lesion site and infiltrate the brain. The accumulation of these cells at the site of injury
restricts blood flow in the microvasculature, thereby exacerbating ischemic injury (21).
Like microglia, these cells produce pro-inflammatory molecules that lead to further neu-
ronal damage. Experimental strategies that block cytokine action (22,23) or reduce sys-
temic influx of inflammatory cells have been shown to reduce infarct size (24).

1.3. Multiple Sclerosis

Multiple sclerosis is an immune-cell-mediated disease with a complex etiology (25).
The most prevalent forms of the disease arise following migration of autoreactive T
cells into the nervous system. The infiltrating T cells release pro-inflammatory cytokines,
facilitating the development of an inflammatory response and injury to myelin-forming
oligodendrocytes. Macrophages are recruited to the site of the lesion and, together with
endogenous microglia, undergo phenotypic activation, produce a host of pro-inflamma-
tory molecules, and participate in the degradation of the myelin sheath. The demyelina-
tion of axons results in impaired axonal conduction and the appearance of neurological
deficits. The disease lesions are characterized by the inflammatory reaction, and thera-
peutic strategies that target these processes have proven to be efficacious both in humans
and animal models of the disease. The ability of PPARγ agonists to inhibit T-cell acti-
vation (26) and inhibit pro-inflammatory gene expression (27) suggests that these agents
may be efficacious in treating this disease. This view is supported by recent evidence dem-
onstrating that PPARγ agonists suppress the development of neurological deficits in a
mouse experimental autoimmune encephalomyelitis [(28); Feinstein et al., unpublished].

2. ROLE OF PPARs IN INFLAMMATION

2.1. PPAR Family of Nuclear Receptors

The nuclear receptor superfamily of transcription factors represents an important class
of regulators of gene expression whose best recognized members include the steroid,
thyroid, and retinoid receptors (29). A subclass of this receptor family are the peroxisome
proliferator-activated receptors (PPARs), which were so named because of the ability
of PPARα to respond to synthetic hypolipidemic drugs by the induction of peroxisome
proliferation. There are three PPAR genes, encoding the highly related receptor isoforms
α, γ, and β/δ (designated NR1C1, NR1C2 and NR1C3, respectively) that share a common
structure and mechanism of regulation (30). This nuclear receptor subfamily binds a
variety of lipid ligands whose transcriptional regulatory actions are activated upon bind-
ing of the ligand to the receptor. These receptors have been the subject of several recent
reviews (27,30–34).

Peroxisome proliferator-activated receptor gamma is expressed at highest levels in
adipose tissue but is also found in the lymphocytes, vascular smooth muscle, and mye-
loid cells. PPARγ acts to regulate lipid metabolism and the differentiation of adipocytes.
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It has only recently been appreciated that PPARs also regulate pro-inflammatory gene
expression (27,31,32). The regulation of genes involved in inflammatory responses are
regulated principally through PPARγ. PPARγ acts to positively regulate the gene expres-
sion of a number of genes through transcriptional transactivation as well as to inhibit gene
expression by transcriptional transrepression. These two distinct consequences of PPARγ
activation are mediated through allied but mechanistically different processes. PPARα
is expressed principally in brown adipose tissue, liver, kidney, and heart. PPARβ/δ is ubiq-
uitously expressed and very little is known about its biological functions.

Peroxisome proliferator-activated receptors are DNA-binding proteins and are struc-
turally similar to other members of the superfamily with respect to their domain architec-
ture. The crystal structure of PPARγ has been solved and the details of its interactions
with DNA and its ligands are reasonably well understood (35,36). The PPARs possess
a DNA-binding domain positioned near the N-terminus of the molecule that is separated
by a hinge region from the C-terminal ligand-binding domain. The DNA binding domain
has two zinc fingers that are highly conserved within this subfamily. PPARα and PPARγ
bind to identical consensus DNA sequences, whereas PPARβ/δ binds to a slightly diver-
gent sequence (37,38). A common feature of the nonsteroidal nuclear receptor super-
family is their requirement for heterodimerization with the retinoid receptors (RXRs),
which confers high-affinity binding to DNA (29). The PPAR isoforms form obligate heter-
odimers with RXRs; thus, their binding to DNA requires paired PPAR–RXR recognition
elements (termed PPREs) found in the promoters of its target genes. It is noteworthy
that it is sufficient to bind the ligand to only one member of the receptor pair to elicit the
transcriptional regulatory activity of the receptor.

The ligand-binding domain of the PPARs is characterized by a large binding pocket
lined with a rather diverse range of putative interactive residues (35,36). This domain,
as might be expected, exhibits lower levels of sequence homology between family mem-
bers, reflective of the distinctive pattern of ligand specificity exhibited by the individ-
ual PPAR isoforms. The binding of the ligand induces a conformational change in the
receptor, allowing its interaction with transcriptional coactivators and corepressors.

2.1.1. PPARγ Ligands

The ligands of the PPARs are lipids, with each PPAR isoform exhibiting a distinctive
substrate specificity. Importantly, it is now apparent that the individual ligands can
produce different conformational changes in the receptor and elicit quantitatively and
qualitatively different biological effects (30). There is considerable controversy over
the identity of the endogenous ligand for PPARγ. A number of long-chain polyunsatu-
rated fatty acids and eicosinoids bind to PPARγ, including linoleic, eicosapentaenoic,
and docosahexanoic acids (DHA) (39). It is not clear whether intracellular levels of these
compounds are sufficient to activate PPARγ and, thus, it remains unclear if interactions
with the endogenous fatty acids are biologically significant (30). The cyclopentone pros-
taglandin 15-deoxy–∆12,14 prostaglandin J2 (PGJ2) binds to and activates PPARγ and
there is a substantial literature suggesting that it is the natural ligand for this receptor
(40). Indeed, PGJ2 exerts potent anti-inflammatory effects and inhibits cytokine expres-
sion. The interpretation of many of these studies on the anti-inflammatory effects of
PGJ2 must be re-evaluated in light of the recent reports that PGJ2 is a direct inhibitor of
the inhibitory κB (IκB) kinase, IKKα, and results in the covalent modification of the p65
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subunit of nuclear factor κB (NF-κB), leading to inhibition of NF-κB action (41,42). Given
the central role of NF-κB in pro-inflammatory gene expression, many of the effects attrib-
uted to PPARγ may have arisen, at least in part, through the action of this compound on
the NF-κB pathway. These findings have forced a re-evaluation of much of the previous
literature in which PGJ2 actions were thought to be mediated exclusively through PPARγ.

Recently, additional natural ligands have been identified that are components of oxi-
dized low-density lipoprotein (LDL). The modified oxidized lipids 9-hydroxyoctadeca-
dienoic acid (HODE) and 13-HODE have been shown to bind and activate PPARγ (43).
Macrophages take up oxidized LDL, followed by the intracellular release of the oxidized
lipid species, resulting in PPARγ activation as a consequence of the binding of these
compounds to the receptor.

There has been a substantial effort by the pharmaceutical industry to develop synthe-
tic ligands for PPARγ. The most prominent class of synthetic ligands that act as PPARγ
agonists are the thiazolidinediones (TZDs) (30). These compounds were developed as
therapeutic agents for the treatment of type II diabetes, because in adipose tissue, PPARγ
regulates fat cell differentiation and the expression of a number of enzymes of lipid metab-
olism. The TZDs act principally in adipose tissue to regulate lipid metabolism, enhance
target organ sensitivity to insulin, and regulate blood glucose and lipid metabolite levels
(44,45). There are currently three members of the thiazolidinedione class that have been
approved by the Food and Drug Administration (FDA) for treatment of type II diabetes.
They are pioglitazone (Actos™), rosiglitazone (Advandia™), and troglitazone (Rezulin™).
There are currently approx 3.5 million people worldwide who use these drugs for the
treatment of diabetes. The thiazolidinediones are generally safe drugs with good oral
bioavailability and have no adverse effects in normal individuals. Other chemical classes
of PPARγ agonists have been developed and are currently in clinical trials (30).

Lehmann and colleagues found that a number of classical NSAIDs bind to PPARγ and
activate its transcriptional activities (16). Specifically, indomethacin, fenoprofen, flu-
fenamic acid, and ibuprofen act as PPARγ agonists. These findings suggest that the anti-
inflammatory effects of NSAIDs may not occur exclusively through their inhibition of
cyclo-oxygenases, but rather may occur as a consequence of the ability of these drugs
to directly activate PPARγ and inhibit pro-inflammatory gene expression. The recogni-
tion that NSAIDs are PPARγ agonists has been argued to explain the discrepancy between
clinically efficacious doses of NSAIDs that are typically substantially greater than those
required for the inhibition of cyclo-oxygenases, but consistent with occupancy of PPARγ
(46). It is noteworthy that studies examining the efficacy of NSAIDs in AD have shown
that aspirin and acetaminophen are not linked to a reduction in AD risk, although they
are very effective inhibitors of cyclo-oxygenases (12,13). Indeed, epidemiological stud-
ies have reported efficacy in only that subset of NSAIDs that are PPARγ agonists (16).

The ability of PPARγ to bind and be activated by fatty acids and long-chain polyunsat-
urated lipids, and particularly the omega-3 fatty acids and their immediate metabolites
(39), suggests that these transcription factors may be responsive to dietary regulation
(47). The role of the long-chain fatty acid DHA in the activation of PPARγ and its anti-
inflammatory actions was initially demonstrated by Ricote (20). Combs et al. reported
that DHA efficiency inhibited IL-6 and TNF-α reporter activity and the elaboration of
neurotoxic factors by monocytes (17). These findings are of particular interest given the
recent observation that DHA is also a ligand for RXR (48).
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2.1.2. Mechanism of Transcriptional Transactivation by PPARγ
Transcriptional transactivation is mediated through the ligand-stimulated displace-

ment of a transcriptional corepressor that is constitutively associated with the PPAR/
RXR heterodimer (Fig. 1). The transcriptionally inactive PPAR complex interacts with
any of a number of corepressor molecules, such as N-CoR or SMRT, suppressing its
interaction with DNA and coactivators. The specific corepressor employed is likely to
be distinct in different cell types. Upon ligand binding, the corepressor is displaced, the
receptor complex then associates with coactivator molecules and binds to the PPRE in
the promoter of its target genes. The principal coactivators interacting with PPARγ are
the ubiquitously expressed SRC-1 and functionally related molecules (e.g., PGC-1, PBP,
TIF-2, and p/CIP). A second class of coactivators are the cyclic AMP response element
binding protein (CREB)-binding protein (CBP) and its homolog, p300. The current model
for formation of a transcriptionally active PPAR complex involves the formation of a
multimeric complex of SRC-1 and CBP/p300 with PPARs (27). The coactivators serve
both to bridge the receptor complex to the basal transcriptional apparatus and to alter chro-
matin structure through their intrinsic histone acetylase activities. The assembly of these
complexes on the promoter then results in transcription of the target gene.

Of particular significance to neuroinflammation is the ability of PPARγ activation
to regulate gene expression in myeloid lineage cells. In general, the genes that are pos-
itively regulated by PPARγ are molecules linked to lipid metabolism, reflective of the
primary function of this transcription factor in adipose tissue. In monocytes and macro-
phages, the B-class scavenger receptor CD36 is dramatically upregulated following
PPARγ ligation. CD36 is the principal high-density lipoprotein receptor in myeloid cells
and also binds oxidized LDL; thus, it has been argued that the enhanced uptake of lipid

Fig. 1. Mechanism of transcriptional transactivation by PPARγ.
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precursors of natural PPARγ ligands as well as modified lipid ligands leads to increased
cellular levels of these species (43,49). In macrophages, PPARγ activation stimulates
the differentiation of these cells, a process facilitated by increased uptake and metabo-
lism of lipid precursors of the natural ligands of the receptor. In addition, it has recently
been shown that PPARγ agonists induce lipoprotein lipase in macrophages (50). These
mechanisms are important in the pathogenesis of atherosclerosis but may have limited
relevance to neuroinflammatory phenomena.

2.1.3. Mechanisms of Transcriptional Transrepression by PPARγ
In myeloid lineage cells, the principal result of PPARγ activation is the inhibition of

gene expression induced by inflammatory stimuli. The mechanisms of transrepression,
which are particularly relevant to the anti-inflammatory actions of PPARγ, have not been
fully resolved and, indeed, multiple mechanisms may be in play. The binding of a ligand
to PPARγ results in the inhibition of pro-inflammatory gene expression (Fig. 2). PPARγ
antagonizes the actions of the positively acting transcription factors AP-1, STAT, and
NF-κB. Ricote and colleagues provided direct evidence for this antagonism by examina-
tion of reporter constructs containing minimal promoters containing only the binding
sites for AP-1 and NF-κB and found that PPARγ agonists effectively inhibited the acti-
vation of these reporters (20). Importantly, the transrepressive actions of PPARs do not
involve the binding of the receptor to DNA. PPARγ inhibits gene expression through
its capacity to bind and sequester coactivator molecules, preventing their association
with the positively acting promoter elements, a process termed “squelching” (51,52). In
these settings, PPARγ ligand binding results in dissociation of the corepressor from
the PPAR–RXR complex and the subsequent association of the coactivator molecules

Fig. 2. Mechanism of transcriptional repression by PPARγ.
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SRC-1 in concert with CBP/p300. The amount of the coactivators is thought to be rate
limiting and thus their sequestration by PPARγ arrests gene expression. It has been postu-
lated that the repressive effects are mediated through coactivator sequestration by the
PPAR complex and also by the ability of PPARs to functionally inactive the coactivator
by conformationally constraining these molecules and thus inhibiting their interaction
with the basal transcriptional apparatus (51). The net consequence of PPARγ agonist
binding is the arrest of expression of a number of pro-inflammatory genes. It should be
noted that this type of transcription transrepression requires substantially higher levels
of receptor occupancy and, thus, higher ligand concentrations, because it involves seques-
tration of the bulk of the coactivators by the PPARγ–ligand complex. Indeed, the expe-
rimental data indicate that transrepression occurs at a higher drug concentration than that
required for transactivation (20).

Peroxisome proliferator-activated receptors have been shown to antagonize the action
of NF-κB. There is compelling evidence that this can happen at the level of the promoter-
associated transcriptional complexes. However, recent evidence has been provided that
indicates that the anti-inflammatory actions of the PPARs may also be mediated in part
thorough the ability of this receptor class to induce the expression of IκB (53). IκB serves
to hold the NF-κB complex in an inactive state in the cytoplasm. PPARα ligands have
been shown to induce the elevation of cytoplasmic levels of IκB mRNA and protein and
it seems likely that PPARγ agonists may elicit a similar response. The presence of high
levels of cytoplasmic IκB would serve to block the translocation of NF-κB to the nucleus
and act to inhibit pro-inflammatory gene expression.

The study of the actions of PPARγ on pro-inflammatory gene expression and pro-
moter activity have shown an unexpected complexity in the action of this receptor. In the
initial reports of PPARγ-dependent inhibition of pro-inflammatory cytokine expression,
it was observed that PPARγ agonists effectively suppressed the expression of these genes
when macrophages were stimulated with phorbol ester or okadaic acid, but not the endo-
toxin lipopolysaccharide (LPS). This finding is supported by Thieringer et al., who also
found that LPS-stimulated cytokine production was not affected by treatment of the cells
with a large panel of PPARγ agonists (54), although this latter finding is controversial
(55,56). Phorbol ester and LPS employ distinct signal transduction cascades to stimulate
gene expression through the phosphorylation of transcription factors. It is possible that
the LPS stimulation provokes the formation of transcriptional complexes on the pro-
moters of the target genes that are molecularly distinct from those elicited by other stim-
uli and utilize elements whose activity is not compromised by PPARγ activation.

2.2. The Role of PPARγγγγγ in Inflammation

The initial indications that PPARγ may play a role in suppressing inflammatory gene
expression came from studies of adipocytes. In diabetic models, PPARγ agonists were
shown to suppress the expression of the pro-inflammatory cytokine TNF-α, which acts
to inhibit insulin signaling and contributes to insulin resistance (33,57). There is now
substantial evidence that PPARγ agonists have potent anti-inflammatory activity (27,
30–33). The demonstration that PPARγ plays a role in myeloid cell biology arose from
two seminal studies by Ricote and Jiang and colleagues (20,46). These studies demon-
strated that exposure of monocytes or macrophages to both synthetic and natural ligands
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of PPARγ resulted in the inhibition of expression of the pro-inflammatory cytokines IL-1β,
IL-6, and TNF-α following treatment of the cells with phorbol ester (46). These effects
were a consequence of the transcriptional inactivation of the promoters of the cytokine
genes. PPARγ agonists have also been shown to inhibit the expression of the chemokine
MCP-1 gene, whose expression is induced upon activation of macrophages (58), as well as
the chemokine-inducted migration of these cells (59). Importantly, activation of PPARγ
by both synthetic and natural ligands blocked the phenotypic conversion of the mono-
cytes into reactive macrophages (17,60) and the activation of microglia (17).

2.2.1. iNOS
Ricote et al. reported that both natural and synthetic PPARγ agonists inhibited indu-

cible nitric oxide synthase (iNOS) expression in interferon (IFN)γ-stimulated monocytes
and macrophages (20). Subsequently, PPARγ-mediated inhibition of iNOS expression
has been described in a variety of cells such as macrophages, microglia, astrocytes, and
neurons (18,20,61,62). Long-term iNOS-mediated production of nitric oxide (NO) is
an important element of the innate immune response that exerts toxic effects on tumor
cells and invading micro-organisms (63). It is of particular significance that in the CNS,
iNOS expression has been shown to provoke neuronal cell death. Induction of iNOS in
astrocytes and microglia leads to NO-mediated neuronal cell death in vitro. Moreover,
iNOS was found to be induced in neurons that undergo neurodegenerative changes in
the brains of patients suffering from AD. A number of experimental studies in stroke
rodent models of multiple sclerosis and neurodegeneration have demonstrated a neuro-
protective action of iNOS inhibitors (64).

The induction of iNOS expression in neurons by IFN-γ and LPS was antagonized by
the PPARγ agonists troglitazone and PGJ2, both in vitro (18) and in vivo (19). In vitro,
iNOS induction in response to LPS and various cytokines resulted in NO-dependent
activation of caspase-3 activity, subsequent DNA fragmentation, and apoptotic cell death.
Exposure of neurons to PPARγ agonists and NSAIDs blocked both iNOS expression
and cell death. These studies were extended into an animal model in which LPS and
IFN-γ were directly injected into the brain. Neuronal iNOS induction was blocked and
neuronal apoptosis was inhibited when the PPARγ agoinsts troglitazone, PGJ2, and the
NSAID ibuprofen were coinjected. Consistent with these findings and supporting a pro-
tective role in the neuroinflammation associated with AD, Ogawa and colleagues reported
that β-amyloid-induced iNOS expression in macrophages was inhibited by indometha-
cin and ibuprofen, but not aspirin (65). In summary, inhibition of both glial and neuronal
iNOS by PPARγ-agonists may exert neuroprotective effects in a variety of inflamma-
tory brain disorders, including AD.

The molecular details of the mechanism of repression of iNOS gene transcription
have recently been reported by Li et al. and conform to the scheme shown in Fig. 2 (51).
The inhibition of iNOS gene expression is principally the result of the stable interaction
of PPARγ with a complex of the coactivators SRC-1 and CBP/p300. The coactivator
CBP/p300 is required for the transcriptional activation by the positively acting transcrip-
tion factors NF-κB and AP-1. Competitive binding of PPARγ to limiting amounts of
these coactivators prevented their association with AP-1 and NF-κB elements in the
iNOS promoter, thereby blocking promotor activity and the synthesis of iNOS (51).
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Although transcriptional transrepression is likely to be the principal mechanism through
which iNOS expression is suppressed, additional mechanisms are also involved. There
is evidence that PPARγ agonists also act to inhibit NF-κB activation through regulation
of its regulatory IκB subunit. Cytoplasmic IκB levels are stabilized through inhibition
of proteosome function by HSP70, which stabilizes the cytosolic NF-κB inhibitors IκBα
and IκBβ, thereby limiting the nuclear translocation of NF-κB, which has been shown
to be essential for iNOS gene transcription (64). HSP70 expression is induced by both
troglitazone and the endogenous PPARγ agonist PGJ2 and this may contribute to iNOS
inhibition (66). In addition, activation of PPARα results in the induction of IκB gene
expression (53) and these events may act in concert to elevate cytoplasmic levels of IκB
and, thus, inhibit iNOS expression.

2.2.2. COX-2

The cyclooxygenase-2 gene is an immediate early gene that is rapidly induced in
response to a variety of stimuli and in many cell types. The induction of COX-2 results
in the acute upregulation of prostaglandin synthesis. The principal product of COX-2
that has been postulated to have a role in pro-inflammatory responses is prostaglandin E2
and it has been argued that this pro-inflammatory product participates in the etiology
of AD (67). COX-2 levels in the AD cortex were reported to be elevated by 50% over age-
matched control patients (68). The argument that COX plays a role in the etiology of AD
is derived principally from the epidemiological studies, demonstrating a protective effect
of NSAIDs in AD, rather than compelling evidence that prostaglandins have deleterious
actions in the CNS (17). Combs et al. have recently demonstrated that β-amyloid-stim-
ulated COX-2 expression in primary microglia and in monocytes was inhibited by the
PPARγ agonists troglitazone and PGJ2. In agreement with these studies, Kitamura et al.
have reported that the NSAIDs indomethacin and PGJ2 inhibit COX-2 expression in mixed
glial cultures (68), a finding similar to that reported in macrophages by Inoue et al. (69).

Subbaramaiah and colleagues have nicely dissected the mechanism by which PPARγ
acts to inhibit COX-2 expression (52). The induction of COX-2 in macrophages requires
the binding of AP-1 (a c-fos and c-jun heterodimer) to the CRE element in the COX-2
promoter. PPARγ acts to prevent AP-1 binding to the promoter through two independent
mechanisms. First, PPARγ ligands block the expression of the c-jun gene, thus prevent-
ing the formation of a functional AP-1 complex and resulting in the inhibition of promoters
requiring an AP-1 promoter element for gene expression. In addition, the ligand-bound
PPARγ associates with both CBP and p300, sequestering these coactivators and prevent-
ing their interaction with the promoter-associated AP-1 complex (and presumably other
transcription factors) in a fashion directly analogous to that reported for inhibition of
iNOS expression (51). These complementary mechanisms serve to silence the iNOS gene.

The discussion of the action of COX-1 and COX-2 and their enzymatic products
have been focused principally on the pro-inflammatory actions of these molecules; how-
ever, recent evidence suggests that the cyclo-oxygenases are responsible for the pro-
duction of anti-inflammatory compounds. It has recently been appreciated that COX-2
activation results in the production of the anti-inflammatory cyclopentenone prostag-
landins, principally PGJ2. These prostanoids are produced during the later stages of an
inflammatory response (70), facilitating the resolution of the inflammatory episode.
The cyclopentenone prostaglandins act to inhibit inflammatory gene expression through
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a direct inhibition of IκB kinases and, thus, inhibition of NF-κB activation, as well as
through binding of PGJ2 and activation of PPARγ (41,42,70).

2.2.3. Other Targets
Peroxisome proliferator-activated receptor gamma acts broadly to inhibit other ele-

ments of the pro-inflammatory response of myeloid lineage cells. Ricote et al. demon-
strated that the synthesis of the metalloproteinase 9 (MMP9, also termed gelatinase B)
induced upon macrophage activation was inhibited by PPARγ agonists (20). This effect
was shown to be a consequence of PPARγ acting directly on the promoter of the MMP9
gene through antagonism of positively acting AP-1 elements. Similarly, expression of the
A-class scavenger receptor, SRA, was blocked by PPARγ agonists. SRA binds to a diverse
range of substrates and oxidized LDL and participates in their uptake. SRA expression was
stimulated upon phenotypic activation of macrophages, and its induction was blocked
by treatment of the cells with PPARγ ligands. The SRA promoter contains AP-1 sites
whose ability to stimulate SRA expression was antagonized by activation of PPARγ (20).

2.2.4. Alternative Mechanisms of Action of PPARγ Agonists
A criticism of the studies on the anti-inflammatory actions of PPARγ agonists, and TZDs

in particular, has been that high levels of these agents are required to elicit anti-inflamma-
tory effects. The anti-inflammatory actions are typically observed at concentrations that
do not correspond well with the binding affinity of the receptor. Whether this is a reflec-
tion of the bioavailibility of the drug or that there are other mechanisms of drug action
is presently controversial. Moreover, it has been reported that some TZDs exhibit anti-
diabetic actions while failing to significantly activate PPARγ (71,72). One potential expla-
nation is that the PPARγ agonists, and particularly the TZDs, may act through other
mechanisms. Recent studies using macrophages in which the PPARγ gene was knocked
out revealed that TZDs exhibited anti-inflammatory activity at high drug concentra-
tions (55,56). These findings demonstrate that the TZDs can operate through non-PPARγ-
dependent mechanisms, perhaps through binding of these drugs to the related PPARα
isoform. A number of studies using dominant negative and dominant positive PPARγ
molecules clearly show the dependence of gene expression on PPARγ function and sup-
port the conclusion that these mechanisms are physiologically relevant to the action of
TZDs. However, these findings raise the question of whether the drugs have additional
cellular targets.

3. ACTIONS OF PPARγγγγγ IN THE NERVOUS SYSTEM

There is remarkably little known about the functional roles of PPAR isoforms in the
nervous system in general, and PPARγ in particular.

3.1. PPAR Expression in the Brain

There is limited data on the expression of PPARs in the brain. There are only a small
number of studies investigating PPAR expression and the conclusions of these studies
are frequently conflicting. Significantly, PPARγ was found to be expressed only at very
low levels in the brain. This finding is consistent with a previous report that PPARγ
mRNA was present in the brain at barely detectable levels by Northern analysis (73). Pri-
mary cultures of neurons and astrocytes revealed a similar pattern of PPAR expression;
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however, PPARγ was found most prominently in adult (but not neonatal) cortical astro-
cytes (74). Examination of the developmental regulation of PPARγ expression in the
rat brain by in situ hybridization revealed that this isoform is transiently expressed at
substantial levels in the hindbrain at E13.5, but its expression falls to very low levels
by birth. PPARγ expression was also found at early developmental stages in the fore-
brain, midbrain, and spinal cord (75). Interestingly, PPARγ expression in these early
embryos was only observed within the CNS and not elsewhere in the embryo and raises
the possibility that this transcription factor may play a role in the ontogeny of the nervous
system. There is a single report of PPARγ expression in the human brain. Kitamura and
colleagues reported that PPARγ expression could be detected by Western analysis in
the temporal cortex of the human brain (68). Significantly, they found an approx 50%
increase in the amount of immunoreactive PPARγ protein in the brains of AD patients.

A detailed analysis of PPAR expression in the adult brain using RNAase protection
assays found that PPARδ was the predominant isoform expressed in the brain and was
expressed in all areas examined. PPARα was present in most brain regions at substanti-
ally lower levels. Kainu reported that PPARα was found at highest levels in cerebellar
granule neurons and also in oligodendrocytes (76).

3.2. PPARγγγγγ and Microglia

Peroxisome proliferative-activated receptor gamma is constitutively expressed in
microglial cells and monocytes (9,77,78), although the expression of this nuclear recep-
tor is subject to both positive and negative regulation. The best documented example
of the regulated expression of PPARγ is in myeloid lineage cells. PPARγ expression is
induced upon differentiation of monocytes into macrophages (49) and upon activation
of resting macrophages (20). Kitamura and colleagues have also recently reported that
the T-cell-derived cytokine IL-4 provoked the induction of PPARγ expression in micro-
glial cultures (78). Treatment of the cells with IL-4 resulted in stimulation of PPARγ
expression within 10 h and was sustained for at least 60 h, the longest interval tested.
Interestingly, LPS treatment of IL-4-stimulated macrophages inhibited the induction of
PPARγ expression. Bernado et al. have reported a similar finding, demonstrating that
treatment of microglial cells with LPS resulted in diminished cellular levels of PPARγ,
thus facilitating the pro-inflammatory activation of the cells (77).

β-Amyloid treatment of monocytes and microglia results in their pro-inflammatory
activation and stimulation of the synthesis and secretion of neurotoxins. Combs et al. have
reported that treatment of either microglia or monocytes with PPARγ agonists arrested
the secretion of the neurotoxic factors (17). This study also demonstrated that the PPARγ
agonists inhibited the β-amyloid-induced stimulation of IL-6 and TNF-α expression.
This effect was observed following treatment of the cells with the PPARγ agonists cig-
litazone and troglitazone, the NSAIDs ibuprofen and indomethacin, as well as the natural
PPARγ ligands PGJ2 and DHA. Significantly, the COX-2-specific inhibitor NS398 was
without effect. The phenotypic activation of monocytes by phorbol ester and microglia
by β-amyloid was also blocked by PPARγ ligands, as was the expression of the comple-
ment receptor CR3/Mac1. Activation of PPARγ also resulted in the greatly reduced expres-
sion of β-amyloid-stimulated expression of COX-2 in both monocytes and microglia. This
latter finding was also reported by Kitamura and colleagues using mixed glial cultures (68).
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Bernardo et al. reported that activation of microglia with LPS or IFN-γ resulted in
the induction of iNOS, TNF-α and major histocompatibility complex (MHC) class II
expression that was fully suppressed by treatment with PGJ2 (77). Similarly, Van Eldik
and colleagues reported that microglial activation resulted in the induction of iNOS
expression that was effectively inhibited by PGJ2 (79). These latter authors argued that
iNOS expression was not regulated by PPARγ but rather by other targets of PGJ2, as
troglitazone was unable to inhibit iNOS activity in LPS-stimulated microglia. More-
over, they were unable to detect any stimulation of a PPRE reporter by troglitazone in
these cells. The conclusion that PPARγ is not acting to regulate iNOS conflicts with a
number of reports in the literature (18,19,51). Glass and colleagues have now dissected
the role of PPARγ at this promoter in considerable detail (51). It seems likely that the
failure of Petrova et al. to observe an effect of troglitazone on the PPRE reporter in the
microglia may be the result of their use of a concentration of troglitazone that was insuf-
ficient to activate PPARγ. Alternatively, PPARγ agonists may be ineffective in suppress-
ing the LPS-driven activation of the iNOS promoter, a situation similar to that reported
by Moller and colleagues for cytokine gene expression (52). The author’s conclusion that
PGJ2 may act through mechanisms independent of PPARγ has subsequently been sub-
stantiated by the demonstration that PGJ2 does indeed inhibit NF-κB-stimulated gene
expression through direct inhibition of IκB kinases and NF-κB (41,42).

Lim et al. have recently published a provocative study in which ibuprofen was admin-
istered to an animal model of AD (80). In APP-overexpressing Tg2576 mice fed ibupro-
fen for 6 mo, there was a reduction in the amount of IL-1β in the brain and reduced levels
of activated microglia. These findings are consistent with observations in the AD patients
where NSAIDs usage was correlated with a 65% reduction of activated microglia associ-
ated with senile plaques (14). The transgenic animals also exhibited a significant reduc-
tion in the amount of soluble β-amyloid in the brain and reduced area occupied by
amyloid plaques. It is not clear whether this is the result of the action of ibuprofen on
PPARγ or on the cyclo-oxygenases. The high levels of ibuprofen administered to the ani-
mals are likely to be sufficient to activate PPARγ. A number of studies have documented
the effect of the NSAIDs ibuprofen and indomethacin on pro-inflammatory gene expres-
sion by monocytes and microglia (1). Both Combs et al. and Klegeris et al. have shown
that these NSAIDs suppress the expression of the pro-inflammatory cytokines and neu-
rotoxicity (17,81). Combs et al. have argued that these effects are likely to be the result
of the action of NSAIDs on activation of PPARγ rather than on their canonical targets,
the cyclo-oxygenases (17).

3.3. PPARγγγγγ Actions in Astrocytes

Astrocytes from rat brain were found to express all three PPAR isoforms (74). How-
ever, astrocytes derived from adult rat cortex express PPARγ at higher levels than those
found from neonatal brain. Human astrocytes were reported to express only PPARγ and
PPARδ, as detected by reverse transcriptase–polymer chain reaction (82).

Chattopadhyay et al. reported that the PPARγ agonists ciglitazone and PGJ2 reduced
the viability of primary human astrocyte within 4 h and induced apoptosis. These authors
also reported that PPARγ agonists provoked apoptosis of the malignant human astro-
cytoma cell line T98G (82). These latter findings are consistent with our observation
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that transformed astrocytic cell lines respond to PPARγ agonists by induction of apopto-
sis (Heneka et al., unpublished observations). However, we failed to observe this effect
with primary rodent astrocytes under similar conditions (83). The susceptibililty of
transformed or neoplastic cells to induction of apoptosis by PPARγ activation has been
well documented in a number of cell types, although the molecular basis of this effect
is presently unclear (27,31).

Kitamura and colleagues have reported that PPARγ agonists inhibit iNOS expression
in mixed rodent glial cultures provoked by treatment of the cells with IFN-γ and LPS
(61). These cultures are approx 90% astrocytes, so it is likely that the iNOS inhibition
by PPARγ activators observed in these studies reflects the effects of the drugs on this cell
type. Microglial cells also respond to PPARγ agonists by suppression of iNOS expres-
sion and the mixed nature of the cultures does not allow firm conclusions to be drawn as
to the relative contribution of each cell type to the observed effects. These authors have
also demonstrated that treatment of the mixed glial cultures with PPARγ agonists resulted
in the induction of heme oxygenase-1 (61).

3.4. PPARγγγγγ Actions in Neurons

The literature on the actions of PPARγ in neurons are contained in two reports by
Heneka and colleagues (18,19). Treatment of primary cerebellar granule cell cultures
with the pro-inflammatory activators LPS and IFN-γ , resulted in the induction of iNOS
expression and subsequent apoptotic death of the neurons arising from the toxic effects
of the reactive nitrogen species. However, treatment of the cells with the PPARγ agonists
ciglitazone and PGJ2 resulted in the suppression of iNOS expression and enhanced
neuronal survival. A similar effect was observed following treatment with the NSAIDs
ibuprofen and indomethacin, reinforcing the view that NSAIDs exert their actions through
their capacity to bind and activate PPARγ. These studies have been extended into an ani-
mal model (19). In this study, LPS and IFN-γ were injected into the cerebellum of rats,
resulting in the induction of neuronal iNOS expression and death of neurons at the site
of injection. If, however, PPARγ agonists troglitazone, ibuprofen, or PGJ2 were injected
simultaneously, the iNOS induction was suppressed and cell death was significantly
attenuated.

The TZD troglitazone has recently been reported to promote the survival of rat spinal
motor neurons, but not other classes of neurons (84). This effect appears not to be medi-
ated through PPARγ, as other TZDs were without effect. Rohn and colleagues have found
that PGJ2 provoked neuronal apoptosis in cultures of primary cortical neurons and in a
neuroblastoma cell line (85). These data were interpreted as an effect of PPARγ activation;
however, given the ability of PGJ2 to inhibit the NF-κB pathway and the role of NF-κB
on neuronal survival, the conclusion that this is an effect on PPARγ is unsubstantiated.

4. CONCLUSIONS

The recent recognition that PPARγ plays important roles in the regulation of pro-
inflammatory gene expression has provided new insight and investigative opportuni-
ties in the roles this transcription factor plays in the nervous system. It is of particular
interest and importance to ascertain if the efficacy of NSAIDs in reducing AD risk is a
consequence of the action of these drugs on PPARγ. The discovery of the anti-inflamma-
tory actions of PPARγ agonists argue that these compounds may be of utility in other
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CNS inflammatory indications and the early experimental evidence supports this view.
The availability of potent, FDA-approved PPARγ agonists will allow the rapid transla-
tion of experimental findings into the clinic.
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Neurotoxin Production in Neurodegenerative Diseases
Potential of Nitrones as Therapeutics

Robert A. Floyd and Kenneth Hensley

1. INTRODUCTION

There is critical need for the development of novel therapeutics for the treatment of
neurodegenerative diseases. Of the many risk factors involved in their etiology, age is
by far the largest. This is seen in the increased incidences of stroke and dementia with
age even in the optimally healthy individual. The reason why age plays such a large role
is probably related to the age-associated enhanced susceptibility of brain to insults which
cause oxidative damage. An enhanced tendency of brain to have a smoldering neuroin-
flammatory state reflects this heightened age-associated risk. Exacerbated neuroinflam-
mation is considered the cause of dementia associated with neurodegenerative conditions.
Exacerbated neuroinflammation is associated with localized glia activation and results in
the enhanced production of toxins that act more selectively on neurons. Nitric oxide and
its oxidation products is considered the major neurotoxin produced, however, reactive
oxygen species and lipid oxidation products are also produced at high levels in the local-
ized region of exacerbated neuroinflammation. Agents, which quell the exacerbated neu-
roinflammation state, appear the most promising for future therapeutics. The nitrones
are especially promising as novel therapeutics for various neurodegenerative diseases
especially stroke and Alzheimer’s disease. They are considered in more depth.

2. NEURODEGENERATIVE DISEASES,
THEIR IMPORTANCE, AND NEED FOR NOVEL THERAPEUTICS

Diseases associated with neurodegenerative conditions represent a large array of dis-
orders that exact an enormous cost to society. The total cost of just Alzheimer’s dis-
ease (AD), stroke, and Parkinson’s disease (PD) represent well over 100 billion dollars
per year. Their burden could be minimized significantly if effective treatment modalities
existed. However, this is not the case; in fact, only minimally effective therapy exists for
only a fraction of the subjects having each of these three diseases now. Basic research on
both the etiology as well as novel therapeutic approaches have escalated over the last
few years. It is likely this will yield successful novel therapies in the future. A major
breakthrough in the development of successful novel therapies seems likely based on
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the emerging recognition that a state of exacerbated neuroinflammation exists in spe-
cific brain regions of subjects suffering from several neurodegenerative disorders and
that this leads to localized production of toxins that causes damage to neurons, leading
to their dysfunction or death. This is considered the cause of dementia suffered by many
subjects afflicted with several neurodegenerative diseases.

3. AGE ENHANCEMENT OF NEURODEGENERATIVE DISEASES

Age is, by far, the largest risk factor in the development of neurodegenerative dis-
eases. It is not known why advanced age becomes such a dominate factor; however, it
is expected that it brings into play several otherwise minor factors so that their additive
effect then becomes a collective group that increasingly dominates with advancing age.
Figure 1 illustrates not only the influence of age on the number of Alzheimer’s cases com-
puted on a community-based study (1) but also depicts the notion of the increasingly
additive influence of genetic and nongenetic factors with advanced age. Nongenetic fac-
tors may relate to environmental or lifestyle factors. Studies on the incidence of Alzheimer’s
disease have shown that prior head trauma was a positive factor (2). A recent study
using a transgenic mouse of Alzheimer’s disease has shown that amyloid plaque deposi-
tion in this animal is increased by head trauma (3).

A recent study examining the development of optimally healthy very elderly people
(85 yr and older) illustrates the enormous importance of increasing age in the develop-
ment of cognitive impairment in the very old (4). From 4494 elderly individuals in the
Portland, Oregon area, 174 who were rated optimally healthy were studied. This group
included 100 individuals that were 85 yr or older. At entry into the study, all subjects
were free of cognitive impairment, stroke, heart disease, hypertension, cancer, diabetes,
and neurological diseases. During the 5.6 ± 0.3 yr of following these people, 38% devel-
oped hypertension, 37% developed cognitive impairment, 33% developed heart disease
(arrhythmia, myocardial infarction), 30% developed cancer, 23% Alzheimer’s disease,
23% had a stroke or transient ischemia attack, 6% developed diabetes, and 2% became
blind (Fig. 2). Several individuals had multiple maladies, so the groups are not mutu-

Fig. 1. Illustration of how both genetic and nongenetic (i.e., environmental) factors become
more dominant with age, influencing the onset of AD. The percentage of AD in certain age ranges
are summaries of the results of community-based study. (From ref. 1.)
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ally exclusive. With respect to brain aging, of the 100 who entered the study after 5.6
yr, 34 had cognitive impairment, and of these 34, 23 had Alzheimer’s disease (Fig. 2).
This is in comparison to 58 who showed no cognitive impairment (note that 8 of the
100 had indeterminate cognitive status, so they are excluded from these totals).

A very recent report emphasizes the importance of age in the occurrence of stroke (5).
Figure 3 presents the data obtained. The exponential rise in the occurrence of stroke
after midlife is extremely striking. In our earlier work (6,7) with different aged gerbils,
we had noted the extreme sensitivity of the older animals when compared to the younger
ones. Until now, these findings in animals had not been demonstrated so remarkably in
humans.

4. EXACERBATED NEUROINFLAMMATION
IN NEURODEGENERATIVE DISEASES

It is now becoming more widely accepted that exacerbated neuroinflammatory pro-
cesses are important in the events involved in causing damage to neurons in several dis-
eases. Early observations made by the McGeers and colleagues (8–11) and Rogers et al.
(12) provided the first clues to the now increasingly important realization that exacer-
bated neuroinflammation is important in several neurodegenerative diseases. We have
reviewed this area recently (13).

Figure 4 presents a simplified view of the general state of exacerbated neuroinflam-
mation in advanced states of certain neurodegenerative diseases such as Alzheimer’s
disease. In this figure, we have represented glia cells (astrocytes and microglia) as large
circles, emphasizing the generally much larger number of them in relation to neurons
(about 10-fold). Glia surround and interact with neurons, generally providing various
growth factors and nourishment factors. In Fig. 4, we have shown, under certain condi-
tions, irritants and activators acting upon glia, causing them to be activated. Glia cells
are resident inflammatory cells and can be activated to produce various growth factors
as well as toxins, some of which are very damaging to neurons. The activators in the case
of Alzheimer’s disease include β-amyloid plaques (14), which form in specific brain

Fig. 2. A summary of results of a study by McNeal et al. (4) in which 100 optimally healthy
85-yr-old individuals were followed for 5.6 yr. The data illustrate the effect of age on the onset
of specific age-associated diseases.
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regions of the affected individuals (15). It is known that activated microglia produce
factors that activate astrocytes, which, in turn, activate microglia (15). This escalating
cascade of glia activation proceeds, leading to a localized cluster of activated cells that
produce many factors and toxins, some of which cause damage to the bystander neurons
(Fig. 4). It is this localized exacerbated neuroinflammation that damages neurons, lead-
ing to either dysfunction and/or death. The dysfunction or death of neurons under these
conditions appears to be the major cause of dementia associated with some neurodegen-
erative diseases.

Some of the known toxins and other factors that activated glia produce that can cause
damage to neurons include reactive oxygen species (ROS) and nitric oxide (NO). Micro-
glia have many properties of macrophages, including the production of superoxide
when they are activated (16). When activated by proinflammatory cytokines, astrocytes
will not only produce H2O2 but, in turn, are also activated by H2O2 (17). Nitric oxide
production by glia is synthesized by inducible nitric oxide synthase (iNOS). NO pro-
duction by iNOS is constant and sustained, thus yielding much higher levels than that
produced by either neuronal NOS (nNOS) or endothelial (eNOS), both of which are
calcium dependent and hence yield only very low levels of NO in short bursts (18,19).
The larger levels of NO produced by glia have a damaging effect on the bystander neu-
rons (see ref. 20 and references herein). Neurons are much more susceptible to NO and
its oxidation products than are the glia that produced it. In the case of Alzheimer’s dis-
ease, it has been demonstrated that β-amyloid stimulates glia to produce NO (14,21).

The mechanistic basis of the enhanced susceptibility of neurons to toxins produced
by the activated glia in coculture is still not entirely resolved; however, it has been

Fig. 3. Results of a study by Williams (5), showing the incidence of stroke as a function of
age and gender in the US population.
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shown that neuron respiratory metabolism is very sensitive to NO. Additionally, it has
been proposed that NO acts on neurons to mediate glutamate release, which acts via the
N-methyl-D-aspartate (NMDA) receptor to trigger a large influx of calcium into neurons,
leading to apoptotic or necrotic death (20). Many other theories exist to explain why
neurons are damaged by activated glia. Nevertheless, most agree that NO is an important
mediator of damage to neurons.

There is much supporting evidence for the occurrence of exacerbated neuroinflamma-
tory processes in neurodegenerative human subjects. Some of the more pertinent obser-
vations are those showing the enhanced activation of signal transduction processes in
cells surrounding β-amyloid plaques. It has been shown that there is a high level of acti-
vated p38 in the surrounding cells of neuritic plaques in brains of Alzheimer’s subjects
when they are compared to age-matched controls (22). It should be noted that p38 activa-
tion occurs in signal transduction processes that are involved in the upregulation of iNOS
expression. The importance of enhanced production of NO and its reaction products
was confirmed by the demonstration, using electrochemical analysis, that protein nitro-
tyrosine and dityrosine adducts were significantly enhanced in the affected brain region
of Alzheimer’s subjects when compared to age-matched controls (23). The fact that

Fig. 4. Scheme illustrating cellular influences and processes involved in a state of exacerbated
neuroinflammation. Shown are glia cells (both astrocytes and microglia) that become activated
by irritants and or activators. Glial activation sets up an escalating cascade of heightened activa-
tion brought on by microglia providing stimulants and growth factors that further activate astro-
cytes, which, in turn, produce various stimulants and factors that further activate microglia. The
end result is that various toxins and other factors such as NO (nitric oxide), ROS (reactive oxy-
gen species), lipid oxidation products, and so forth, are produced that cause damage to neurons
that are more susceptible than the glia, that produced the toxins. Damage to neurons result in
their death or dysfunction, which is the root cause of dementia associated with neurodegen-
erative diseases.
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gliosis and microglia clustering were found around degenerating neurons in the substan-
tia nigra area of Parkinson’s disease subjects, caused by 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) ingestion, clearly implicates the importance of neuroinflammation
in this neurodegenerative disease also (24).

5. TREATMENTS BASED ON QUELLING
EXACERBATED NEUROINFLAMMATION

Many academic laboratories and pharmaceutical companies have active research on-
going with the aim of developing treatments for neurodegenerative diseases. Most atten-
tion is directed to Alzheimer’s disease. The accumulation of β-amyloid plaques is the most
definitive neuropathologic feature of this disease and, hence, measures to prevent buildup
of the plaques is one treatment rationale. As noted earlier, β-amyloid plaques are con-
sidered irritants that activate the glia; hence, plaque buildup would be expected to con-
tribute to exacerbated neuroinflammation. Exacerbated neuroinflammation is now widely
considered of significant importance in the clinical manifestations of the Alzheimer’s
disease. Novel therapeutics based on the goal of quelling exacerbated neuroinflamma-
tion is certainly a rationale approach. Four readily apparent possible major approaches
are presented in Fig. 5.

Regarding approaches to prevent the buildup of β-amyloid plaques, at least two
are now under active development. The first is the design of inhibitors of the enzyme
β-secretase, which cleaves the amyloid precursor protein into peptides responsible for
the eventual buildup of β-amyloid plaques. The second is the β-amyloid vaccination
approach. In the case of the vaccination approach, early work with an Alzheimer’s disease
transgenic mouse model showed promising results in preventing the buildup of β-amy-

Fig. 5. List of possible novel therapeutics approaches to quelling exacerbated neuroinflam-
mation. The examples given relate mostly to the treatment of Alzheimer’s disease.
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loid plaques (25,26). Subsequent β-amyloid vaccination clinical trials in humans were
started, but according to very recent public press releases, these have been discontinued
because of toxicity complications. Regarding the approach of developing inhibitors of
β-secretase, it appears that major hurdles have to be overcome. Two of the most obvious
include the development of an inhibitor that localizes exclusively to the brain (i.e.,
β-secretase is an enzyme present in most cells of the body). Additionally, there is no
evidence that β-secretase is more expressed in Alzheimer’s subjects versus control sub-
jects. Despite the hurdles involved, significant research and development activities are
occurring using this approach not only in academic laboratories but in major pharma-
ceutical companies as well. Another possible approach may be forthcoming based on
recent observations. Utilizing a copper chelator, it was shown that amyloid plaque for-
mation was abated in a preclinical mouse model (27).

Regarding catalytic inhibitors of enzymes that produce toxins, in recent years exten-
sive clinical trials have been initiated utilizing catalytic inhibitors of cycloxygenase II
(COX-II) with the anticipation that this would prevent the enzymatic production of prod-
ucts, which may be of importance in the development of clinical aspects of Alzheimer’s
disease (28). However, from the best accounts now available, these trials have ceased
because of the lack of clinical effects. The results of Yermakova and O’Banion (29)
had implicated the unlikely possibility of COX-II contributing to end-stage pathology
in Alzheimer subjects because the levels of this enzyme decreases during this important
time frame. Because iNOS is an important enzyme in the synthesis of the toxin consid-
ered responsible for neuron damage, it is reasonable to expect inhibitors of this enzyme
to be evaluated. Studies based on this approach in stroke in animal models (30,31) have
yielded results implicating the importance of iNOS. Presently, there seems to be limita-
tions to this approach because of a lack of specific inhibitors for iNOS. Several inhibitors
of iNOS also show activity with eNOS and nNOS. If these latter enzymes are inhibited,
it is expected to cause significant complications in blood pressure regulation and possi-
bly cognitive functions or muscle action if eNOS or nNOS, respectively, are inhibited
to any extent.

The recent increased activity in nonsteroidal anti-inflammatory drugs (NSAIDs) came
from the earlier pioneering research on neuroinflammatory processes and the potential
and the highly suggestive effectiveness of indomethacein and ibuprofen (32,33). Increased
interest in this area is certain to result from a recent prospective study that involved
6989 subjects, where the association between the use of NSAIDs and Alzheimer’s dis-
ease and vascular dementia were evaluated (34). The study clearly showed that the rela-
tive risk of developing Alzheimer’s disease decreased significantly when long-term use
of NSAIDs had occurred. Short-term use of NSAIDs showed no effect. NSAID treatment
had no effect on the development of vascular dementia. No definitive proof in humans
has been given that NSAID treatment decreases exacerbated neuroinflammation in the
brains of the Alzheimer’s subjects. It is possible that this occurs. A recent study in rats
using novel NSAID derivatives clearly implicated this conclusion (35). The novel NSAIDs
derivatives used were nitroflurbiprofen or nitro-aspirin. Neuroinflammation was induced
in the fourth ventricular space of the rat’s brain by continuous direct lipopolysaccharide
(LPS) infusion. Daily peripheral (subcutaneous) administration of these novel drugs atten-
uated brain inflammation, as reflected by a decrease in OX-6-positive microglia within
the affected brain regions.
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When approaches to minimize reactive oxygen species and/or oxidative damage are
considered, the immediate reaction is to consider using antioxidants. Although this is
certainly rational, antioxidant is a term that connotes different ideas and facts attributed
to each individual; unfortunately, its very use as a catch-all term and the mixed results
that invariably come from biological experiments with various antioxidants have con-
siderably confused the field. As the knowledge of the biological production as well as
the consequences of ROS and oxidative damage has increased, our understanding of
the various antioxidants and their highly unique properties and specific and varied bio-
logical effects have also increased. Almost invariably, vitamin E is readily considered.
In fact, clinical trials with very high levels of vitamin E supplementation have been con-
ducted in the treatment of Alzheimer’s disease. The results showed that very high levels
of vitamin E had an effect on prolonging the entrance of Alzheimer’s subjects into institu-
tionalized living centers, but there was no effect on abating the onset of dementia (36).
It should also be noted that there are no data available indicating that the vitamin E sup-
plementation had any effect on the amount of oxidative damage in the brains of the treated
subjects. Vitamin E loading of the brain does not readily occur (37); so, as an ideal
antioxidant for brain, it seems to be severely lacking. Lipoic acid is another low-molec-
ular-weight antioxidant that may have promise in neurodegenerative diseases because it
penetrates the brain and shows protection from stroke in rats if given before the stroke (38).
It has been tested in a clinical trial to ameliorate the development of dementia in advanced
cases of human immunodeficiency virus (HIV)-infected individuals (39). In this trial, it
showed no effectiveness. It should be noted that some promising low-molecular-weight
superoxide dismutase mimetics have shown neuroprotective activity in prelcinical models
(40,41). It is not known if clinical trials with these compounds are underway.

Regarding the approaches of inhibiting the induction of iNOS and quelling or selec-
tively altering enhanced signal transduction pathways, this seems the most attractive
approach at the present time. As noted earlier, the NSAID effect could possibly be acting
through these mechanisms. Much effort is most likely now being focused on these attrac-
tive approaches. However, we are aware of only the effort being made with nitrones and
some closely related chemicals. In Section 6, we present a more detailed summary of
available data on the nitrones as drug development candidates. It is highly likely that
their action involves not only inhibiting the induction of iNOS but also abating and alter-
ing enhanced signal transduction pathways but also as a side effect inhibiting the produc-
tion of reactive oxygen species and oxidative damage to brain. In the following section,
we present a more detailed summary of the nitrones as novel potential therapeutics for
the treatment of neurodegenerative diseases.

6. NITRONES AS THERAPEUTICS

We have reviewed this subject several times previously (37,42–48), so only a sum-
mary will be provided here in the context of this report. Figure 6 presents a general for-
mula for nitrones, and the general nitrone trapping reaction with a free radical • R. Also
presented is the formula for α-phenyl-tert-butyl nitrone (PBN), the compound that has
been most widely used in academic laboratories. Attention to the nitrones arose from their
use in analytical chemistry to trap and, hence, stabilize highly reactive free radicals that
then made it possible by the use of electron paramagnetic resonance spectroscopy to char-
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acterize the trapped (spin-trapped) free radicals. This spin-trapping ability of nitrones
made it possible to definitely show their presence of free radicals and help characterize
them in many chemical reactions (49,50). Their use was then applied more widely [i.e.,
in biochemical experiments (51–54), and, finally, in experimental animals (55–59)].

In addition to the first use of nitrones as analytical agents in chemical and then bio-
chemical systems (see Fig. 7), they were shown to have pharmacologic properties. The
first observation implicating this possibility was made by Novelli et al. (60) in 1985.
They showed that PBN protected rats from trauma caused by placing them in a tumbling
mill. Although not listed in Fig. 7, the next demonstration of the therapeutic potential
of the nitrones occurred shortly thereafter, when it was shown that they were protective
in LPS-induced septic shock in rats (61–63). PBN was protective only when given prior
to the LPS dosing.

Another major milestone occurred when it was demonstrated that PBN was protec-
tive in experimental stroke in gerbils (6). This result has been repeated many times
(64–68) and extended to several other stroke models and, importantly, PBN (as well as
some of its derivatives) is neuroprotective if given within an hour or so after the start of
brain reperfusion. The 1,3 disulfonyl phenyl derivative of PBN (referred to as NXY-059)
is in commercial development for stroke and has been shown to be much more potent
than PBN in a middle cerebral artery occlusion stroke model in rats (69) and marmosets
(70). Illustrations of the scope of the various neuroprotective indications where PBN
has been demonstrated to be effective include a hearing loss model mediated by noise plus
carbon monoxide (71), an intense white-light-mediated retinal damage model in rats
(72), and kainic acid-mediated epilepsy-type lesions in a rat model (73). In the latter
case, neuroprotection was most effective when administered at least 90 min after the
subcutaneous injection of kainate.

Fig. 6. Chemical formula illustrating the general nitrone structure and specifically PBN (α-phe-
nyl-tert-butyl nitrone) as well as the spin-trapping of a free radical • R by a nitrone to yield a trapped
radical stabilized as a nitroxide.
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As noted in Fig. 7, the nitrones have been shown to have both antiaging activity, an
area we have summarized previously (47,74), as well as anticancer activity, which we
discovered recently (75,76). In addition to the indications listed in this chapter, there
are many more biological indications where the nitrones have shown pharmacologic
activity and are not presented here. Some of the most intriguing observations regarding
the pharmacological implications of PBN, and certainly clues to its mechanism of action,
came very early after our discovery of its neuroprotective activity. It was shown that
older gerbils were much more sensitive to a global stroke than were younger gerbils (6).
Additionally, it was shown that oxidized protein in the brains was much higher, approx-
imately twofold, in older gerbils than younger gerbils (77). However, after 14 d of chronic
low-level (30 mg/kg/d) treatment of the older gerbils with PBN, the oxidized protein
content fell back to the levels observed in younger gerbils, but it then rebounded back to
the normal old brain levels within 2 wk after ceasing chronic PBN treatment (77). The
susceptibility of older gerbils to stroke was significantly reduced after 14 d of chronic
PBN administration and, surprisingly, the protectiveness rendered by PBN remained for
at least 5 d after ceasing chronic dosing (78). The half-life of PBN, which readily penetrates
the brain within 20 min after dosing (79), is about 132 min in rats (79), so it is highly
likely that no PBN remained in the brain of the chronically administered gerbils when
they were stroked 1 d, and certainly not at 3 and 5 d, after ceasing dosing them. Our inter-
pretation has been that PBN, because of its chronic presence in the dosed older gerbil brain,
alters the brain to be less susceptible to the massive stroke insult. Much evidence has sug-
gested that the older brain is more susceptible to insults. The older brain shows a much
enhanced glia activation than the younger brain (80,81) and suggests that it has a smolder-
ing, only partially manifest, tendency toward neuroinflammatory processes (13). The data
suggested that the increased protein oxidation level in the old brain reflects this increased
susceptibility. In this view, the presence of chronic PBN shifts the balance, hence revers-
ing the processes that increase with age and results in an unbalanced highly susceptible
state in the older brain.

Clearly, the nitrones have enormous potential as novel therapeutics for several indi-
cations and especially in the treatment of neurodegenerative diseases. Their potent activ-

Fig. 7. Illustration of the major historical events in the development of nitrones as therapeu-
tics. The superscripted numbers are reference numbers.
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ity is not the result of their classical spin-trapping reactions for which they were origi-
nally used in analytical chemistry. Several readily apparent facts support this conclu-
sion. Primary is the fact that in traditional solution-phase spin-trapping reactions, a very
high concentration of the nitrone is required (i.e., 10–100 mM) in order to be able to trap
a significant fraction (10–50%) of the free radicals produced. The requirement for a
large amount of nitrone is the result of their low reaction rates with most free radicals
(i.e., usually 104–107 s/M). It should also be noted that the ROS level increases very
rapidly after a stroke but then becomes much less within a few minutes after the reper-
fusion phase has started. However, nitrones are active when given within 1 h or so after
the reperfusion phase has started. This reinforces the conclusion that their biological
action does not depend on their classical mass action reaction activity. Another impor-
tant fact is that they are not very effective antioxidants in classical biological lipid per-
oxidation systems. For instance, about 5 mM of PBN is required to inhibit 50% of the
lipid peroxidation rate in rat microsomal systems in comparisons to vitamin E or buty-
lated hydroxy toluene where 1–5 µM will curtail 50% of the lipid peroxidation rate in the
same systems (82). It should also be noted that the level of nitrone in the stroked brain
is on the order of 100 µM or less (i.e., much less than the 100 mM expected to be needed
to trap a major portion of the free radicals in a robust solution-phase free-radical reaction
system).

The mechanistic basis of the potent neuroprotective action of the nitrones depends
on their ability to quell and selectively alter signal transduction pathways that are exacer-
bated in many neurodegenerative conditions. Their ability to act potentially in the mito-
gen-activated protein kinase pathways explains their ability to inhibit the induction of
p38 and NF-κB in activated cultured cells (17,83) as well as in the brain of experimen-
tal animals (73). One important result in this regard is their ability to inhibit the induc-
tion iNOS in cultured cells (84,85) as well as in the intact brain (86). They have been
shown to decrease the increased production of pro-inflammatory cytokines that are nor-
mally produced as a result of large insults to the brain (73). In primary astrocytes, hydro-
gen peroxide is as effective as the pro-inflammatory cytokine interleukin (IL)-1 in the
induction of p38 as well as iNOS; in this case, PBN was shown to effectively inhibit the
activation of signal transduction pathways triggered by either one (17). Therefore, with
the exacerbated neuroinflammation model in mind (Fig. 4), we consider the nitrones to
have enormous potential to inhibit the damaging effects caused by exacerbated neuro-
inflammation. This is because they will act first to downregulate glial activation caused
by activators or irritants, second by inhibiting the astrocyte/microglia activation cas-
cade by both inhibiting the production of stimulant factors such as proinflammatory
cytokines and ROS (H2O2), and third by inhibiting the glia activation associated iNOS
induction, thereby preventing NO production. The nitrones appear to have significant
potential as therapeutics for neurodegenerative diseases.

REFERENCES

1. Markesbery, W. R. (1997) Oxidative stress hypothesis in Alzheimer’s disease. Free Radi-
cal Biol. Med. 23, 134–147.

2. Mortimer, J. A., French, L. R., Hutton, J. T., and Schuman, L. M. (1985) Head injury as a
risk factor for Alzheimer’s disease. Neurology 35, 264–267.



182 Floyd and Hensley

3. Uryu, K., Laurer, H., McIntosh, T., Pratico, D., Martinez, D., Leight, S., et al. (2002)
Repetitive mild brain trauma accelerates Aβ deposition, lipid peroxidation, and cogni-
tive impairment in a transgenic mouse model of Alzheimer amyloidosis. J. Neurosci. 22,
446–454.

4. McNeal, M. G., Zareparsi, S., Camicioli, R., Dame, A., Howieson, D., Quinn, J., et al.
(2001) Predictors of healthy brain aging. J. Gerontol.: Biol. Sci. 56A, B294–B301.

5. Williams, G. R. (2001) Incidence and characteristics of total stroke in the United States.
BMC Neurol. 1, 2.

6. Floyd, R. A. (1990) Role of oxygen free radicals in carcinogenesis and brain ischemia. FASEB
J. 4, 2587–2597.

7. Floyd, R. A. and Carney, J. M. (1991) Age influence on oxidative events during brain ische-
mia/reperfusion. Arch. Gerontol. Geriatr. 12, 155–177.

8. McGeer, P. L., McGeer, E., Rogers, J., and Sibley, J. (1990) Anti-inflammatory drugs and
Alzheimer disease. Lancet 335, 8696.

9. Tooyama, I., Kimura, H., Akiyama, H., and McGeer, P. L. (1990) Reactive microglia express
class I and class II major histocompatibility complex antigens in Alzheimer’s disease. Brain
Res. 523, 273–280.

10. McGeer, P. L., Itagaki, S., Tago, H., and McGeer, E. G. (1987) Reactive microglia in
patients with senile dementia of the Alzheimer’s type are positive for the histocompatability
of glycoprotein HLA-DR. Neurosci. Lett. 79, 195–200.

11. McGeer, P. L., Akiyama, H., Itagaki, S., and McGeer, E. G. (1989) Activation of the classi-
cal complement pathway in brain tissue of Alzheimer patients. Neurosci. Lett. 107, 341–346.

12. Rogers, J., Cooper, N. R., Webster, S., Schultz, J., McGeer, P. L., Styren, S. D., et al.
(1992) Complement activation by β-amyloid in Alzheimer disease. Proc. Natl. Acad. Sci.
USA 89, 10,016–10,020.

13. Floyd, R. A. (1999) Neuroinflammatory processes are important in neurodegenerative dis-
eases: an hypothesis to explain the increased formation of reactive oxygen and nitrogen
species as major factors involved in neurodegenerative disease development. Free Radical
Biol. Med. 26, 1346–1355.

14. Akama, K. T., Albanese, C., Pestell, R. G., and Van Eldik, L. J. (1998) Amyloid β-peptide
stimulates nitric oxide production in astrocytes through an NFκB-dependent mechanism.
Proc. Natl. Acad. Sci. USA 95, 5795–5800.

15. Cotman, C. W., Tenner, A. J., and Cummings, B. J. (1996) β-Amyloid converts an acute
phase injury response to chronic injury responses. Neurobiol. Aging 17, 723–731.

16. Colton, C. A. and Gilbert, D. L. (1987) Production of superoxide anions by a CNS macro-
phage, the microglia. Fed. Eur. Biochem. Soc. 223, 284–288.

17. Robinson, K. A., Stewart, C. A., Pye, Q. N., Nguyen, X., Kenney, L., Salzman, S., et al.
(1999) Redox-sensitive protein phosphatase activity regulates the phosphorylation state of
p38 protein kinase in primary astrocyte culture. J. Neurosci. Res. 55, 724–732.

18. Borgerding, R. and Murphy, S. (1995) Cytokine-activated astrocytes induce nitric oxide
synthase type II in cerebrovascular endothelial cells. Soc. Neurosci. 21, 1080 (abstract).

19. Ding, M., St. Pierre, B. A., Parkinson, J. F., Medberry, P., Wong, J. L., Rogers, N. E., et al.
(1997) Inducible nitric-oxide synthase and nitric oxide production in human fetal astro-
cytes and microglia. J. Biol. Chem. 272, 11,327–11,335.

20. Bal-Price, A. and Brown, G. C. (2001) Inflammatory neurodegeneration mediated by nitric
oxide from activated glia-inhibiting neuronal respiration, causing glutamate release and
excitotoxicity. J. Neurosci. 21, 6480–6491.

21. Wallace, M. N., Geddes, J. G., Farquhar, D. A., and Masson, M. R. (1997) Nitric oxide
synthase in reactive astrocytes adjacent to β-amyloid plaques. Exp. Neurol. 144, 266–272.

22. Hensley, K., Floyd, R. A., Zheng, N.-Y., Nael, R., Robinson, K. A., Nguyen, X., et al. (1999)
p38 Kinase is activated in the Alzheimer’s disease brain. J. Neurochem. 72, 2053–2058.



Neuroinflammation-Mediated Neurotoxin Production 183

23. Hensley, K., Maidt, M. L., Yu, Z., Markesbery, W. R., and Floyd, R. A. (1998) Electro-
chemical analysis of protein nitrotyrosine and dityrosine in the Alzheimer brain indicates
region-specific accumulation. J. Neurosci. 18, 8126–8132.

24. Langston, J. W., Forno, L. S., Tetrud, J., Reeves, A. G., Kaplan, J. A., and Karluk, D.
(1999) Evidence of active nerve cell degeneration in the substantia nigra of humans years
after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine exposure. Ann. Neurol. 46, 598–605.

25. Schenk, D., Barbour, R., Dunn, W., Gordon, G., Grajeda, H., Guido, T., et al. (1999) Immu-
nization with amyloid-β attenuates Alzheimer-disease-like pathology in the PDAPP mouse.
Nature 400, 173–177.

26. Morgan, D., Diamond, D. M., Gottschall, P. E., Ugen, K. E., Dickey, C., Hardy, J., et al.
(2000) Aβ peptide vaccination prevents memory loss in an animal model of Alzheimer’s
disease. Nature 408, 982–985.

27. Cherny, R. A., Atwood, C. S., Xilinas, M. E., Gray, D. N., Jones, W. D., McLean, C. A.,
et al. (2001) Treatment with a copper–zinc chelator markedly and rapidly inhibits β-amyloid
accumulation in Alzheimer’s disease transgenic mice. Neuron 30, 665–676.

28. Pasinetti, G. M. (2001) Cyclooxygenase and Alzheimer’s disease: implications for preven-
tive initiatives to slow the progression of clinical dementia. Arch. Gerontol. Geriatr. 33,
13–28.

29. Yermakova, A. V. and O’Banion, M. K. (2001) Downregulation of neuronal cyclooxygen-
ase-2 expression in end stage Alzheimer’s disease. Neurobiol. Aging 22, 823–836.

30. Iadecola, C., Zhang, F., Casey, R., Nagayama, M., and Ross, M. E. (1997) Delayed reduc-
tion of Ischemic brain injury and neurological deficits in mice lacking the inducible nitric
oxide synthase gene. J. Neurosci. 17, 9157–9164.

31. Iadecola, C., Zhang, F., Casey, R., Clark, H. B., and Ross, M. E. (1996) Inducible nitric
oxide synthase gene expression in vascular cells after transient focal cerebral ischemia.
Stroke 27, 1373–1380.

32. McGeer, E. G. and McGeer, P. L. (1999) Brain inflammation in Alzheimer disease and the
therapeutic implications. Curr. Pharm. Design 5, 821–836.

33. McGeer, P. L. and McGeer, E. G. (1999) Inflammation of the brain in Alzheimer’s dis-
ease: implications for therapy. J. Leukocyte Biol. 65, 409–415.

34. Veld, B. A., Ruitenberg, A., Hofman, A., Launer, L. J., van Duijn, C. M., Breteler, M. M.,
et al. (2001) Nonsteroidal antiinflammatory drugs and the risk of Alzheimer’s disease.
N. Engl. J. Med. 345, 1515–1521.

35. Hauss-Wegrzyniak, B., Willard, L. B., Soldato, P. D., Pepeu, G., and Wenk, G. L. (1999)
Peripheral administration of novel anti-inflammatories can attenuate the effects of chronic
inflammation within the CNS. Brain Res. 815, 36–43.

36. Sano, M., Ernesto, M. S., Thomas, R. G., Klauber, M. R., Schafer, K., Grundman, M., et al.
(1997) A controlled trial of selegiline, alpha-tocopherol, or both as treatment for Alzheimer’s
disease. N. Engl. J. Med. 336, 1216–1222.

37. Floyd, R. A. (1999) Antioxidants, oxidative stress, and degenerative neurological disorders.
Proc. Soc. Exp. Biol. Med. 222, 236–245.

38. Panigrahi, M., Sadguna, Y., Shivakumar, B. R., Kolluri, S. V. R., Roy, S., Packer, L., et al.
(1996) α-Lipoic acid protects against reperfusion injury following cerebral ischemia in
rats. Brain Res. 717, 184–188.

39. Kieburtz, K., Schifitto, G., McDermott, M., Bourgeois, K., Palumbo, D., Orme, C.,
et al. (1998) A randomized, double-blind, placebo-controlled trial of deprenyl and thioctic
acid in human immunodeficiency virus-associated cognitive impairment. Neurology 50,
645–651.

40. Melov, S., Ravenscroft, J., Malik, S., Gill, M. S., Walker, D. W., Clayton, P. E., et al.
(2000) Extension of life-span with superoxide dismutase/catalase mimetics. Science 289,
1567–1569.



184 Floyd and Hensley

41. Mackensen, G. B., Patel, M., Sheng, H., Calvi, C. L., Batinic-Haberle, I., Day, B. J., et al.
(2001) Neuroprotection from delayed postischemic administration of a metalloporphyrin
catalytic antioxidant. J. Neurosci. 21, 4582–4592.

42. Floyd, R. A. and Carney, J. M. (1992) Protection against oxidative damage to CNS by α-
phenyl-tert-butyl nitrone and other spin-trapping agents: a novel series of nonlipid free
radical scavengers, in Emerging Strategies in Neuroprotection (Marangos, P. J. and Lal,
H., eds.), Birkhauser, Boston, pp. 252-272.

43. Floyd, R. A. (1996) The protective action of nitrone-based free radical traps in neurode-
generative diseases, in Neurodegenerative Diseases ’95: Cellular and Molecular and Mech-
anisms and Therapeutic Advances (Fiskum, G., ed.), Plenum, New York, pp. 235–245.

44. Floyd, R. A. and Hensley, K. (2000) Nitrone inhibition of age-associated oxidative dam-
age, in Reactive Oxygen Species from Radiation to Molecular Biology (Chiueh, C. C., ed.),
New York Academy of Sciences, New York, pp. 222–237.

45. Floyd, R. A., Liu, G.-J., and Wong, P. K. (1995) Nitrone radical traps as protectors of oxi-
dative damage in central nervous system, in Handbook of Synthetic Antioxidants (Cadenas,
E. and Packer, L., eds.), Marcel Dekker, New York.

46. Floyd, R. A. and Carney, J. M. (1996) Nitrone radical traps protect in experimental neuro-
degenerative diseases, in Neuroprotective Approaches to the Treatment of Parkinson’s
Disease and other Neurodegenerative Disorders (Chapman, C. A., Olanow, C. W., Jenner,
P., and Youssim, M., eds.), Academic, London, pp. 69–90.

47. Floyd, R. A., Hensley, K., Forster, M. J., Kelleher-Anderson, J. A., and Wood, P. L. (2002)
Nitrones, their value as therapeutics and probes to understand aging. Mech. Ageing Devel.
123, 1021–1031.

48. Floyd, R. A. (1997) Protective action of nitrone-based free radical traps against oxidative
damage to the central nervous system. Adv. Pharmacol. 38, 361–378.

49. Janzen, E. G. and Blackburn, B. J. (1969) Detection and identification of short-lived free rad-
icals by electron spin resonance trapping techniques (spin trapping). Photolysis of organo-
lead, -tin, and -mercury compounds. J. Am. Chem. Soc. 91, 4481–4490.

50. Janzen, E. G. (1971) Spin trapping. Acc. Chem. Res. 4, 31–40.
51. Chen, G., Janzen, E. G., Bray, T. M., and McCay, P. B. (1995) PBN and its applications in

biology, in The Oxygen Paradox (Davies, K. J. A. and Ursini, F., eds.), Cleup University
Press, Padova, Italy, pp. 790–800.

52. McCay, P. B., Poyer, J. L., Floyd, R. A., Fong, K.-L., and Lai, E. K. (1976) Spin- trapping
of radicals produced during enzymic NADPH-dependent and CCl4-dependent microsomal
lipid peroxidation. Fed. Proc. 35, 421.

53. Poyer, J. L., Floyd, R. A., McCay, P. B., Janzen, E. G., and Davis, E. R. (1978) Spin
trapping of the trichloromethyl radical produced during enzymic NADPH oxidation in the
presence of carbon tetrachloride or carbon bromotrichloromethane. Biochim. Biophys. Acta
539, 402–409.

54. Janzen, E. G. (1980) A critical review of spin trapping in biological systems, in Free Radi-
cals in Biology (Pryor, W. A., ed.), Academic, New York, pp. 115–154.

55. Bolli, R., Patel, B. S., Jeroudi, M. O., Lai, E. K., and McCay, P. B. (1988) Demonstration
of free radical generation on “stunned” myocardium of intact dogs with the use of the spin
trap α-phenyl N-tert-butyl nitrone. J. Clin. Invest. 82, 476–485.

56. Janzen, E. G., Stronks, H. J., DuBose, C. M., Poyer, J. L., and McCay, P. B. (1985) Chem-
istry and biology of spin-trapping radicals associated with halocarbon metabolism in vitro
and in vivo. Environ. Health Perspect. 64, 151–170.

57. Lai, E. K., McCay, P. B., Noguchi, T., and Fong, K.-L. (1979) In vivo spin-trapping of
trichloromethyl radicals formed from CCl4. Biochem. Pharmacol. 28, 2231–2235.

58. Lai, E. K., Crossley, C., Sridhar, R., Misra, H. P., Janzen, E. G., and McCay, P. B. (1986)
In vivo spin trapping of free radicals generated in brain, spleen, and liver during gamma
radiation of mice. Arch. Biochem. Biophys. 244, 156–160.



Neuroinflammation-Mediated Neurotoxin Production 185

59. Bolli, R., Jeroudi, M. O., Patel, B. S., DuBose, C. M., Lai, E. K., Roberts, R., et al. (1989)
Direct evidence that oxygen-derived free radicals contribute to postischemic myocardial
dysfunction in the intact dog. Proc. Natl. Acad. Sci. USA 86, 4695–4699.

60. Novelli, G. P., Angiolini, P., Tani, R., Consales, G., and Bordi, L. (1985) Phenyl-t-butyl-
nitrone is active against traumatic shock in rats. Free Radical Res. Commun. 1, 321–327.

61. McKechnie, K., Furman, B. L., and Parratt, J. R. (1986) Modification by oxygen free radi-
cal scavengers of the metabolic and cardiovascular effects of endotoxin infusion in con-
scious rats. Circ. Shock 19, 429–439.

62. Hamburger, S. A. and McCay, P. B. (1989) Endotoxin-induced mortality in rats is reduced
by nitrones. Circ. Shock 29, 329–334.

63. Pogrebniak, H. W., Merino, M. J., Hahn, S. M., Mitchell, J. B., and Pass, H. I. (1992)
Spin trap salvage from endotoxemia: the role of cytokine down-regulation. Surgery 112,
130–139.

64. Phillis, J. W. and Clough-Helfman, C. (1990) Protection from cerebral ischemic injury in
gerbils with the spin trap agent N-tert-butyl-α-phenylnitrone (PBN). Neurosci. Lett. 116,
315–319.

65. Clough-Helfman, C. and Phillis, J. W. (1991) The free radical trapping agent N-tert-butyl-
α-phenylnitrone (PBN) attenuates cerebral ischaemic injury in gerbils. Free Radical Res.
Commun. 15, 177–186.

66. Phillis, J. W. and Clough-Helfman, C. (1990) Free radicals and ischaemic brain injury:
protection by the spin trap agent PBN. Med. Sci. Res. 18, 403–404.

67. Zhao, Q., Pahlmark, K., Smith, M.-I., and Siesjo, B. K. (1994) Delayed treatment with the
spin trap α-phenyl-N-tert-butyl nitrone (PBN) reduces infarct size following transient mid-
dle cerebral artery occlusion in rats. Acta Physiol. Scand. 152, 349–350.

68. Tsuji, M., Inanami, O., and Kuwabara, K. (2000) Neuroprotective effect of α-phenyl-N-
tert-butylnitrone in gerbil hippocampus is mediated by the mitogen-activated protein kinase
pathway and heat shock proteins. Neurosci. Lett. 282, 41–44.

69. Kuroda, S., Tsuchidate, R., Smith, M.-L., Maples, K. R., and Siesjo, B. K. (1999) Neuro-
protective effects of a novel nitrone, NXY-059, after transient focal cerebral ischemia in
the rat. J. Cereb. Blood Flow Metab. 19, 778–787.

70. Marshall, J. W. B., Duffin, K. J., Green, A. R., and Ridley, R. M. (2001) NXY-059, a free
radical-trapping agent, substantially lessens the functional disability resultying from cere-
bral ischemia in a primate species. Stroke 32, 190–198.

71. Rao, D. and Fechter, L. D. (2000) Protective effects of phenyl-N-tert-butylnitrone on the
potentiation of noice-induced hearing loss by carbon monoxide. Toxicol. Appl. Pharmacol.
167, 125–131.

72. Ranchon, I., Chen, S., Alvarez, K., and Anderson, R. E. (2001) Systemic administration of
phenyl-N-tert-butylnitrone protects the retina from light damage. Invest. Ophthalmol. Vis.
Sci. 42, 1375–1379.

73. Floyd, R. A., Hensley, K., and Bing, G. (2000) Evidence for enhanced neuro-inflamma-
tory processes in neurodegenerative diseases and the action of nitrones as potential thera-
peutics. J. Neural. Transm. 60, 337–364.

74. Floyd, R. A., Hensley, K., Forster, M. J., Kelleher-Anderson, J. A., and Wood, P. L. (2002)
Nitrones as neuroprotectants and anti-aging drugs. Ann. NY Acad. Sci. 959, 321–329.

75. Nakae, D., Hideki, K., Osamu, K., Ayumi, D., Kotake, Y., Hensley, K., et al. (2000) Inhibi-
tion by phenyl N-tert-butyl nitrone of the development of hepatocellular carcinoma by a
choline-deficient, L-amino acid-defined diet in male Fischer 344 rats, American Associa-
tion for Cancer Research Book of Abstracts (Late Breaking Absts/Program Supplement)
(abstract).

76. Floyd, R. A., Kotake, Y., Hensley, K., Nakae, D., and Konishi, Y. (2002) Reactive oxygen
species in choline deficiency induced carcinogenesis and nitrone inhibition. Mol. Cell. Bio-
chem. 234/235, 195–203.



186 Floyd and Hensley

77. Carney, J. M., Starke-Reed, P. E., Oliver, C. N., Landrum, R. W., Chen, M. S., Wu, J. F., et
al. (1991) Reversal of age-related increase in brain protein oxidation, decrease in enzyme
activity, and loss in temporal and spacial memory by chronic administration of the spin-
trapping compound N-tert-butyl-α-phenylnitrone. Proc. Natl. Acad. Sci. USA 88, 3633–3636.

78. Floyd, R. A. and Carney, J. M. (1995) Nitrone radicals traps (NRTs) protect in experimen-
tal neurodegenerative disesases, in Neuroprotective Approaches to the Treatment of
Parkinson’s Disease and Other Neurodegenerative Disorders (Chapman, C. A., Olanow,
C. W., Jenner, P., and Youssim, M., eds.), Academic, London, pp. 69–90.

79. Chen, G., Bray, T. M., Janzen, E. G., and McCay, P. B. (1990) Excretion, metabolism and
tissue distribution of a spin trapping agent, α-phenyl-N-tert-butyl-nitrone (PBN) in rats.
Free Radical Res. Commun. 9, 317–323.

80. Gordon, M. N., Schreier, W. A., Ou, X., Holcomb, L. A., and Morgan, D. G. (1997) Exag-
gerated astrocyte reactivity after nigrostriatal deafferentation in the aged rat. J. Comp. Neurol.
388, 106–119.

81. Morgan, T. E., Xie, Z., Goldsmith, S., Yoshida, T., Lanzrein, A.-S., Stone, D., et al. (1999)
The mosaic of brain glial hyperactivity during normal ageing and its attenuation by food
restriction. Neuroscience 89, 687–699.

82. Janzen, E. G., West, M. S., and Poyer, J. L. (1994) Comparison of antioxidant activity of
PBN with hindered phenols in initiated rat liver microsomal lipid peroxidation, in Frontiers
of Reactive Oxygen Species in Biology and Medicine (Asada, K. and Toshikawa, T., eds.),
Elsevier Science, New York, pp. 431–446.

83. Kotake, Y., Sang, H., Miyajima, T., and Wallis, G. L. (1998) Inhibition of NF-κB, iNOS
mRNA, COX2 mRNA, and COX catalytic activity by phenyl-N-tert-butylnitrone (PBN).
Biochim. Biophys. Acta 1448, 77–84.

84. Tabatabaie, T., Graham, K. L., Vasquez, A. M., Floyd, R. A., and Kotake, Y. (2000) Inhi-
bition of the cytokine-mediated inducible nitric oxide synthase expression in rat insulinoma
cells by phenyl N-tert-butylnitrone. Nitric Oxide: Biol. Chem. 4, 157–167.

85. Hensley, K., Maidt, M. L., Pye, Q. N., Stewart, C. A., Wack, M., Tabatabaie, T., et al.
(1997) Quantitation of protein-bound 3-nitrotyrosine and 3,4-dihydroxyphenylalanine by
high performance liquid chromatography with electrochemical array detection. Anal. Bio-
chem. 251, 187–195.

86. Endoh, H., Kato, N., Fujii, S., Suzuki, Y., Sato, S., Kayama, T., et al. (2001) Spin trapping
agent, phenyl N-tert-butylnitrone, reduces nitric oxide production in the rat brain during
experimental meningitis. Free Radical Res. Commun. 35, 583–591.

87. Hawthorne, M. F. and Strahm, R. D. (1957) Kinetics of the thermal isomeriazation of
2-tert-butyl-3-phenyloxazirane. J. Org. Chem. 22, 1263–1264.

88. Harbour, J. R. and Bolton, J. R. (1975) Superoxide formation in spinach chloroplasts: elec-
tron spin resonance detection by spin trapping. Biochem.  Biophys. Res. Commun. 64, 803–807.

89. Saito, K., Yoshioka, H., and Cutler, R. G. (1998) A spin trap, N-tert-butyl-α-phenylnitrone
extends the life span of mice. Biosci. Biotechnol. Biochem. 62, 792–794.



Potential Anti-Inflammatory Approaches 187

II
Stroke and TBI



188 Koistinaho and Yrjänheikki



Potential Anti-Inflammatory Approaches 189

189

From: Neuroinflammation, 2nd Edition: Mechanisms and Management
Edited by: P. L. Wood © Humana Press Inc., Totowa, NJ

9
Inflammation and Potential

Anti-Inflammatory Approaches in Stroke

Jari Koistinaho and Juha Yrjänheikki

1. BACKGROUND

Ischemic stroke develops when a major brain artery, most commonly the middle
cerebral artery, is obstructed by an embolus or thrombosis and, consequently, blood flow
in a restricted area of the brain is severely reduced. Even though animal research con-
ducted on acute ischemic injury has revealed several pathophysiological cascades, which
contribute to the enlargement of brain infarction, no major breakthroughs in develop-
ing clinically relevant stroke therapy have been achieved. There are several reasons for
failed translation of successful basic research approaches into effective treatment modal-
ities for stroke in humans (1). One important factor is that the animal models do not reflect
well enough the ischemic damage in both permanent (no reperfusion) and transient (with
reperfusion) ischemia in aged female and male victims, which may suffer from other age-
related diseases, such as hypertension, diabetes, and Alzheimer’s disease (2). Another,
even a more valid, fact is that the therapeutic time window for treating human stroke is
delayed beyond the hours after the insult and, therefore, the pathophysiological events
targeted pharmacologically need to occur several hours or days later (2). For these rea-
sons, targeting mechanisms such as various glutamate receptors and calcium channels
may not be considered for treatment of most of the stroke patients.

Increasing evidence suggests that cerebral ischemia elicits an unrestrained inflamma-
tion, which maturates in a delayed manner and significantly contributes to the evolution
of tissue injury. Inflammation is therefore thought to offer an opening for development
of novel therapies against ischemic brain injury (for reviews, see refs. 1 and 3–6). Ische-
mic inflammation is a complex phenomenon characterized by the production and inter-
play of cytokines, chemokines, adhesion molecules, free radicals, and destructive enzymes
such as cyclo-oxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and pro-
teinases. In addition to circulating neutrophils and monocytes/macrophages, also resi-
dent microglia, astrocytes, endothelial cells and neurons are involved in in situ inflammatory
reactions (7). Although a wide variety of inflammatory factors contributing to ischemic
injury are well documented, only the inflammatory processes that are still active several
hours or days after the insult may have realistic potential as the pharmacologic target. In
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this chapter, the inflammatory mechanisms involved in stroke and some therapeutic anti-
inflammatory strategies that have therapeutic potential are described.

2. PERIPHERAL LEUKOCYTES IN STROKE

The contribution of peripheral leukocytes to ischemic brain injury has been exten-
sively reviewed (3–6).

2.1. Mechanisms of Damage

Following ischemia, leukocytes can induce damage by several mechanisms. First,
they may physically obstruct vascular capillaries, causing reduced local tissue perfu-
sion (8). This obstructive phenomenon takes place in a majority of capillaries within 1 h
of reperfusion following middle cerebral artery occlusion (MCAO) in baboons (9). The
role of this microvascular plugging in ischemia is controversial, as this process was not
found to have a contributory role in cortical hypoperfusion during global cerebral ische-
mia (10). The prothrombotic role of leukocytes is the second potentially damaging mech-
anism. Monocytes and polymorphonuclear leukocytes (PMNLs) exhibit clot-promoting
activity in vitro, aggregates of platelets and leukocytes are observed in cerebral throm-
bosis, and coagulation machinery in stroke patients is activated (11–13). Also, the pro-
thrombosis hypothesis is unclear, because monocytes and leukocytes are capable of
producing antithrombotic agents, including plasminogen-activating factor and pro-
teases such as elastase (11,12). The third injury promoting function of leukocytes is the
production of free radicals and other toxic compounds such as hypochlorous acid and
various harmful enzymes (14). Neutropenia completely abolishes the production of free
radicals in cortex following 60 min of MCAO (15). Neutrophils produce free radicals
via activation of NADPH oxidase, and infarction volume is reduced by 50% in trans-
genic mice lacking NADPH oxidase, indicating that NADPH oxidase contributes to
the damaging effect of neutrophils (16). However, selective elimination of either leuko-
cyte or parenchymal NADPH oxidase is not sufficient alone to provide protection, sug-
gesting that elimination of free-radical production both in neutrophils and in glial cells is
needed to provide neuroprotection (16). Another free-radical-producing agent in neu-
trophils is iNOS, an enzyme producing high concentrations of reactive nitric oxide,
which causes damage to cellular macromolecules. Expression of iNOS peaks at 12–48 h
following permanent ischemia in the rat and both knockout mouse experiments and stud-
ies with iNOS inhibitory compounds demonstrates a contributory role of this enzyme
to infarction (17,18). Finally, proteases, including matrix metalloproteases (MMPs) are
released from activated leukocytes and degrade components of extracellular matrix (19).

2.2. Leukocyte Infiltration

Ischemia-induced leukocyte accumulation and infiltration require leukocyte–endo-
thelial interaction through intracellular adhesion molecules (ICAMs), which bind to
β2-integrin receptors, and selectins, which bind to mucinlike glycoproteins present on
leukocytes or endothelial cells. Selectins mediate the initial binding and rolling behavior
of leukocytes, whereas ICAM-1 and β2-integrins are implicated in the aggregation and
transmigration of leukocytes across the endothelium (20). E-selectin (ELAM) is expressed
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by stimulated endothelial cells and mediates neutrophil as well as monocyte adhesion.
P-Selectin is recruited to the cell surface upon pro-inflammatory stimulation and medi-
ates leukocyte rolling and local inflammation. L-Selectin is constitutively expressed
on the surface of neutrophils and monocytes and is implicated in leukocyte adherence.
In baboons, P-selectin is induced to its maximum level 2 h after the onset of 3 h MCAO
and the induction persists at least for 24 h (21). E-Selectin mRNA levels peak at 12 h
and stay upregulated for 2 d following permanent MCAO in rats (22).

ICAM-1 expression is induced in endothelial cells 2–4 h after transient MCAO and
stays upregulated until 24 h. In permanent MCAO, ICAM-1 induction occurs as early as
3 h after ischemia, but is less pronounced (21–24). ICAM-1 expression can be induced
by pro-inflammatory cytokines interleukin (IL)-1β and tumor necrosis factor (TNF)-α.
In addition to ICAMs, the vascular cell adhesion molecules (VCAMs) are upregulated
by ischemia-induced cytokines in endothelial cells. VCAM-1 is induced within hours
following ischemia and the expression persists for several days. VCAM-1 binds to its
integrin ligand VLA4 (α4β1-integrin) that is present in lymphocytes and monocytes,
suggesting a role in recruiting lymphocytes and monocytes into inflammatory zones (25).

2.3. Neutrophils

Neutrophils are initially the predominant leukocytes at the site of inflammation, fol-
lowed by infiltration of mononuclear phagocytes (26). Neutrophils accumulate in infarcted
tissue 12–72 h after permanent or transient ischemia. The temporal profile of infiltra-
tion depends on the experimental model and the duration of ischemia used. Usually, the
PMNL’s accumulation is greater in transient ischemia than in permanent models (27).

Several experimental studies show that PMNLs accumulate in blood vessels within
4 h of the onset of permanent or transient ischemia, but the transmigration does not
occur until at least 12 h in rats (13,28,29). In dogs, neutrophils progressively accumu-
late in blood vessels during the first 4-h period (30). Neutrophil accumulation is maxi-
mal in the ischemic lesion at 24–48 h after transient MCAO and at 72 h after the onset
of permanent MCAO (31,32). In human stroke and in primate MCAO, neutrophils accu-
mulate at the periphery of the infarcted core (26), but in humans, accumulation occurs
early in severe cases and is almost exclusively confined to the vessels even after 24 h
following stroke (33,34). Most importantly, neutrophil accumulation correlates with
reduced blood flow and severity of insult in the rat (35) and with both the infarct size
and severity of neurological outcome in humans (33).

Overall, the contribution of neutrophil infiltration to the ischemia still remains contro-
versial. The infiltration occurs only after 12 h, by which time there is already major cell
necrosis in the parenchyma. In one study, distal MCAO for 2 h caused infarction at 8 h,
whereas significant neutrophil accumulation occurred at 21 h (36). Two different studies
report significant accumulation of neutrophils at 6 h following 1–2 h of MCAO, but the
location of the early accumulation does not involve the cortex, where antileukocyte treat-
ment is beneficial (27,37). It should be noted that neutrophils may contribute to the tissue
injury even when they are sitting in vessels in close apposition to the endothelial cell sur-
face (6). However, recent observations that the infarcted lesion enlarges significantly
after 24 h of permanent MCAO and that this late increase is mediated by inflammatory
processes (17,18) support the significant role of neutrophil infliltration in stroke.
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2.4. Monocytes/Macrophages

The exact role of monocytes contributing to ischemic damage is not well documented.
In human stroke, infiltration of macrophages occurs approx 48–72 h after the insult,
but clinical data for earlier time-points are not very extensive (38). In permanent MCAO
in rats, monocytes are seen in vessels at 4 h postischemia, but do not infiltrate into par-
enchyma until 12 h after the insult. Massive infiltration takes place at 72 h following
ischemia and the infiltration peaks after 7 d (28,29). According to Lehrmann et al. (39),
macrophages are observed mainly in infarcted caudate putamen at 3–7 d following tran-
sient MCAO in spontaneously hypertensive rats. In addition to neutrophils and mono-
cytes, infiltration of T-cells following MCAO and infiltration of cytotoxic T-cells and
natural killer cells following photothrombotic lesion have been reported (40,41).

2.5. Antileukocyte Therapy

An antileukocyte strategy has been shown to provide neuroprotection. It is very effec-
tive in experimental models of transient focal cerebral ischemia, but not in permanent
focal cerebral ischemia (Table 1). Furthermore, despite the promising experimental data,
a recent clinical study using murine anti-ICAM-1 monoclonal antibody (enlimomab)
in human stroke failed (42), possibly because of the ability of enlimomab to activate human
neutrophils (43). Although systemic depletion of neutrophils and other leukocytes is
unlikely to be of clinical importance due to the severe immunosuppression, targeted
antiadhesion strategies might still be valuable tools (44–46). One interesting approach is
synthetic fibronectin and laminin peptides, which decrease infarction volume in MCAO
through inhibition of leukocyte adhesion (47,48). Chopp and colleagues (49) showed
that blocking adhesion molecules in the rat reduces apoptosis induced by focal ischemia
and, most importantly, that a prolonged time window and improved outcome can be

Table 1
Antiadhesion Therapy on the Rat MCAO Model

Reduction in
Target MCAO model  ischemic volume Ref.

CD18 or Transient Yes Matsuo et al., 1994
CD11a or ICAM-1 Yes

Yes
CD18 or CD11b Transient Yes Zhang et al., 1995

CD11b Transient Yes Chen et al., 1994
CD18/CD11b Transient Yes Chopp et al., 1994
CD11b Transient Yes Jiang et al., 1994

Permanent No
ICAM-1 Transient Yes Zhang et al., 1994
ICAM-1 Transient Yes Zhang et al., 1995

Permanent No
P-Selectin Permanent Yes Suzuki et al., 1999
Neutrophil Transient Yes Jiang et al., 1998
Permanent No
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achieved using a combination of tissue-type plasminogen activator (t-PA) and anti-CD18
antibody (50).

3. RESIDENT INFLAMMATORY CELLS

3.1. Microglia

Microglia represent the resident tissue macrophages of the central nervous system
(CNS) and play an active role in brain inflammatory processes of brain injury. The
magnitude of the microglial reaction in stroke may depend on the concurrence of other
local factors, such as medication, nutrition, sex, and the presence of other brain diseases.
The repertoire of secretory microglial products involved in inflammatory and/or repair
processes is rapidly expanding and includes cytokines, coagulation factors, complement
factors, lipid mediators, free radicals, neurotoxins, enzymes, extracellular matrix (ECM)
components and growth factors (51,52). Most measurements concerning microglial
secretory products are made in vitro and therefore need to be interpreted carefully.

In ischemia and other trauma, microglia start to proliferate and migrate into the damaged
area. They retract processes, become more amoeboid shaped, and finally transform into
reactive phagocytic brain macrophages (39,53). The activation of microglia is displayed
in a graded fashion starting with subtle morphological changes, increased expression of
the constitutive complement type-3 receptor (CR3, Mac-1, CD11b/CD18), and the induc-
tion of major histocompatibility complex (MHC) class I antigen and of transforming
growth factor-β1 (TGF-β1), and, finally, more potent and localized alterations in morphol-
ogy, surface antigens, and cytokine mRNA expression, which accompany actual neuro-
nal degeneration (39,53–56).

3.2. Microglial Activation in Ischemia

In focal cerebral ischemia, microglial activation occurs very fast and persists several
weeks. In transient 60-min MCAO, phosphotyrosine induction is detected already at
3–6 h postischemia in microglial cells with long branches and enlarged cell bodies.
Thereafter, microglial cells bearing short and thick processes begin to appear and amoe-
boid and round microglia can be detected after 12–24 h of reperfusion (57). In transient
MCAO of rats, progressive microglial response starts at 6 h, increases at 3–7 d, and sub-
sides at 3 wk to 3 mo (39). Recruitment and activation of microglia/macrophages is first
seen in striatum penumbra, and is separated from the delayed and protracted micro-
glial reaction along cortical penumbra, with induction of a wide repertoire of microglial
activation markers. It is possible that differences in microglial activation/leukocyte
infiltration between the striatal and cortical perifocal areas could partially explain why
many therapeutic interventions save degenerating neurons mainly in neocortical but not
in striatal penumbra (39).

In permanent MCAO in mice, Rupalla and co-workers (58) showed marked induction
of microglial CR3 and morphological changes in perifocal area already at 30 min after the
onset of ischemia in the perifocal area. With increasing time, a progressive rise in the inten-
sity and number of activated microglia was detected. The CR3 immunostaining peaked
at 48 h in the inner boundary zone of infarction and decreased 4 d after MCAO. In sum-
mary, regardless of ischemic model and markers used, microglial activation occurs prior
to or in parallel with neuronal degeneration and correlates with the ischemic damage.
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3.3. Mechanisms Activating Microglia

Several possibilities exist concerning the stimuli leading to microglial activation in
ischemia. Originally, it was believed that manifest neuronal damage activates micro-
glial cells to proliferate into tissue macrophages that clean the neuronal debris (59,60).
Even though neuronal destruction still might be one trigger for the response, the micro-
glial activation preceding neuronal damage suggests that other mechanisms also exist.
Microglia are a very sensitive cell population that responds rather quickly to minor changes
in the cellular microenvironment (3,60). Therefore, it is speculated that early microglial
activation is triggered by initial ischemic events.

Early ultrastructural alterations in ischemia, including disintegration of cytoskeletal
proteins (61), changes in synaptic membrane (62), and accumulations of endoplasmic cis-
ternae (63,64), precede the neuronal loss and may trigger changes in cell–cell contacts
between stressed neurons and perineuronal microglia. Moreover, the early metabolic
changes, including reduced protein synthesis and altered polyamine metabolism (54) as
well as increased cytokine and reactive oxygen species (ROS) formation or immediate
early genes occur within minutes to hours (4,65) and could be sufficient to induce micro-
glial activation. Interleukin (IL)-1β, TNF-α, interferon (INF)-α, and colony-stimulating
factor-1, as well as IL-3 can induce gliosis (66–70). Enhanced electrical activity and depolar-
izations of CA1 neurons in global ischemia as well as spreading depression-like depolar-
izations and anoxic depolarizations in focal ischemia cause changes in extracellular K+

concentration, which can activate resting microglial cells that lack voltage-gated chan-
nels or express only inwardly rectifying potassium channels (71–73). A possible rapid
activation via cotransmitters such as ATP has also been suggested (72). In a study by
Rogove et al. (74), it was demonstrated that t-PA-deficient microglia exhibit attenuated
activation and that exogenous application of t-PA can restore the activation. Further-
more, it was shown that even proteolytically inactive t-PA could restore the microglial
activation in vitro and in vivo (74). Altogether, there are multiple pathways that may
trigger ischemia-induced activation of microglia.

3.4. Functional Role of Microglia in Ischemia

The functional role of activated microglia in evolution of ischemic damage is diversi-
fied. When the critical point of activation is crossed, microglia launches the cytotoxic
machinery that mainly includes, in addition to the phagocytic property, inflammatory
cytokines, destructive enzymes with ROS and nitric oxide (NO) production, proteolytic
enzymes, and neurotoxins (60).

First, microglia can act as phagocytes, which involves direct cell–cell contact. Phago-
cytic microglia can be found next to dying CA1 neurons, their dendrites, and synapses.
This reaction appears to be strictly controlled and site directed only to degenerating syn-
apses, because adjacent synapses of healthy neurons are left intact (59). On the con-
trary, in more acute MCAO, massive accumulation of fully maturated microglia takes
place in necrotic tissue, unspecifically phagocytosing the tissue debris. However, a more
selective phagocytosis may take place in the penumbra (38,59).

Second, both human autopsy material and experimental animal models show that acti-
vated microglia produce proinflammatory cytokines such as IL-1β and TNF-α (75–79).
The very early and sustained induction of IL-1β and TNF-α (between 2 and 24 h) in micro-
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glia following ischemia suggests a primary role for these pro-inflammatories in microglial
cytotoxicity. Other cytokines with diverse effects are produced by activated microglia.
IL-6 is induced in these cells in penumbra, starting at 1 d and persisting up to 2 wk fol-
lowing transient MCAO (80). IL-6 may have a dual role in ischemia. It can act as a cyto-
kine brake by increasing the levels of IL-1 receptor antagonist (IL-1ra) and soluble TNF-α
receptor p55 (81). On the other hand, overexpression of IL-6 is reported to stimulate
gliosis and blood brain barrier leakage (82–83).

Third, a variety of destructive enzymes are induced in microglial cells following ische-
mia. Some of these enzymes, such as iNOS, NADPH oxidase, and COX-2, produce
reactive nitrogen and oxygen species that cause damage to cellular macromolecules. In
experimental ischemia, as in patients with stroke, mainly neutrophils produce iNOS, an
enzyme that produces toxic amounts of nitric oxide (84). In one experimental ischemia
and trauma study, iNOS reaction product was located to activated microglia, as detected
by electron microscopy. However, the positive cells were located rather distally to the
injury (85). Nakashima and coworkers (86) showed, with NADPH diaphorase stain-
ing, NOS activity containing microglia/macrophages in ischemic striatum after MCAO.
Although NOS isoform specificity was not shown, the expression correlated with neuro-
nal death, and upregulation indicates that toxic NO was produced. The pathogenic role
of NO produced by iNOS is emphasized by the fact that pharmacological inhibition of
iNOS reduces ischemic damage and that iNOS knockout mice show decreased infarct
size (17,18).

Although in vivo evidence is lacking, cultured microglia produce toxic amounts of oxy-
gen radicals via NADPH oxidase upon stimulation with phorbol esters (87). Furthermore,
autopsy material from stroke patients shows that COX-2 protein is induced, not only in
neurons as expected but also perinuclearly in microglia of acute cases (88). COX-2 is
an ischemia-inducible enzyme, mainly expressed by neurons in experimental MCAO,
producing superoxide and pro-inflammatory prostanoids from arachidonic acid (89–
91). In addition, in ischemic brain, cPLA2 is produced in microglial cells within the pre-
cise region of neuronal damage (92). cPLA2 hydrolyzes membrane phospholipids, and
its activity liberates bioactive metabolites such as platelet activating factor and free fatty
acids, including arachidonic acid, leading directly to the production of pro-inflammatory
eicosanoids (92–94).

Abnormal activation of the extracellular proteolytic cascade in ischemia leads to the
degradation of ECM components such as laminin, loss of structural microenvironment,
and ultimately to cell death. Moreover, the key enzymes in this destructive cascade, t-PA,
plasmin, and MMPs, are produced by activated microglia suggesting that this is an impor-
tant mechanism of microglial cytotoxicity (95).

Finally, there is mounting evidence that microglia are capable of producing various
neurotoxins. Giulian and colleagues described, in a cell culture system and in MCAO,
an unidentified neurotoxin that is secreted by activated microglia and that causes neuro-
nal death, which can be blocked by NMDA antagonists (96,97). Also, quinolinic acid, an
endogenous neurotoxin that originates from kynurenine pathway of tryptohan metabo-
lism, is dramatically induced in activated microglia and this induction coincides tempo-
rally and spatially with actual neuronal death (98), suggesting an executionary role for
it. In addition, Piani et al. (99) showed that microglial cells in vitro can produce high
amounts of glutamate and thus cause excitotoxicity. However, firm in vivo evidence
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for this is lacking. Table 2 summarizes the wide range of microglial products contrib-
uting to ischemic injury and recovery.

Interestingly, microglial activation does not necessarily mean neuronal death. Banati
and colleagues (59,60), showed, in an ultrastructural study of global ischemia, a rapid acti-
vation of microglia next to neurons that do not die. They refer to soft pathology; a process
also called synaptic stripping, where microglia displace synapses, leading to deafferen-
tiation of the stressed neuron. Furthermore, microglial program is activated even in spread-
ing depression (100), where there is no cell death and antigen representation. According
to Kreutzberg (101), an unspecific response takes place, where the sensitive microglia
become quickly activated without knowing what is happening in tissue. Microglia have
the complete program ready, including the cytotoxic tools, but if no destruction or necro-
sis occurs, they retain the resting state again (59). This could be the case also in ische-
mia. Microglia is reactive very early in ischemia starting within 30 min, and gradually
preparing the repertoire up to 24–48 h when the cytotoxic machinery is finally launched
in areas of degeneration, but may be not in areas of survival.

3.5. Antimicroglia Therapy

Whereas several antileukocyte strategies exist and show neuroprotection in experimen-
tal stroke, only a few studies have concentrated on targeting activated microglia. This is
mainly because of the difficulties in directing the treatment specifically to microglia.
Oostveen et al. (102) showed, in a gerbil bicarotic artery occlusion model, that pyrrolo-
pyrimidine lipid peroxidation inhibitors are neuroprotective and reduce microglial acti-
vation in the CA1 area, but the inhibition achieved is probably not the result of the direct
effect on microglia. Giulian and colleagues (96,97) detected reduced microglial activa-
tion, diminished production of inflammatory mediators, reduced loss of neurons, and
preserved motor function in rabbit spinal cord ischemia using a combination of chloro-
quine and colchicine. Although Giulian and colleagues failed to show a reduced infarct
size in MCAO with the same immunosupressant therapy, they showed a 75% reduction
in the number of active mononuclear phagocytes in the infarcted cortex at 48 h. In addi-
tion, they showed a marked decrease of neurotoxin production. These studies suggest that
acute injury, reflected by MCAO lesion size, is not affected by this immunotherapy, but
secondary inflammation and functional recovery may be reduced by such treatment (96).

Several growth factors, including TGF-β and certain interleukins, have been demon-
strated to inhibit microglia. For example, TGF-β administration following hypoxic ische-
mic injury reduces microglial activation and infarct size, as well as improving behavioral
outcome (103). Pro-inflammatory cytokines are mainly produced by activated microglia
in ischemia. Various anticytokine approaches, considered also as an antimicroglia ther-
apy, have been successfully introduced. IL-1ra (104), soluble TNF-α receptor I (105), and
as TNF-α mRNA synthesis inhibitors pentoxifylline and rolipram (106,107) are potent
neuroprotectants in experimental brain injury.

Tetracycline derivatives doxycycline and minocycline have anti-inflammatory func-
tions independent of their antimicrobial action (108). These compounds provide signif-
icant neuroprotection in several brain ischemia models (109–112) and reduce microglial
activation and induction of both interleukin-converting enzyme (ICE) and iNOS in
stroke (111,112) and Huntington’s disease models (113), suggesting that inhibition of
microglial activation is beneficial in brain injuries, including stroke. The hypothesis is
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further supported by the findings that nanomolar concentrations of minocycline inhibit
activation of microglial cells in culture, thereby providing protection against excitotoxic
neuronal death (114). Even though minocycline seems to inhibit microglial activation
and may thereby reduce ischemic neuronal injury, the compound also reduces induction
of MMPs in stroke and may reduce leukocyte adhesion and free-radical production by
leukocytes (108; Yrjänheikki et al., unpublished observation).

3.6. Astrocytes in Ischemia

Astrocytes are ubiquitous in the brain and play an important role in monitoring the
microenvironment in normal conditions and in response to CNS injury (115). These
cells may have several beneficial roles in stroke, such as removal of extracellular glu-
tamate and other toxic compounds, release of trophic factors, buffering the extracellu-
lar K+ concentration, and regulation of capillary microcirculation (116–122). However,
astrocytes may also contribute to neuronal damage by participating in inflammatory pro-
cesses, because in global brain ischemia, reactive astrocytes express iNOS protein and
produce NO and the spatial and temporal profile correlated with delayed neuronal death
(123). Moreover, astrocytes produce cPLA2 in global and focal cerebral ischemia (92)
and thus possess pro-inflammatory potential.

4. CYTOKINES AND CHEMOKINES

Tumor necrosis factor-α and IL-1β are two pro-inflammatory cytokines, which play
a very significant role in stroke (6). In addition, cytokine IL-6 and chemokines such as
IL-8 for neutrophils and monocyte chemoattractant protein-1 (MCP-1) for monocytes, as
well as RANTES (regulated on activation, normal T expressed and secreted) and γ-inter-
feron-inducible protein-10 (IP-10) are increased in ischemia and involved in inflamma-
tion, gliosis and leukocyte activation and adhesion (4).

Upregulation of IL-1β and TNF-α in ischemia occurs either through release of pre-
existing stores from cells such as macrophages or through synthesis. The synthesis is
coupled so that each activates synthesis of the other or, alternatively, synthesis can be acti-
vated independently. The upstream events suggested to induce synthesis and also release
of IL-1β and TNF-α include free radicals, possibly via nuclear factor (NF)-κB and mito-
gen-activated protein kinases (124). Even more distally, NMDA receptor activation and
increased intracellular Ca2+ are possibly involved in IL-1β and TNF-α induction (125).

4.1. TNF-ααααα
Tumor necrosis factor-α induction is demonstrated in several experimental models

of brain injury and in clinical neurodegenerative disorders and brain trauma (4,126).
The pleotrophic cytokine exerts many biological functions, including acute-phase protein
secretion and vascular permeability (127,128). TNF-α appears in the circulation within
20 min after the onset of focal ischemia and persists for at least 2 h of reperfusion (129).
This very early response might reflect a pre-existing pool of TNF-α. TNF-α is upregu-
lated in microglia and macrophages within 30 min after initiation of focal ischemia, and
the levels are peaking at 8 h (78). In parallel, the TNF receptor (TNFR1), which mediates
toxic effects and includes the “death domain,” is induced approximately within 6 h fol-
lowing MCAO (130).
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Table 2
Products of Activated Microglia

Product Species Induced in ischemia           Ref.

Growth factors, etc.
Nerve growth factor Rodent Mallat et al., 1989
Neurotrophin 3 Rodent Elkabes et al., 1996
Basic fibroblast Rodent, Shimojo et al., 1991,

growth factor    human Presta et al., 1995
Transforming growth

factors α and β Human Walker et al., 1995
Rodent MCAO Wiessner et al., 1993
Bcl-2 Rodent MCAO Urabe et al., 1998
Thymosin β(4) Rodent MCAO Vartiainen et al., 1996
Osteopontin Rodent MCAO Ellison et al., 1998

Cytokines and other inflammatories
IL-1α Human Walker et al., 1995
IL-1β Rodent MCAO, BCAO Zhang et al., 1998,

Human Sairanen et al., 1997,
Walker et al., 1995,
Hetier et al., 1991

IL-3 Human Walker et al., 1995
IL-5 Rodent Sawada et al., 1993
IL-6 Rodent MCAO Block et al., 2000,

Gottschall et al., 1995
IL-10 Rodent, Mizuno et al., 1994,

   human Sheng et al., 1995
IL-12 Rodent Aloisi et al., 1997,

Lodge and Sriram, 1996
TNF-α Rodent MCAO Buttini et al., 1996,

Gregersen et al., 2000
Macrophage Rodent MCAO Gourmala et al., 1999

inflammatory
protein-1

Transcription factors
NF-κB (p65) Rodent MCAO Gabriel et al., 1999

Coagulation factors
Urokinase-PA Rodent Nakajima et al., 1992
Plasminogen Rodent Nakajima et al., 1992
Tissue-PA Rodent Rogowe and Tsirka, 1998

Complement factors
C1q Rodent BCAO Schafer et al., 2000
C1, C3, C4 Human Walker et al., 1995

Receptors
GluR4, NR1, Rodent BCAO Gottlieb and Matute, 1997

AMPA, NMDA
Macrophage Human Ischemic lesion Honda et al., 1998

scavenger receptor
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Product Species Induced in ischemia                  Ref.

Receptors (cont.)
Peripheral Rodent BCAO Stephenson et al., 1995

benzodiazepine-R
Epidermal growth Rodent MCAO Planas et al., 1998

factor-R

Lipid mediators
Arachidonic acid Rodent Minghetti and Levi, 1998
PAF Human Jaranowska et al., 1995
Prostaglandins: Minghetti and Levi, 1998

PGE2, PGD2, Rodent, human
PGF2α

Thromboxane B2 Rodent Giulian et al., 1996
Leukotriene B4 Rodent Matsuo et al., 1995

Free radicals
Superoxide anions Rodent, Colton et al., 1996,

   human Chao et al., 1995
NO Rodent Minghetti and Levi, 1998

Neurotoxins
Ntox Rodent MCAO Giulian et al., 1997
APP Rodent MCAO, BCAO Banati et al., 1996
Quinolinic acid Rodent BCAO Baratte et al., 1998

Human Heyes et al., 1996

Enzymes
Gelatinase Rodent Gottschall et al., 1995
Elastase Rodent Nakajima et al., 1992
ICE Rodent BCAO Bhat et al., 1996
iNOS, NOS Rodent Ischemia, trauma Walski and Gajkowska, 1999

MCAO Nakashima et al., 1995
cPLA2 Rodent BCAO, MCAO Stephenson et al., 1999
COX-2 Human Human stroke Sairanen et al., 1998
PYK2 Rodent MCAO Tian et al., 2000

(nonreceptor
tyrosine kinase)

Protein kinase C δ Rodent BCAO Koponen et al., 2000
p38-Mitogen- Rodent MCAO, BCAO Tian et al., 2000,

activated protein
kinase Walton et al., 1998

Ectonucleotidase Rodent BCAO Braun et al., 1998

Heat shock proteins
HSP-27 Rodent MCAO Kato et al., 1995
HSP-32 Rodent MCAO Koistinaho et al., 1996
HSP-72 Rodent MCAO Soriano et al., 1994

Note: BCAO indicates global ischemia produced either with four-vessel occlusion in rat, BCAO + hypo-
tension in mice/rat, or BCAO in gerbils. MCAO indicates transient or permanent focal ischemia produced
in mice or rat.

Table 2 (Continued)
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Both TNF-α mRNA and protein are elevated within 1–3 h after MCAO in rats (131,
132). In these studies, TNF-α mRNA levels were reported to be induced in ischemic
cortex as early as 1 h, peaking at 12 h, and persisting upregulated for 5 d. Liu et al. (133)
reported that initial TNF-α induction is in ischemic neurons and later also in inflam-
matory cells. The early phase of TNF-α induction precedes leukocyte infiltration, and
microinjection of TNF-α into the rat cortex causes leukocyte adhesion to the capillary
endothelium (4). On the other hand, intracerebroventricular injection of TNF-α 24 h
before MCAO exacerbates the subsequent ischemic damage (31). The exacerbating
effect was reversed by contralateral cerebroventricular administration of an anti-TNF-α
monoclonal antibody. This evidence suggests that TNF-α could predispose the brain
for the subsequent damage by causing a pro-adhesive state of the capillary endothelium,
possibly via upregulation of adhesion molecules (4).

In transient and permanent focal cerebral ischemia, injection of anti-TNF-α antibodies
into the circulation, cortex, or ventricle (129,134,135) achieves remarkable protection.
In other studies, a soluble TNF-α receptor, acting as a TNF-α-binding protein, was found
to be protective in MCAO (31,136,137). An extremely large, 80%, reduction in infarct
volume was reached by a drug (CNI-1493) that prevents TNF-α translation in permanent
MCAO (134).

There is actually some data supporting a neuroprotective role for TNF-α. Cheng et al.
(138) showed that TNF-α protected neurons against metabolic–excitotoxic insult. In
addition, TNF-α receptor null mice are more susceptible to ischemia than littermates
(139), suggesting that low levels of TNF-α might actually be beneficial.

4.2. IL-1βββββ
Interleukin-1β is a pro-inflammatory cytokine, which is produced as a precursor pro-

tein (pro-IL-1β) that requires cleavage by ICE (caspase-1) to become biologically active.
Focal cerebral ischemia induces IL-1β immunoreactivity within 15 min of the onset of
insult, and the levels maximize at 2 h. This induction is seen mainly in endothelial cells
and microglia (77). In another study, the rapid increase of IL-1β mRNA in MCAO peaked
at 12 h and returned to basal levels at 5 d (140). IL-1β peptide is localized to cerebral
vessels, microglia, and macrophages after stroke (81,141). Furthermore, exogenous admin-
istration of IL-1β exacerbates ischemic brain injury (142,143).

Interleukin-1ra is a naturally occurring peptide inhibitor of IL-1β activity. It competes
with IL-1 for occupancy of the IL-1 receptor without inducing a signal of its own. IL-1ra
is induced following focal cerebral ischemia and the temporal profile parallels with IL-1β
expression, except that IL-1ra expression is prolonged (144). Both overexpression of IL-
1ra and administration of IL-1ra decrease neuronal death in the perifocal area and reduce
infarct volume by 50% in permanent MCAO (145–147). In addition, an antibody against
IL-1ra exacerbates ischemic damage (148). Furthermore, mice deficient in ICE show
attenuated neuronal damage in permanent MCAO (149), suggesting that ICE manipu-
lation leads to neuroprotection through reduced levels of active IL-1β.

4.3. Mechanisms of Damage by Cytokines

Interleukin-1β and TNF-α interact with each other and influence a series of signal trans-
duction pathways, including those affecting gene activation (6,150). Several enzymes
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activated by IL-1β and TNF-α and contributing to ischemic damage include COX-2,
iNOS, and MMP-9. There exists a close relationship between cytokine production and gli-
osis. IL-1β and TNF-α activate glial cells, which then produce IL-1β and TNF-α (4). IL-1β
can stimulate astrocyte proliferation (151) and cerebral edema (152), induce leukocyte
infiltration (13,153), and increase de novo synthesis of endothelial adhesion molecules
ICAM-1 and ELAM (154,155). TNF-α increases blood-brain-barrier (BBB) permeabil-
ity, causes pial artery constriction, and has a direct toxic effect on the capillaries (156,157).
TNF-α is toxic to oligodendrocytes, stimulates astrocyte proliferation, and is involved
in demyelination and gliosis in brain injury (78,158,159). Furthermore, TNF-α acti-
vates the endothelium for leukocyte adherence and promotes procoagulation activity
by increasing the levels of tissue factor, von Willebrand factor, and platelet-activating
factor (PAF) (160). TNF-α also stimulates expression of leukocyte–endothelial adhe-
sion molecules (66), activates neutrophil free-radical release (4), and causes mitochon-
drial free-radical production and apoptosis (161,162).

5. MATRIX METALLOPROTEASES

Matrix metalloproteases (MMPs) are zinc- and calcium-dependent neutral proteases
capable of degrading the constituents of basal lamina and extracellular matrix, thus
playing a central role in extracellular matrix turnover during biological processes such
as morphogenesis, development, wound healing, and tissue resorption (162). Recently,
involvement of MMP-2 and MMP-9 has been implicated in CNS disorders, including
focal brain (163,164). In cell culture systems, astrocytes, microglia, endothelial cells,
and fetal neurons produce gelatinases either constitutively or upon stimulation (165–
168). As reviewed in Chapter 11, MMP-2 and especially MMP-9 have a contributory
role in ischemic stroke, possibly because they break down the BBB and promote the infil-
tration of leukocytes.

6. PHARMACOLOGIC TARGETS IN SIGNALING PATHWAYS

Expression of many pro-inflammatory genes is regulated by the same signaling path-
ways, which therefore may involve mediators that represent potential pharmacologic
targets. These include extracellular signal-regulated (ERK-1 and ERK-2) and stress-
activated (p38) MAPKs (mitogen-activated protein kinases), transcription factor NF-κB
(nuclear factor κB), and PPARγ (peroxisome proliferator-activated receptor γ). ERKs
are known to mediate neuronal responses to neurotrophic factors and may be less impor-
tant for induction of inflammatory responses than p38 (169–173). However, strong acti-
vation of ERKs takes place in vulnerable neurons after focal ischemia, and inhibition of
ERKs appears to be neuroprotective when given intraventricularly (174). p38 can be
induced in all cells present in the brain (175–178) and is thought to mediate both apop-
totic and inflammatory signals. It is also a crucial kinase for expression of inflammatory
genes such as IL-1β, TNF-α, iNOS, and COX-2 (169–171,179–183). NF-κB regulates
directly the expression of these inflammatory genes, usually in concert with other tran-
scription factors such as activating protein 1 (AP-1) (184). DNA binding of PPARγ coun-
teracts the effects of NF-κB and AP-1 and thereby reduces expression of the key inflam-
matory genes (185,186).
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Preliminary results indicate that p38 MAPK inhibitors reduce infarction volume when
given orally or intravenously prior to or immediately after permanent ischemia in the
rat (187), but it is not yet known whether the protection is based on inhibition of imme-
diate p38 MAPK activation in neurons or on inhibition of delayed p38 MAPK activa-
tion in glia. Similarly, ischemic injury is reduced in mice lacking the p50 subunit of
NF-κB (188) and unspecific NF-κB inhibitors are still protective when given immedi-
ately after transient ischemia (189). Even though p38 MAPK and NF-κB are activated
in glia several days after ischemic insult (178,190), it is obvious that additional experi-
ments are needed to find out whether these compounds are beneficial when administered
within a clinically relevant time window. Finally, several classical nonsteroidal anti-
inflammatory drugs also activate PPAR-γ and reduce ischemic damage, but studies on
the specific activation of PPAR-γ in stroke models are not yet available. Nevertheless,
several in vitro studies indicate that specific PPAR-γ agonists act as strong anti-inflam-
matories and may have potential in treatment of human stroke (see Chapter 7). Figure 1
summarizes the potential pharmacologic targets in intracellular signaling of inflammation.

Fig. 1. Potential targets of pharmacologic intervention in ischemic inflammation. The model
is simplified and does not illustrate other kinase pathways mediated, for example, by Jun N-ter-
minal kinase (JNK) and ERKs. Activation of the p38 MAPK pathway induces transcription through
phosphorylation of transcription factors, stabilizes mRNA, and may also upregulate translation.
The p65/p50 NF-κB heterodimer is a transcription factor that upregulates several pro-inflamma-
tory genes and represents one potential site of pharmacologic intervention. PPARγ activators
reduce induction of these genes by inhibiting NF-κB and AP-1 DNA binding. (1) p38 MAPK or
upstream kinase inhibitors; (2) NF-κB inhibitors; (3) PPARγ agnosits.
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7. CONCLUSIONS

Experimental evidence strongly suggests that inflammation contributes not only to
early phases but also the delayed progression of ischemic damage. Even though the
whole genomic response triggered by ischemia is not yet fully characterized, some of
the induced genes, such as IL-1β, TNFα, iNOS, and COX-2, are among potential tar-
gets for pharmacologic intervention. Inflammation is a complex process that involves
the activation of characteristic intracellular signaling pathways, and inhibition of these
molecules mediating the induction of proinflammatory genes may be especially bene-
ficial by diminishing simultaneously several inflammatory responses. In addition, com-
bination therapy against, for example, cytokines, iNOS, and COX-2 may eventually be
an efficient alternative, which deserves to be explored further in animal models.
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Neuroinflammation as an Important Pathogenic

Mechanism in Spinal Cord Injury

Yuji Taoka and Kenji Okajima

1. INTRODUCTION

Acute traumatic spinal cord injury (SCI) is an unexpected, catastrophic event, the con-
sequences of which often persist for the life of the patient and influence in diverse ways
not only the patient but also family members and society at large. Only limited thera-
peutic measures are currently available for its treatment (1). SCI induced by trauma is
a consequence of an initial physical insult followed by a progressive injury process that
involves various pathochemical events that lead to tissue destruction (1,2). Although
prevention programs have been initiated, there is no evidence that the incidence is declin-
ing. Therefore, during the acute phase, therapeutic intervention in SCI should be directed
at reducing or alleviating this secondary process. Although the mechanisms involved
in the secondary injury process are not fully understood, the activated leukocyte-induced
vascular damage leading to neuroinflammation has been postulated to be one of the
important pathomechanisms of acute spinal cord injury (3–6).

This chapter will describe the possible mechanisms by which neuroinflammation can
be induced in the pathologic process of spinal cord injury and some potential therapeu-
tic measures for the spinal cord injury by alleviating the neuroinflammation.

2. POSTULATED PATHOMECHANISMS OF SPINAL CORD INJURY

2.1. Concept of the Two-Step Mechanism in Acute SCI:
the Primary and Secondary Injury

It has been hypothesized that there are two steps in the pathologic process leading to
acute traumatic spinal cord injury: the primary mechanical injury and a secondary injury
resulting from one or more additional damaging processes initiated by the primary injury
(7–9). The concept of secondary injury was first postulated by Allen (7), when he found
that myelotomy and removal of the posttraumatic hematomyelia resulted in improve-
ment of neurologic function in dogs subjected to experimental acute spinal cord injury.
Allen hypothesized that there was a noxious agent present in the hemorrhagic necrotic
material that might cause further damage to the spinal cord and that the injurous agent
was a biochemical factor (8). This was the first experimental evidence of posttrauma-
tic autodestruction. Since then, numerous other pathophysiological mechanisms have been
postulated to explain the progressive posttraumatic destruction of spinal cord tissue.
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With respect to this point, important reviews are given by Tator and Fehling (9), Simpson
et al. (10) and Young (11). The possible mechanisms for secondary injury summerized
by Zeidman et al. are shown in Fig. 1 (12). Similar theories have been used to explain the
progressive loss of neural tissue in other conditions such as head injury, ischemia, and
subarachinoidal hemorrhage. Neuroinflammation might play a role in the secondary
progressive tissue damage.

2.2. Histopathologic Changes in Spinal Cord Injury

After acute injury, the spinal cord undergoes sequential pathologic changes including
hemorrhage, edema, axonal and neuronal necrosis, and demyelination, followed by cyst
formation and infarction (13,14). Within 15 min of acute injury, petechial hemorrhages
occurred in the gray matter and edema of the white matter. During the first 2 h, the
hemorrhages in the gray matter increased, and at 4 h, there were “numerous swollen axis
cylinders” (7). Several studies have shown that edema develops at the injury site and
spreads into adjacent segments of the cord. The injury site is necrotic, especially the cen-
tral zone previously occupied by hemorrhage 24–48 h after major trauma (15). Several
days later, the hemorrhagic zone shows cavitation and the adjacent areas exhibit patchy
necrosis, often with sharply defined margins. These progressive changes, consisting of
cavitation and coagulative necrosis at the injury site and in adjacent areas (14), have
pathological features of infarcts, this process is termed “posttraumatic infarction” (16).

The amount of spared spinal cord tissue has been shown to be closely related to beha-
vioral recovery after spinal cord injury. Young et al. (11,17) have demonstrated in ani-
mal models that motor function can recover to normal levels after a spinal cord injury
if as few as 4–6% of the cortical motor neurons regain physiologic connection through

Fig. 1. Possible mechanisms of spinal cord injury. (Modified from ref. 12.)
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the injured spinal cord segment to the caudal spinal cord. These experiments support a
threshold effect in the return of motor function after the recovery of the surviving neu-
rons in these tracts. An increase in axonal survival at the injury site of from less than
3% to more than 6% allows neurologic function to return through the site and converts
paralyzed muscles to muscles caudal to the injury with normal function. Basso et al.
(18) have also shown that sparing as few as 5–10% of the fibers at the lesion center is
sufficient to help drive the segmental circuits involved in the production of basic locomo-
tion observed following spinal cord contusion injury in rats. Thus, these observations
suggest that any treatment that can salvage or prevent tissue damage to even a small
percentage of spinal axons may dramatically improve functional recovery. However,
the role of neuroinflammation in the development of these histopathologic changes are
not fully understood.

3. ROLE OF NEUROINFLAMMATION IN THE SECONDARY
INJURY PROCESS OF SPINAL CORD INJURY

3.1. Pathologic Events Leading to Tissue Injury in the Inflammatory Process

In general, inflammation can be induced by some insults to tissues. Pro-inflammatory
stimuli such as oxygen radicals generated during the ischemia/reperfusion activate mono-
cytes to induce the production of pro-inflammatory cytokines such as tumor necrosis
factor-α (TNF-α) and interleukin-1β (IL-1β) (19). These pro-inflammatory cytokines
activate neutrophils and endothelial cells to promote the neutrophil adhesion to the endo-
thelial cell (20). Activated neutrophils, in turn, adhere to the endothelial cell by interact-
ing with the endothelial cell leukocyte adhesion molecules such as P-selectin, E-selectin,
and intercellular adhesion molecule-1 (ICAM-1) (19). Activated neutrophils adherent
to the endothelial cell damage endothelial cells by releasing various inflammatory medi-
ators such as oxygen free radicals and neutrophil elastase (21). Because the intercellu-
lar clefts between tightly adherent activated neutrophils and the endothelial cell form a
microenvironment protected from circulating antiproteases and antioxidants, the neu-
trophil–endothelial cell interaction represents a critical aspect of activated neutrophil-
induced endothelial cell damage (22). The interaction of activated neutrophils with
endothelial cells mediated by ICAM-1 could be a prerequisite for neutrophil migration
(23). Extravasated neutrophils might damage tissues by releasing their inflammatory
mediators (21). During these process, the activated neutrophil-induced endothelial cell
damage results in an increase in the vascular permeability leading to local hemoconcen-
tration and the subsequent microthrombus formation (24,25). Thus, the pathologic changes
induced by activated neutrophils might contribute to the tissue injury during the local
inflammatory responses in the damaged area of the organ (19) (Fig. 2). Local inflamma-
tory responses in the injured segment of the spinal cord (i.e., neuroinflammation) might
play an important role in the development of SCI. Detailed mechanisms in the develop-
ment of neuroinflammation in the secondary injury process of SCI are described next.

3.2. Role of Tumor Necrosis Factor-ααααα
Recently, we demonstrated that the production of TNF-α at the site of SCI is implicated

in the secondary damage to tissue in SCI (26). In that study, we found that the level of
this protein in the traumatized spinal cord tissue was significantly increased after com-
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pression trauma, with a peak in levels seen after 4 h. These results are consistent with
other studies. Wang et al. (27) showed the presence of TNF-α at the sites of traumatic
spinal cord lesions, but did not detect this factor in cerebrospinal fluid or in serum. In
addition, Yakovlev and Faden (28) demonstrated that spinal cord impact in rats caused
an elevation of TNF-α mRNA levels at the site of trauma 30 min after the injury, with
the level of the TNF-α message proportional to the severity of the injury. Bartholdi and
Schwab (29) have shown that using in situ hybridization, the expression of TNF-α mRNA
can be detected shortly after spinal cord damage, but is downregulated after 6 h. How-
ever, these observations could not elucidate the causal relationship between TNF-α pro-
duction and SCI. Using our rat model of SCI, we measured the TNF-α mRNA expression
in traumatized segments over time, as determined by reverse transcription–polymerase
chain reaction (RT-PCR) (30). An increase in the expression of TNF-α mRNA was found

Fig. 2. Pathologic events leading to organ dysfunction in the inflammatory process.
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in traumatized spinal cord, which peaked 1 h after trauma (31). Tissue levels of TNF-α
mRNA 1, 2, 3, and 4 h posttrauma were significantly increased in the animals subjected
to compression trauma compared with sham-operated animals (31). Although the precise
mechanisms by which the transcriptional process of TNF-α synthesis is enhanced are not
fully known, ischemia–reperfusion mechanisms may be involved (32,33). Reactive oxy-
gen intermediates produced after ischemia–reperfusion have been shown to activate
nuclear regulatory factor kappa B (NF-κB), which leads to an increase in TNF-α produc-
tion by enhancing the transcription of TNF-α mRNA in monocytes (34). In the patho-
logic process of ischemia–reperfusion, hypoxia followed by reoxygenation induces
monocytes to produce interleukin-1β (IL-1β) (34). IL-1β induces monocytes to pro-
duce TNF-α by activating NF-κB (34).

Tumor necrosis factor-α contributes to the leukocyte-induced endothelial cell dam-
age not only by activating neutrophils (20) but also by increasing the expression of
endothelial leukocyte adhesion molecules, such as E-selectin, causing activated neutro-
phils to adhere to the endothelial cell surface (35). TNF-α could directly cause endothe-
lial cell damage even in the absence of neutrophils (36). We have also found that both
the increase in TNF-α mRNA expression and the subsequent increases in tissue levels
of TNF-α in the injured segments of spinal cord were significantly reduced in leukocy-
topenic animals (Fig. 3); the level of motor disturbances were also markedly reduced

Fig. 3. Effects of leukocytopenia, iloprost (IP), indomethacin (IM), IM plus IP, IM plus leu-
kocytopenia and methyl prednisolone (MPS) on the expression of TNF-α mRNA in traumatized
spinal cord. The expressions of TNF-α mRNA were measured 1 h after compression trauma or
sham operation. Data are expressed as mean ± SD of five experiments. p < .01 vs trauma.
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(31). These findings indicate that an increase in the level of TNF-α at the site of injury
may contribute to the secondary injury process by activation of neutrophils, leading to
endothelial damage.

3.3. Role of Neutrophils

The presence of neutrophils in ischemic brain and spinal tissue has been considered
to represent a pathophysiological response to existing injury. Because neutrophils were
observed mainly in areas of hemorrhagic necrosis after acute SCI, these neutrophilic
responses have been recognized as phagocytes of red blood cells and necrotic tissue.
Recent evidence, however, suggests that neutrophils may also be directly involved in the
pathogenesis and extension of SCI in rats (5,37,38). Neutrophils have been shown to
release neutrophil proteases and reactive oxygen species (21). Reactive oxygen species
increase the expression of endothelial leukocyte adhesion molecules by which activated
neutrophils interact to damage endothelial cells (19).

3.3.1. Neutrophil Elastase

We recently reported that L-658 758, a specific neutrophil elastase inhibitor (39), pre-
vents compression trauma-induced SCI in our animal model (40). In that study, L-658
758 attenuated motor disturbances in rats after compression trauma to the spinal cord.
This neutrophil elastase inhibitor also inhibited both neutrophil accumulation and intra-
medullary hemorrhages in the injured spinal cord segment. These findings implicate
neutrophil elastase in compression trauma-induced SCI.

Neutrophil elastase is an enzyme capable of damaging endothelial cells (21). Neutro-
phil elastase increases vascular permeability and damages endothelial integrity (19,39).
Because intramedullary hemorrhages were markedly reduced by the neutrophil elastase
inhibitor, hemorrhage may be a consequence of neutrophil elastase-induced endothelial
damage. The endothelial damage also may induce microcirculatory disturbances, lead-
ing to tissue ischemia, an important cause of motor disturbances. Neutrophil elastase
influences neutrophil infiltration by increasing the expression of the CD18 molecule on
the cell surface, by which neutrophils can adhere to endothelial cells (44). This sequence
explains how neutrophil elastase inhibitors prevent neutrophil accumulation in the dam-
aged spinal cord segment. Inhibition of the adhesion of neutrophils to endothelial cells
by neutrophil elastase inhibitor also might contribute to prevent endothelial cell damage
that would have been induced by inflammatory mediators released from the activated
neutrophils.

Neutrophil elastase inhibits production of prostacyclin by cultured porcine aortic endo-
thelial cells in response to extracelluar ATP (42). Neutrophil elastase also suppresses
the release of thrombin-induced prostacyclin by cultured human umblical vein endothe-
lial cells (43). We recently demonstrated that neutrophil elastase inhibits the endothe-
lial production of prostacyclin in rats subjected to stress (44). Because iloprost, a stable
derivative of prostacyclin, reduces the severity of the motor disturbances after compres-
sion trauma-induced SCI (45), a decrease in the level of prostacyclin in the injured segment
of the spinal cord induced by neutrophil elastase might be a cause of motor disturbances
observed following SCI. Indeed, our preliminary study indicated that L-658 758 signifi-
cantly attenuated the decrease in prostacyclin levels at the injured site of the spinal cord
(unpublished data).
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3.3.2. Reactive Oxygen Species

Activated neutrophils have also been shown to release reactive oxygen species that
are capable of damaging endothelial cells (21,22). Reactive oxygen species (ROS) have
been reported to be involved in the progressive injury process in traumatic SCI (46).
Nakauchi et al. (47) demonstrated that lecithinized superoxide dismutase (SOD), a long-
acting SOD, markedly attenuated the motor function following compression trauma to
the spinal cord in rats and significantly suppressed MPO activity in the tissue and spinal
cord edema. We have previously shown that SM-SOD, another long-acting SOD, improved
mortality and significantly attenuated orthostatic hypotension in rats subjected to com-
pression trauma-induced SCI (48). Thus, it is probable that ROS may also contribute to
the progressive injury process of SCI. Because ROS and neutrophil elastase have been
shown to synergistically damage endothelial cell integrity (49,50), both may be signifi-
cantly involved in the pathological process leading to SCI.

Lipid peroxidation has been shown to contribute to SCI in rats (31). Reactive oxygen
species can be generated either by the conversion of xanthine dehydrogenase (XDH) to
xanthine oxidase (XO) or by activated leukocytes (21,51). Endothelial cells are a major
site of XDH conversion in free-radical-mediated injury (51). Thus, it is possible that in
traumatic SCI, conversion of XDH to XO in endothelial cells at the site of injury may
be an important mechanism leading to increased ROS generation, which can cause lipid
peroxidation. This possibility, however, appears to be less in SCI. Xu et al. (52) demon-
strated that, in rats, allopurinol, an inhibitor of XO, does not affect posttraumatic edema
or MPO activity in traumatized spinal cord. Consistent with this findings are our prelim-
inary observations that allopurinol did not inhibit MPO activity and lipid peroxidation
in our animal model of SCI. Recently, we demonstrated that leukocytopenia and anti-
P-selectin monoclonal antibody almost completely inhibited lipid peroxidation (53). These
findings suggested that ROS produced by activated leukocytes may play a more impor-
tant role in lipid peroxidation at the site of injury than those derived from XO. They
also suggest that in the injured section of the spinal cord, lipid peroxidation could be
induced in the endothelial cell membrane by activated leukocytes.

3.4. Role of Endothelial Leukocyte Adhesion Molecules

As described earlier, leukocytes release cytokines and other inflammatory mediators,
including neutrophil proteases and ROS (21). These inflammatory mediators increase
the expression of endothelial leukocyte adhesion molecules, which play an important
role in the activated neutrophil-induced endothelial cell damage (19). Because the inter-
cellular clefts between tightly adherent activated neutrophils and the endothelium form
a microenvironment protected from circulating antiproteases and antioxidants, the neu-
trophil–endothelial cell interaction is an important aspect of activated neutrophil–induced
endothelial cell damage (22). P-Selectin, a member of the endothelial leukocyte adhe-
sion molecule family, is rapidly expressed on the endothelial cell surface in response to
stimuli such as thrombin, histamine, and oxygen free radicals (22). P-Selectin mediates
early neutrophil–endothelial cell interactions that lead to the rolling of neutrophils on the
endothelium and facilitates subsequent cellular adhesion, migration, and tissue injury.
We recently demonstrated that a P-selectin-mediated interaction between activated neu-
trophils and endothelial cells may be a critical step in endothelial cell damage, leading
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to spinal cord injury (38,40,54). In these studies, administration of an anti-P-selectin
monoclonal antibody significantly reduced the motor disturbances observed following
spinal cord compression in rats. Histological examination revealed that intramedullary
hemorrhages observed 24 h after compression at the 12th thoracic vertebra of the spinal
cord were significantly attenuated in animals administered the anti-P-selectin monoclo-
nal antibody, suggesting that activated neutrophil-induced endothelial cell damage may
play a role in these hemorrhages. The accumulation of neutrophils at the site of compres-
sion, as evaluated by measuring tissue MPO activity, significantly increased with time
following the compression, peaking 3 h postcompression. Spinal cord MPO activity did
not increase in sham-operated animals. Administration of the anti-P-selectin monoclonal
antibody reduced the accumulation of neutrophils in the damaged spinal cord segment
3 h posttrauma. These observations strongly suggest that the interaction between acti-
vated neutrophils and endothelial cells may be a critical step in endothelial cell injury
leading to SCI. This hypothesis is consistent with an observation by Hamada et al. (37) that
intercellular adhesion molecule-1 (ICAM-1) mRNA expression correlated with the sever-
ity of the injury, and that posttraumatic administration of anti-ICAM-1 monoclonal anti-
body significantly reduced motor disturbances and MPO activity following compression
trauma to the spinal cord in rats.

In contrast to the observations reported here, Holtz et al. (55) demonstrated that neu-
trophil depletion by antineutrophil serum (ANS) does not improve the outcome of com-
pression trauma-induced neurologic deficits in rats. In that study, although the number of
neutrophils was reduced to only 2% of the pre-ANS level, the number of mononuclear
cells was reduced to 60% that of control animals. In our studies, the number of mono-
nuclear cells was reduced to 18.6% of that of control rats by treatment with nitrogen
mustard (54). Monocytes have been shown to release cytokines upon their activation by
platelet-activating factor when they are tethered to P-selectin (56). Because these cyto-
kines increase the vascular permeability (57,58), which may, in turn, result in a microcir-
culatory disturbance leading to tissue ischemia, the failure by ANS to reduce the number of
monocytes might explain why treatment did not attenuate spinal cord injury. In addition,
it is possible that the anti-P-selectin monoclonal antibody might inhibit the endothelial
adhesion of monocytes as well as neutrophils, thereby preventing endothelial damage
induced by cytokines. Thus, together, monocytes and cytokines may play a more impor-
tant role than neutrophils alone in SCI induced by compression trauma.

4. THERAPEUTIC INTERVENTION DIRECTED
AT ATTENUATION OF NEUROINFLAMMATION
BY INHIBITING LEUKOCYTE ACTIVATION

We have recently reported that some therapeutic agents such as gabexate mesilate, acti-
vated protein C, and recombinant human soluble thrombomodulin (r-TM), which inhibit
leukocyte activation, attenuate the motor disturbances induced by compression trauma
of the spinal cord in rats (26,59,60). These agents could possibly be used as new pharma-
cological treatments for patients with acute traumatic SCI, because methylprednisolone
(MPS) and monosialtetrahexosyl ganglioside (GM1), which are the only two agents cur-
rently being used in SCI clinically, do not inhibit leukocyte activation (61,62).
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4.1. Gabexate Mesilate

Gabexate mesilate, a synthetic protease inhibitor, inhibits various serine proteases gen-
erated during the coagulation cascade and the inflammatory process (63). Based on these
inhibitory properties, gabexate mesilate has been used for treating patients with dissem-
inated intravascular coagulation resulting from sepsis and acute pancreatitis (64,65). A
previous study from our laboratory demonstrated that gabexate mesilate markedly sup-
pressed TNF-α production in lipopolysaccharide (LPS)-stimulated human monocytes
in a dose-dependent fashion in vitro and also significantly inhibited the LPS-induced
increase in TNF-α concentration in vivo (66). Thus, it is possible that gabexate mesilate
may be effective in posttraumatic SCI by inhibiting leukocyte activation.

Recently, we investigated the effect of gabexate mesilate on traumatic compression
trauma-induced SCI in rats and we found that posttraumatic SCI was significantly atten-
uated by gabexate mesilate (59). In this study, the motor disturbances observed follow-
ing traumatic spinal cord compression and the accumulation of leukocytes in the injured
tissue, evaluated by measuring tissue MPO activity, were markedly reduced by leuko-
cyte depletion induced by nitrogen mustard and by pretreatment (10 mg/kg) or posttreat-
ment (20 mg/kg) of animals with gabexate mesilate. Histological examination revealed
that intramedullary hemorrhages observed 24 h after trauma at the injury site were sig-
nificantly reduced by nitrogen-mustard-induced leukocytopenia and the administration
of gabexate mesilate. Because neither the inactive derivative of activated factor X (DEGR-
Xa), a selective inhibitor of thrombin generation (67), nor heparin prevented these path-
ologic changes, gabexate mesilate appeared to prevent posttraumatic SCI, not by its
anticoagulant properties but by its inhibition of leukocyte accumulation at the site of
injury (59). We previously demonstrated that gabexate mesilate prevents both endotoxin-
induced pulmonary vascular injury (66) and ischemia–reperfusion-induced hepatic injury
(68) by inhibiting TNF-α production by monocytes. In that study, gabexate mesilate in
concentrations of (0.5–1.0) × 10−3 M inhibited the release of neutrophil elastase and
superoxide radicals in vitro. The plasma concentrations of gabexate mesilate in our ani-
mal model were estimated to be below 3.0 × 10−4 M and 6.0 × 10−4 M in animals given
10 mg/kg and 20 mg/kg of gabexate mesilate, respectively, assuming that intraperito-
neally administered gabexate mesilate is absorbed immediately into the circulation. In
contrast, gabexate mesilate significantly inhibited TNF-α production by endotoxin-stimu-
lated monocytes in vitro at a concentration of 2.0 × 10−8 M (66). Thus, gabexate mesilate
most likely prevented posttraumatic SCI by inhibiting production of TNF-α, which plays
an important role in activated leukocyte-induced tissue injury (36,57) (Fig. 3).

Gabexate mesilate is a safe drug that is already used in the clinical setting and has few
known side effects, even at relatively high dosages (69). Posttreatment of rats with this
agent as well as the pretreatment prevented posttraumatic SCI in our animal model, sug-
gesting that gabexate mesilate may be useful in treating patients with traumatic SCI in
the clinical setting.

4.2. Activated Protein C and Thrombomodulin

Activated protein C (APC), a serine protease, is an important natural anticoagulant that
is generated from protein C by the action of the thrombin–thrombomodulin complex
on the endothelial cells (70). APC inactivates factors Va and VIIIa, thereby regulating
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the coagulation system (70,71). APC is also involved in the regulation of the inflamma-
tory process by its inhibition of TNF-α production by monocytes (72). We previously
demonstrated that APC prevents activated leukocyte-induced endothelial cell injury pri-
marily by inhibiting the ability of monocytes to produce TNF-α (73,74). Because TNF-α
is a potent activator of neutrophils (20), it is possible that APC may also prevent the sec-
ondary injury of trauma-induced SCI by inhibiting neutrophil activation. We, therefore,
have evaluated the effects of APC in a rat model of compression trauma-induced SCI.

We found that APC significantly reduced the effects of SCI in rats (26). When admin-
istered before or after the induction of SCI, APC reduced the number of intramedullary
hemorrhages as well as the severity of motor disturbances. Although the motor distur-
bances in control animals evaluated using the inclined plane test were not completely
recovered 56 d posttrauma, those in animals administered APC before or after the trauma
were recovered 35 d posttrauma, suggesting that APC might promote the functional recov-
ery of the motor disturbances in this animal model of SCI. Because DEGR-Xa, a selec-
tive inhibitor of thrombin generation, did not have any effect, those findings with APC
suggest that the efficacy of this protein was not mediated by inhibition of thrombin gen-
eration. The accumulation of neutrophils in traumatized segments of the spinal cord as
reflected by tissue MPO activity was also significantly inhibited in animals treated with
APC. Because no increase in the level of TNF-α induced by SCI was found in the ani-
mals that had received APC in that study, APC may inhibit the accumulation of neutro-
phils at the site of traumatic SCI primarily by inhibiting TNF-α production (Fig. 3).
This notion is supported by our earlier finding that APC also inhibits the in vivo and in
vitro production of TNF-α by monocytes (73,74). More recently, we demonstrated that
recombinant human soluble thrombomodulin (r-TM) prevents compression trauma-
induced SCI by inhibiting leukocyte accumulation by reducing the expression of TNF-α
m-RNA at the site of injury and such therapeutic effects of r-TM could be dependent
on its protein C activation capacity (60). Because administration of APC and r-TM after
injury was as effective as its administration prior to injury in preventing the secondary
injury of SCI, these agents may have a potential for clinical use in alleviating the effects
of traumatic compression injury to the spinal cord (26,60) (Fig. 3). APC also reduced the
ischemia–reperfusion-induced spinal cord injury, a pathologic event sometimes seen in
patients undergoing surgery to repair aortic aneurysms (75). The therapeutic mechanisms
also involved the inhibition of leukocyte activation induced by ischemia–reperfusion (75).

As described earlier, although gabexate mesilate, APC, and r-TM are well known as
anticoagulant agents, they may attenuate motor dysfunction following compression trauma
to the spinal cord in rats by inhibiting leukocyte activation. However, these anticoagulant
activities may provide additional benefits for patients with SCI. Thromboembolism is
a major cause of morbidity and mortality in patients with SCI (76,77). Thromboembo-
lism has been reported to occur in 70–100% of patients who have complete motor paral-
ysis after SCI (78,79). Thus, gabexate mesilate, APC, or r-TM therapy may be beneficial
to patients with SCI, not only by improving the motor recovery but also by preventing
thromboembolism through its anticoagulant potency.

4.3. Prostacyclin

Prostacyclin is a powerful vasodilator and a potent inhibitor of platelet aggregation
(80). Recently, prostacyclin and its analogs have been shown to inhibit neutrophil acti-
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vation and the production of cytokines by monocytes (81,82). Thus, it is possible that
prostacyclin may be effective in the treatment of posttraumatic SCI in which activated
leukocytes appear to play an important role. Therefore, we investigated the effect of ilo-
prost, a stable analog of prostacyclin (81) on compression trauma-induced SCI in rats (45).
In that study, the motor disturbances observed following compression trauma of the
spinal cord in rats were significantly attenuated in animals that received iloprost. Histo-
logic examination of traumatized spinal cord segments further demonstrated that the
number of intramedullary hemorrhages was significantly reduced in animals that received
iloprost compared with control animals 24 h posttrauma. The accumulation of leuko-
cytes in traumatized segments of the spinal cord 3 h posttrauma was significantly inhib-
ited in animals that received iloprost. In that study, mean arterial blood pressure fell
from 106.8 ± 10.5 to 91.2 ± 2.0 mm Hg after iloprost infusion in animals prior to trauma.
However, no significant changes in physiological parameters such as blood pressure or
body temperature were found in the postinjury period between control animals and ani-
mals administered iloprost. These physiological parameters were not significantly dif-
ferent between animals with and without leukocytopenia. These observations suggest
that iloprost may attenuate the compression trauma-induced SCI by inhibition of the
accumulation of leukocytes at the site of spinal cord damage. Consistent with this notion
is the report by Maria-Riva et al. (83), who demonstrated that iloprost attenuates neutro-
phil-induced lung injury not by its vasodilatory effect but by inhibiting leukocyte acti-
vation. Simpson et al. (84) have shown that iloprost (0.1–100 µM) inhibited the in vitro
production of the superoxide anion by canine neutrophils in a concentration-dependent
manner. Okumura et al. (85) also demonstrated that beraprost, another analog of prosta-
cyclin, inhibited in a dose-dependent manner formyl-methionyl-leucyl- phenyl-alanine-
induced superoxide generation in human neutrophils. Thus, iloprost may attenuate the
SCI in this animal model not by its vasodilatory effect but by its inhibitory effect on leu-
kocyte activation (45).

Because prostacyclin inhibits the production of TNF-α (86), it is possible that main-
taining a proper level of prostacyclin at the injury site may attenuate the severity of
SCI in rats by reducing TNF-α production. This hypothesis is supported by the following
observations: (1) Indomethacin (IM), a potent inhibitor of prostacyclin synthesis, itself
enhanced both the increases of the TNF-α production and mRNA TNF-α expression in
the injured spinal cord tissue induced by compressive trauma (Fig. 3) and (2) iloprost
inhibited these increases, and both iloprost and leukocytopenia also inhibited the IM-
induced enhancements (Fig. 3). These observations strongly suggest that maintaining the
prostacyclin level at the injury site plays an important role in preventing trauma-induced
activation of leukocytes in SCI through the inhibition of TNF-α production. Indeed, our
preliminary experiments indicated that gabexate mesilate, APC, and r-TM, which reduced
the motor disturbances induced by SCI, prevented the decreases of prostacyclin in injured
spinal cord tissue. This hypothesis is consistent with our previous findings demonstrat-
ing that iloprost prevented the stress-induced gastric mucosal lesion formation in rats
by inhibiting the decrease in the prostacyclin level at the injury site (44).

As discussed earlier, prostacyclin may have a major role in the protection of motor
disturbances observed following spinal cord trauma by inhibiting the activation of leu-
kocytes. Because the chemical instability of prostacyclin in solution or in biologic fluids
makes it a less than ideal agent for SCI (80), iloprost, which is a stable analog of prosta-
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cyclin, may be a more useful agent for such application. However, the clinical dosage toler-
ance of iloprost does not exceed 2 ng/kg/min because of side effects such as facial
flushing, headache, and gastrointestinal distress (86). Thus, pharmacological agents such
as gabexate mesilate, APC and r-TM that inhibits the decrease in endogenous prostacy-
clin production at the site of injury through inhibiting leukocyte activation may be more
effective and safer (Fig. 4).

5. EFFECTS OF STEROID AND GM1 GANGLIOSIDE
ON NEUROINFLAMMATION OF THE SPINAL CORD

5.1. Methylprednisolone

Until recently, no treatment was available to improve neurologic recovery in patients
with traumatic SCI. Recenty, a randomized controlled study in patients with SCI showed
that high-dose intravenous administration of MPS (total dose, 154.2 mg/kg/24 h) to parti-
ally improve neurologic function when therapy began within 8 h of the injury and con-
tinued for 24 h, representing considerable promise for pharmacologic treatment of acute
SCI (1). Thus, at present, MPS is the only therapeutic agent for traumatic SCI in humans
during the acute phase. However, little is known about the precise mechanisms of action
of MPS in SCI. MPS, like other glucocorticoids, has an anti-inflammatory effect. Acute
inflammation is a complex hormonal and cellular response that includes neutrophil
infiltration, deposition of platelets, and alteration of endothelial cell function, culmi-
nating in increased vascular permeability and edema formation. Eisosanoids, free radi-
cals, kinins, proteolytic enzymes, and other inflammatory mediators are implicated in
the activation of inflammatory processes (87). Although the exact mechanisms of action
of MPS in SCI remain to be defined, an antioxidant effect of high-dose glucocorticoids
has been proposed (1,88). Glucocorticoids, including MPS, are potent anti-inflammatory
agents. The anti-inflammatory action of glucocorticoids has been studied extensively.
Their findings indicated that glucocorticoids suppress inflammation via the inhibition
of leukocyte functions, including chemotaxis (89), phagocytosis (90), synthesis of inflam-
matory mediators, and release of lysosomal enzymes (91). The anti-inflammatory effects
may be, at least partly, the result of a stimulating effect on the synthesis of such anti-
inflammatory polypeptides as lipocortin, vasocortin, and angiotensin-converting enzymes
(92), with resultant inhibition of phospholipase A2, which catalyzes the release of ara-
chidonic acid from membrane phospholipids and the subsequent formation of eicosa-
noids and free radicals (93).

Numerous dosing schedules of MPS and dexamethasone have been investigated in
SCI models, with the majority reporting benefits (94). MPS is one of a class of synthe-
tic steroids with a glucocorticoid potency greater than cortisone but considerably less
than dexamethasone. 21-Aminosteroids, which inhibit iron-dependent lipid peroxida-
tion but do not possess glucocorticoid action (88), were reported to provide benefit in
SCI models (95). Improvement in the patient with SCI occurs after a bolus dose of 30 mg/
kg (iv), and this is 1000-fold the amount necessary to activate glucocorticosteroid recep-
tors in the body (96). Hence, MPS may have a direct chemical action unrelated to its
hormonal action. Demopoulos et al. (46) theorized that steroids play an important role in
stabilizing membranes by inhibiting free-radical reactions induced by trauma. Braughler
and Hall (97) found that a large dose of MPS (30 mg/kg, iv) reduced lipid peroxidation,
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protected membrane-bound enzymes, such as ATPase, and intracellular molecular assem-
blies, such as neurofilaments, and reversed the biologically hazardous increase in lactic
acid after SCI. Recently, we also reported that a large dose of MPS significantly reduced
the motor disturbances and increased lipid peroxidation in rat SCI (53). Thus, presently,
the most likely explanation for the protective effect of MPS in spinal cord injury is that
MPS suppresses membrane breakdown by inhibiting lipid peroxidation and hydrolysis
at the site of injury. The doses required for therapeutic results in clinical use (154.2 mg/
kg/24 h) are similar to those shown to be most effective in inhibiting lipid peroxidation
and the breakdown of neurofilaments in animal models (98). This breakdown of mem-
brane peaks within 8 h of injury (97). These findings are consistent with the clinical obser-
vations of Bracken et al. (1) that patients treated with MPS more than eight 8 h after the
injury did not differ in their neurologic outcomes from those administered placebo. A
secondary effect of the inhibition of lipid peroxidation is that vasoreactive byproducts
of arachidonic acid metabolism are reduced, which improves the flow of blood at the
injury site (99).

A higher dose of MPS (total dose, 889 mg/kg/24 h) did not produce a significant
decrease in neutrophil accumulation, TNF-α, and TNF-α mRNA in our rat model of
SCI (53). This observation is consistent with the findings of Xu et al. (62). They showed
that high-dose MPS (total dose, 889 mg/kg/24 h) significantly reduced vascular per-
meability and tissue edema but did not decrease the increase in MPO activity in injured
spinal cord tissue observed following traumatic spinal cord injury in rats. Hall et al. (100)
showed that posttraumatic increase in leukotrien B4, which is a major eicosanoid syn-
thesized by neutrophils (101), at the injury site, was significantly enhanced by MPS in
SCI models in cats. Indeed, Katori et al. (102,103) demonstrated that dexamethasone
with a glucocorticoid potency greater than MPS did not inhibit the adhesion of neutro-
phils on endothelial cells and only inhibited the penetration of the pericyte basement
membrane. Thus, the protective effects of MPS on SCI may involve factors other than
reduction of neutrophil-mediated endothelial cell injury (53).

5.2. GM1 Ganglioside

Geisler et al. (61) initially examined the recovery of neurologic function after SCI in
humans with a prospective, randomized, placebo-controlled, double-blinded trial of GM1
(the Maryland GM1 clinical trial). This was a pilot study testing whether the addition of
GM1 ganglioside to the initial medical and surgical care of patients with acute SCI would,
in any way, alter neurologic recovery. Thirty-four patients completed the test-drug pro-
tocol (100 mg/d of GM1 sodium salt or placebo intravenously for 18–32 doses, with the
first dose taken within 72 h of injury) and a 1-yr follow-up period. Neurologic recovery
was assessed using the Frankel scale (104) and the American Spinal Injury Association
(105) motor score. The GM1-treated patients had significantly better improvement on
both Frankel grade and ASIA motor score from baseline to the 1-yr follow-up than did
the placebo-treated patients. Analysis of individual muscle recoveries revealed that the
increased recovery in the GM1 group was attributable to initially paralyzed muscles
regaining motor strength rather than to the strengthening of weakened muscles. The
study provides evidence that GM1 enhances the recovery of neurologic function after
SCI. Further analysis of the recovery of motor function for each of the 10 neurologic
levels assessed in the study was noted in a subsequent study (106,107). This provided
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additional evidence that the largest enhanced recovery of motor function in the GM1
treatment group occurred in the muscles of the lower extremities.

Gangliosides are complex acidic glycolipids present in high concentrations in cells of
the mammalian central nervous system (CNS). They are a major component of the cell
membrane and are located predominantly in the outer leaflet of the cell membrane’s
phospholipid bilayer (108). Although the natural functions of the gangliosides remain
largely unknown, possible biochemical mechanisms by which GM1 ganglioside may
enhance neuronal survival in the white-matter tracts or increase the response of the dis-
tal spinal cord to the attenuated signal in the damaged white-matter tracts after a SCI and
other CNS insults have been covered in recent review articles (109). Beneficial effects
of GM1 reported in CNS injury are more likely to be related to the effects of long-term
neural recovery than to acute injury processes, that is, the prevention of anterograde and
retrograde neuronal degeneration and the stimulation of neuronal repair produced by
GM1 ganglioside (110) mechanistically implies that it must act much later in the process
that follows acute traumatic SCI (111). It remains to be shown whether GM1 ganglio-
side inhibits leukocyte activation.

6. CONCLUSIONS

In addition to the immediate damage to the spinal cord following injury, a delayed
progressive destructive process that follows causes even more spinal cord damage. Dur-
ing the last two decades, considerable research has been done to determine the pathology
and pathophysiology of SCI. Based on this knowledge, new modalities for treatment of
acute SCI have been developed. In this review, we have briefly outlined a new concept:
that leukocytes are critically involved in the progressive destructive process of the spinal
cord after primary mechanical injury in the rat model of SCI. Thus, neuroinflammation
possibly plays a role in the secondary injury process. Some potential therapeutic agents
such as gabexate mesilate, APC, and r-TM that inhibit leukocyte activation significantly
attenuate the motor disturbances induced by compression trauma of the spinal cord in rats.
The efficacy of these agents should further be examined to clarify the therapeutic win-
dow (i.e., the time period after injury during which the therapy can be given), as well as
the dosage and duration of treatment. Furthermore, combination of these agents with MPS
or GM1 may provide greater enhancement of motor recovery for patients with acute
spinal cord trauma, because the pharmacological mechanisms of these agents are appar-
ently different from those of MPS and GM1. New therapeutic strategies pointing to alle-
viation of neuroinflammation by some new therapeutic agents will benefit victims of SCI
by improving their quality of life through reducing their physical disabilities.
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1. INTRODUCTION

Stability of the neuronal microenvironment is indispensable for maintaining the
normal function of the brain. The blood-brain barrier (BBB) is dedicated to the preser-
vation of cerebral homeostasis. The functional features of BBB are a low diffusional per-
meability to water-soluble molecules, a low hydraulic conductivity, a high reflection
coefficient, and a high electrical resistance. These characteristics of BBB permit a highly
selective exchange between blood and brain and an optimally controlled environment
in the physiological state. As a functional entity, BBB includes several cell types and
the extracellular matrix (ECM). Microvascular endothelial cells (EC) sealed by tight
junctions and featuring only a very few endocytotic vesicles are primarily responsible for
the permeability properties of BBB (1). Astrocytes, in discontinuous contact with endo-
thelial cells through their end-feet, actively participate in BBB phenotype (2), although
some controversy exists regarding the importance of astrocytes in the in vivo mainte-
nance of BBB function (3,4). Pericytes also have been shown to change endothelial
behavior (5–7). These perivascular cells seem to control angiogenesis by inhibiting EC
proliferation (8) and to regulate microvessel permeability by contributing to basal lamina
synthesis (9,10). Finally, the endothelial basal lamina represents the noncellular compo-
nent of BBB. Produced by EC and pericytes, the basal lamina is a specialized ECM com-
posed of type IV collagen, fibronectin, laminin, and various proteoglycans (11). The
ECM components are linked to endothelial cells via integrins and regulate specific bio-
logical processes such as cellular morphology, differentiation, survival, adhesion, and
gene expression (12–15).

When BBB integrity is lost, inflammatory cells and fluid penetrate the brain, causing
vasogenic edema and secondary brain damage (16,17). BBB permeability is altered in
various brain pathologies such as bacterial meningitis (18), multiple sclerosis (19), and
ischemic stroke (20,21).

2. MECHANISMS OF BBB DYSFUNCTION DURING
BRAIN ISCHEMIA: PROTEOLYTIC DISRUPTION AS A KEY EVENT

Various mechanisms of BBB disruption have been implicated in stroke-related vasogenic
edema. The role of chemical mediators in the opening of the BBB has been evaluated on
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the basis of their ability to increase cerebral vascular permeability and to induce vaso-
motor responses and edema formation. Among various mediator candidates, bradykinin
has been widely studied (22) and consistently shown to influence BBB function in trau-
matic (23) and ischemic (24,25) brain injury. Although intracerebral concentration of
histamine has been shown to increase during brain ischemia (26,27), conflicting results
have been reported regarding the benefit of its inhibition (28–31). Arachidonic acid and
its metabolites (32–35) as well as oxygen free radicals (36,37) are also involved in stroke-
related BBB disruption. Recently, proinflammatory cytokines such as tumor necrosis
factor-α (TNF-α) (38–40), interleukin-1β (IL-1β) (41–44), and cytokine-associated cas-
cades appear to participate in the pathophysiological processes, leading to secondary brain
injury.

Although our knowledge of the different pathways and mediators potentially involved
in the opening of the BBB is growing, the exact molecular and cellular mechanisms lead-
ing to the disruption of the BBB is still not fully elucidated. The potential regulatory role
of ECM on capillary morphogenesis (15) has emerged as a key factor of BBB imperme-
ability maintenance. During cerebral ischemia–reperfusion, the ECM is disrupted. Major
components of the endothelial basal lamina such as laminin, type IV collagen, and fibro-
nectin start to disappear as soon as 2 h after the onset of ischemia (45). Consistently,
the first signs of BBB leakage are observed between 2 and 8 h after the onset of ischemia
(46–49). By 24 h of ischemia–reperfusion, dissolution of microvascular structures leads
to clear interruption of microvessels (45,50) and local hemorrhage (50). Thus, proteo-
lysis seems to be a critical process of stroke-related BBB disruption.

Various proteases have been shown to increase BBB permeability (51). Intracerebral
injection of type IV collagenase (52), elastase (53), and plasmin induces BBB disrup-
tion and multifocal hemorrhage (52,53). Although, the nature of the proteolytic media-
tors disrupting the BBB during ischemic stroke is still a subject of debate, experimental
evidences suggest that matrix metalloproteinases play a key role in this process.

3. TYPE IV COLLAGENASES
AND BBB DISRUPTION DURING BRAIN ISCHEMIA

All endothelial basal lamina components can be digested by matrix metalloproteinases
(MMPs), which are proteolytic enzymes (Zn2+-endopeptidases) secreted as zymogen
and cleaved to their fully active form in the interstitial space. MMPs are involved in
the remodeling of the ECM in a variety of physiological and pathophysiological con-
ditions (54–56). Among MMPs, gelatinases also known as type IV collagenases, are
expressed by neurons (57,58), astrocytes (59), microglial cells (60), endothelial cells
(61), and oligodendrocytes (62). Gelatinase A (MMP-2) and gelatinase B (MMP-9) spe-
cifically digest type IV collagen in the basal lamina. Several in vivo studies, investigat-
ing the role of MMPs in stroke, have shown that gelatinase expression was induced
during experimental focal ischemia. Early studies, conducted in spontaneously hyper-
tensive rats, raised doubt regarding the role of MMP in early BBB disruption, because
they could not show any upregulation or activation of the enzymes during the first hours
after permanent middle cerebral artery occlusion (pMCAO) (61,63). Later studies, using
permanent or transient models of MCAO in mice, showed that gelatinase B was already
upregulated 1–2 h after ischemia (47,64). This upregulation was rapidly followed by the



Type IV Collagenases and BBB Breakdown 239

appearance of the active form of gelatinase B (47,65). One study, conducted in baboons,
showed an early upregulation of gelatinase A (66). These discrepancies can be explained
by methodological particularities of the experimental models with variations in MMP
measurement techniques and species-related specificities. Two studies, carried out in
humans, confirmed that MMP-9 expression after stroke is mainly increased in acute ische-
mic lesions (less than 1 wk after stroke onset), whereas MMP-2 and matrilysin (MMP-7)
are increased in chronic lesions (more than 1 wk after stroke onset) (67,68). Although
MMPs form a growing family, only gelatinases have been consistently studied in stroke.
One study has examined the expression of MMP-1 and MMP-3 (by Western blotting)
after pMCAO, but no expression of these proteins was detected (61).

Matrix metalloproteinase activation is a tightly regulated and complex process. Gelati-
nase B can be activated in vitro by other metalloproteinases such as Gelatinase A (69),
MMP-3 (70), and MMP-7 or other enzymes such as trypsin. The natural inhibitor of
MMP-9 (TIMP-1) prevents its activation. No modification of TIMP-1 at the protein level
has been observed during the first 24 h following experimental stroke (47,49,61,63,66).
MMP-2 activation is specifically mediated by a membrane associated MMP (MT-MMP).
TIMP-2, the natural inhibitor of MMP-2, plays a dual role in its interaction with the gel-
atinase. Indeed, when TIMP-2 complexes with proMMP-2, cell-surface-mediated acti-
vation of the enzyme is facilitated, whereas interaction of TIMP-2 with the active enzyme
results in inhibition (71–75).

Recently, Rosenberg et al. confirmed the role of MMPs in BBB disruption by demon-
strating the ability of the nonselective MMP inhibitor BB-1101 (British Biotechnology,
UK) to reduce the early BBB leakage following transient focal ischemia (49). The pos-
sible mechanisms of MMP-related BBB alteration is explained by the disruption of the
endothelial basal lamina, which prevents the anchorage of the endothelial cells onto the
ECM. This loss of connection between endothelial cells and the ECM may lead to endo-
thelial apoptosis (anoikis) and vascular involution (14,15,76). Recent in vitro studies
suggest that MMPs directly affect endothelial tight junctions (77,78). Whereas Wachtel
et al. showed that under specific conditions, occludin cleavage and subsequent endothe-
lial leakage are under MMP control (78), Harkness et al. observed by immunofluores-
cence that MMP-9 was able to alter another junctional protein, ZO-1, in brain microvascular
EC cultures (77).

Matrix metalloproteinases may also indirectly affect BBB permeability by interfering
with inflammatory pathways triggered by ischemia–reperfusion. IL-1β is an essential medi-
ator of inflammation and plays a significant role in ischemic brain injury (41,43,44,79)
and vasogenic edema (42). From in vitro data, we know that MMPs can process IL-1β
into its biologically active form. Whereas MMP-2 activates IL-1β in 24 h, MMP-3 takes
1 h and MMP-9 only a few minutes to process the cytokine. Thus, MMPs may promote
inflammatory processes, which will, in a positive feedback loop increase MMP produc-
tion by resident or migrating cells. Eventually, MMPs will also contribute to the increase
of endothelial permeability induced by TNF (80). The fundamental role played by MMPs
in the development of vasogenic edema during stroke is further substantiated by the fact
that these enzymes mediate the capillary leakage triggered by oxidative stress. It is well
established that the oxidative unbalance during focal cerebral ischemia is a major con-
tributor to BBB disruption, secondary brain injury, and hemorrhagic transformation (48,
81,82). Our laboratory has shown that after traumatic brain injury, gelatinase expression
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and activation were reduced in mice overexpressing CuZn-superoxide dismutase as com-
pared to wild-type animals (83). These results confirm previous in vitro data suggesting
that oxygen free radicals participate in MMP activity regulation (84). During focal ische-
mia–reperfusion, we have observed that oxidative-stress-associated BBB disruption was
prevented by the nonselective inhibition of MMPs (Gasche et al., personal communica-
tion). In this study, gelatinase-mediated in situ proteolysis, observed at the capillary level,
correlated with the local production of oxygen free radicals. On the basis of these over-
all results and considering that growing evidence implicates MMPs in endothelial cell
apoptosis (85), one can speculate that oxidative stress-related endothelial cell anoikis
(86) might be mediated by MMPs.

Matrix metalloproteinases seem to be essential effectors of proteolytic BBB disruption
during stroke, but the respective role of gelatinases or other MMPs in BBB disruption
has not yet been elucidated. Nevertheless, several studies have shown that MMP-9 is
an important mediator of secondary brain injury following permanent focal ischemia.
In these studies, the infarct volume was reduced in mice treated with an anti-MMP-9
antibody (61) or in animals lacking MMP-9 (64) as compared to controls. BBB disrup-
tion was studied in a model of transient focal ischemia in MMP-9 knockout mice (Gidday
et al., personal communication). The authors observed a reduced BBB leakage in MMP-
9-deficient mice during the first hours following the ischemic insult.

4. CONSEQUENCE OF PROTEOLYTIC
BBB DISRUPTION DURING BRAIN ISCHEMIA

Proteolysis is a critical process of stroke-related BBB disruption. As already men-
tioned, major components of the endothelial basal lamina such as laminin, type IV col-
lagen, and fibronectin rapidely disappear after the onset of experimental ischemia (45).
Dissolution of capillary walls leads to local hemorrhage (50). Hemorrhagic transforma-
tion of the ischemic tissue, at the time of reperfusion, is a major complication of ische-
mic stroke in humans. This potentially lethal complication has dramatically limited the
indication of active reperfusion by plasminogen activators (tPA) (87). As a consequence
of BBB disruption, the hemorrhagic transformation of ischemic brain tissues follows
the same mechanistic pathways. Free-radical spin-trapping has been shown to reduce
tPA-induced hemorrhage in a rat model of embolic stroke (82) and the nonselective inhi-
bition of MMPs seems to have the same effect in a rabbit model of embolic stroke (88).

Our understanding of the exact involvement of MMPs in the pathophysiological cas-
cades governing cerebral ischemia–reperfusion is growing but still fragmentary. Future
studies, specifically targeting the different enzymes of this family, are needed to unravel
the proteolytic mechanisms leading to BBB disruption. The preservation of BBB integ-
rity by the inhibition of MMPs, with a consequent reduction in the risk of hemorrhagic
transformation of the infarcted tissue, might provide a new strategy destined to increase
the therapeutic window between the onset of ischemia and thrombolytic reperfusion.
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1. INTRODUCTION

Indisputable evidence indicates that an inflammatory response is associated with neu-
ron and neurite damage and the deposition of amyloid β (Aβ) and neurofibrillary tangles
(NFT) in Alzheimer disease (AD) (see ref. 1 for a comprehensive review). Just as in
the periphery, where degenerating tissue and insoluble materials (resulting from trauma,
embolism, and rupture) promote inflammation, these classical stimulants also promote
inflammation in the AD brain. From a spatio-temporal perspective, the stimuli promot-
ing neuroinflammation are microlocalized and are present from early preclinical to the
terminal stages of AD. Likewise, the upregulation of acute-phase proteins, complement,
cytokines, and other inflammatory mediators also is microlocalized and chronic.

An integral component of the inflammatory response is the localization of microglia to
the inflammatory stimuli (protein deposits) and their activation, resulting in the release
of the oxidizing system of O2

−, myeloperoxidase (MPO), and nitric oxide synthase (NOS).
Although the respiratory burst of macrophages during inflammation in peripheral tissues
is a response designed to kill invading pathogens or tumor cells, such a (chronic) response
within the brain containing a resident population of nonrenewing cells could have a dev-
astating impact on the function and the survival of the organism. Nowhere is this more
apparent than in AD, where the loss of large hippocampal neurons leads to a progres-
sive loss in memory (see ref. 2) and is associated with numerous inflammatory and oxida-
tive changes (3,4). Similar inflammatory responses to protein accumulation are observed
in other neurodegenerative diseases such as Parkinson’s disease, amyotrophic lateral scler-
osis (5), following head trauma, and Down’s syndrome (6), and are also likely to exacer-
bate neuronal cell loss in these conditions. In this chapter, we will review the acute-phase
response to inflammation and the resultant oxidative environments that lead to the post-
translational modification of amyloid deposits and neurotoxicity in the AD brain.

2. ACUTE-PHASE RESPONSE TO NEURONAL INFLAMMATION

Like other inflammatory diseases, AD is associated with the upregulation of a diverse
set of acute-phase proteins that arise early in inflammation. Acute-phase mechanisms
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involved in the initiation, clearance, and subsequent tissue rebuilding process after injury
are coordinated by the pleiotrophic actions of numerous molecules. Acute-phase mole-
cules that signal the pro-inflammatory mechanisms of wound healing include interleu-
kin-1 (IL-1), IL-6, tumor necrosis factor (TNF)-α, cell adhesion molecules (ICAM-1),
colony-stimulating factors (M-CSFs) and acute-phase proteins such as C-reactive pro-
tein, serum amyloid A, and transthyretin (TTR) (1). Simultaneous signaling from other
molecules control and assuage inflammation toward the end of the wound healing pro-
cess. For example, transforming growth factor-β1 (TGF-β1) has been implicated in the
alleviation of inflammation and the tissue rebuilding process, whereas α2-macroglobu-
lin (α2M), together with its protease inhibitory and removal activity, when bound to LRP
acts as a clearance system for inflammatory proteins (7) such as apolipoprotein E (ApoE),
amyloid β protein precursor (AβPP), Aβ (8), lactoferrin, tissue plasminogen activator,
urokinase-type plasminogen activator, plasminogen activator inihibitor-1, lipoprotein
lipase, receptor-associated protein (9,10), IL-1β, TGF-β, platelet-derived growth factor,
and fibroblast growth factor (7,11,12). The oxidative environment induced by inflam-
matory processes also may act as a signaling mechanism to neurons, at this time, as has
been observed with the activation of c-Jun N-terminal kinase/stress-activated protein
kinase and p38 (13,14). Indeed, human neurons oxidatively challenged with H2O2 upreg-
ulate the expression of proteins involved in neurite outgrowth and synapse formation
(proliferating cell nuclear antigen, GAP-43, nitric oxide synthase 3, and neuronal thread
protein) (15) and implicates oxidative mechanisms in the healing process.

2.1. Pleiotrophic Properties of AβββββPP and Aβββββ
The amyloid β protein precursor is another acute-phase reactant upregulated in neu-

rons, astrocytes, and microglial cells in response to inflammation, energetic stress, and
a multitude of associated cellular stresses (reviewed in ref. 16). Depending on its con-
centration, AβPP may be either toxic or trophic. At subnanomolar concentrations, solu-
ble AβPP (sAβPP) stimulates NF-κB activity, IL-1, inducible nitric oxide synthase (iNOS)
expression, and neurotoxicity (17). Conversely, sAβPP has neurotrophic properties, includ-
ing protection from transient ischemia (18) and acute and chronic excitotoxic injury (19,
20). In addition, sAβPP has been shown to increase neuronal survival and growth by
mediating nerve growth factor (NGF)-induced neurite extension (21–23), increasing
synaptic density (24), having synaptotrophic properties (25), regulating cell growth
(26), and showing general trophic responses (27,28). Both NGF and neuronal differenti-
ation regulate AβPP expression (29–31). Because of these pleiotrophic properties, it is
likely that AβPP is involved in the initial clearance and subsequent rebuilding of tissue
after injury (27). Indeed, the prominent growth response induced by sAβPP may reflect
attempted regeneration of viable, healthy neurons following synaptic disconnection
resulting from death of other neurons, a situation that might be expected during the course
of AD and following head injury.

Amyloid β also exhibits neurotrophic properties when present in physiological (low
nanomolar) concentrations. The increased generation of Aβ under conditions of energe-
tic stress (see ref. 16) may be a response to the oxidative challenge observed in the brain
in AD and following injury. We have recently found that Aβ has significant antioxidant
(superoxide dismutase) activity (32) and that nanomolar concentrations of Aβ can block
neuronal apoptosis following trophic factor withdrawal (33). These findings are consis-
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tent with the trophic and neuroprotective action of Aβ at physiological concentrations
in deprived conditions and neonatal cells that have been reported during the last decade
(34–44). In support of this role of Aβ as an antioxidant, the Aβ burden of the AD-affected
brain has been shown to be significantly negatively correlated with oxidative stress mark-
ers (45–47) and in situ soluble Aβ levels are inversely correlated with synaptic loss (48).
Aβ also has been shown to protect lipoproteins from oxidation in cerebrospinal fluid and
plasma (the mechanism of which is thought to involve metal ion sequestration) (49,50).
Moreover, Andorn and Kalaria (51) have recently shown that low concentrations of Aβ
possess significant antioxidant activity in an ascorbate-stimulated lipid-peroxidation assay
of postmortem human brain membrane preparations. Together, these data provide a plau-
sible physiological explanation for the increased generation of Aβ in AD and following
head trauma, one that is aimed at reducing oxidative damage (thereby preventing reac-
tive oxygen species [ROS]-mediated neuronal apoptosis), promoting neurite outgrowth,
and maintaining structural integrity (see below).

2.2. Aβββββ Functions Integral to the Inflammatory Response to Injury

A number of the physiochemical properties of Aβ support the above-mentioned func-
tions of Aβ. We have previously shown that Aβ, unlike most proteins, binds Cu under
acidotic conditions, in keeping with a role of Aβ as an antioxidant or molecule involved
in maintaining structural integrity under stress conditions (50). Because Aβ can bind
to heparan sulfate of the extracellular matrix (via residues 12–17, VHHQKL) (52–54),
a structure that regulates adhesive events such as neurite outgrowth and synaptogenesis,
Aβ may be rapidly assembled in the extracellular space by Cu and Zn that are known to
be mobilized to sites of inflammation (reviewed in refs. 50 and 55). In this way, Aβ may
dampen oxidative insults by binding excess or loosely bound redox active metal ions (56,
57), which, at the same time, act to switch on its neurotrophic properties (antioxidant
activity/sealant properties). The small size of Aβ together with its hydrophobic and hydro-
philic bridging structure that can span both the plasma membrane and bind to extracel-
lular matrix molecules such as heparan sulfate, together with its ability to self-aggregate
make Aβ an excellent candidate as a molecule that could form an intracranial “scab.”
The aggregated Cu,Zn-Aβ would serve as an O2

− scavenging solid-phase matrix (which
disassembles when Zn and Cu levels lower, as the tissue damage resolves). This may
explain the rapid cortical deposition of Aβ in stroke and following head injury (58). It
should be noted that the brain maintains high concentrations of both Cu (approx 70 µM)
and Zn (approx 350 µM) (59).

Because cerebrovascular hemorrhage has serious consequences for neuronal survi-
val and given the vast vasculature that nourishes the brain, it would seem likely that
mechanisms to prevent and/or limit vascular rupture must have evolved, particularly in
higher vertebrates of greater life-span where there is an increased time-related potential
for vascular rupture. Acute-phase molecules responding to inflammation associated with
injury are prime candidates for such a function. Aβ may have evolved as such a mole-
cule and Aβ’s vascular deposition supports a role in maintaining vascular structure (60).
However, abnormal deposition of Aβ, such as in individuals carrying the Glu-Gln substitu-
tion at position 22 of Aβ, results in cerebrovascular hemorrhage (e.g., ref. 61). The release
of molecules from the VHHQKL region (i.e., as inflammation resides and pH increases)
would be expected to promote Aβ-induced microglial activation and the engulfing and
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removal of the “scab.” The interplay among metal ions, extracellular matrix proteins,
and microglia, which all bind to the VHHQKL region of Aβ, may have important conse-
quences for the recruitment and activation of microglia (see Section 3) and AD pathol-
ogy. The above activities of Aβ would ensure that minimal numbers of neurons are lost
after head trauma, an important physiological response that would limit the loss of termi-
nally differentiated neurons. Thus, the acute-phase generation of Aβ may have evolved
as a secondary antioxidant defense and/or sealant system required during times of exces-
sive ROS generation and/or trauma (50,55), whereas the upregulation of sAβPP/Aβ may
act to promote neuronal growth and neurite extension.

3. STIMULI PROMOTING MICROGLIAL ACTIVATION

Unlike nondemented elderly individuals in whom resting microglia are typically
found in the white matter, the AD brain contains clusters of activated microglia in white
and gray matter (62,63). Microglia have been shown to cluster at sites of Aβ deposition
in AD brain (62,64,65), at sites of Aβ deposition in AβPP transgenic mice (66,67) and
with extracellular NFTs (68). Quantitative histopathological analyses of AD brains indi-
cate that >80% of core plaques are associated with clusters of reactive microglia, whereas
<50% of diffuse plaques show such an association (69,70). Interestingly, diffuse Aβ depos-
its in elderly individuals contain only quiescent microglia, suggesting a role for acti-
vated microglia (63,71–74). Thus, like peripheral macrophages in systemic amyloidosis
(75), microglia appear to be intimately involved in plaque homeostasis, although further
work is needed to confirm this view.

The upregulated expression of cell adhesion molecules (76), increased cytokine pro-
duction, and activation of the complement system and microglial cells in the brain par-
enchyma of AD patients are closely associated with Aβ deposits (77,78). It has been
suggested that one mechanism by which Aβ may drive AD pathogenesis is via its abil-
ity to stimulate inflammation (77). This concept has gained strong support from the
results of in vitro studies that show that Aβ is capable of priming and/or triggering the
respiratory burst of cultured rat microglia and human phagocytes (79–81). These cells,
which exist in a quiescent state in normal brain tissue, can become activated in response
to neuronal damage or aggregated Aβ (78,79,82–87). Studies by Giulian, Roher, and
colleagues have shown that the HHQK domain (residues 13–16) of Aβ binds microglia
and promotes microglial activation and neuron cell death via toxins released into the
culture media (82,84). This sequence itself was not neurotoxic and reduced inflamma-
tion elicited by injection of Aβ peptides in the rat brain (84). This same cluster of basic
amino acids also is known to bind with high affinity to heparan sulfate (53,54,88). Inter-
estingly, fibrillized Aβ can induce cortical glial cells in vitro and in vivo to locally deposit
chondroitin sulfate containing proteoglycan (89). The activation of astroglial cells by
this mechanism has been postulated to inhibit cortical neuron adhesion or growth (89).
Thus, the overproduction of Aβ by the stresses described above or the lack of sufficient
heparan sulfate molecules would be predicted to lead to Aβ (plaque) accessibility to glia
and their activation. Indeed, it has been demonstrated that infusions of Aβ peptides or
implantation of native peptide fragments into the rat neocortex induces reactive microgliosis
beyond that of simple needle trauma (84,90,91). Aβ has been shown to directly activate
the NADPH–oxidase complex of inflammatory cells with the increased production of O2

−•

and increased generation of H2O2 (92–97). Thus, the release of ROS from activated
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microglia likely contributes in a significant way to the oxidative challenge observed in
the AD brain.

The respiratory burst of activated phagocytes also is accompanied by the release of
granule-containing proteins such as the myeloid-specific enzyme myeloperoxidase (MPO),
a heme protein of 150 kDa (98,99). Together with H2O2, MPO acts as an anti-microbial
agent and is present in very high concentrations in monocytes, neutrophils, and some
reactive macrophages, where it comprises up to 2–5% of the cell mass. The release of
MPO and ROS during the respiratory burst of human phagocytes, designed to generate
potent cytotoxins that kill invading pathogens and tumor cells, promotes an environ-
ment that oxidizes, crosslinks, nitrates, and chlorinates amino acids, cholesterol, lipids,
lipo(proteins), nucleotides, and DNA. MPO–H2O2 systems promote the synthesis of tyro-
sine crosslinked species such as dityrosine (100) and catalyze the formation of nitro-
tyrosine-modified proteins (101) as well as advanced end-product modifications (102).
In the presence of a halide ion (usually Cl), MPO catalyzes the reaction between H2O2
and Cl to generate hypochlorous acid (HOCl), a potent oxidant that chlorinates and oxi-
dizes lipoproteins (103), ApoE (104,105), and cholesterol (106), contributes to the for-
mation of reactive nitrogen species (107), and crosslinks proteins (100).

Myeloperoxidase has been colocalized to both amyloid plaques (Fig. 1A) (108) and
NFT (Fig. 1B) in AD-affected brains, colocalizing with Aβ1-42, but it is not found in
the large neurons of the hippocampus or in age-matched control sections (108). The high-
est levels of MPO are detected in the brains of individuals carrying the ApoE4 gene
(108). Interestingly, Aβ1-42 has been shown to enhance MPO mRNA expression in rat
microglial cultures (108). Furthermore, inheritance of a polymorphism on MPO has been
associated with increased incidence of AD in females, but of decreased incidence in
males (108). Interestingly, enhanced peroxidase immunoreactivity has been observed
following the activation of astrocytes and microglia in rat brain (109).

Similar inflammatory environments exist in the atherosclerotic lesions of the heart,
where MPO has been colocalized to HOCL-modified epitopes of human atheroma (type

Fig. 1. Myeloperoxidase colocalizes to amyloid deposits and NFTs. Tissue sections from
AD brain were fixed in methacarn, sectioned (8 µm), and stained with an antibody to MPO
(Chemicon International, Inc., CA). Numerous amyloid plaques (A) and neurofibrillary tangles
(B) (determined with Congo red) are immunopositive for MPO (arrows). Nonimmune staining
and control sections were negative (not shown).
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IV), fibroatheroma (type [V] and complicated [type VI]) lesions (110) and selective
enrichment of protein dityrosine (DT) crosslinks and 3-chlorotyrosine (111). In vitro, high-
density lipoprotein (HDL) exposed to peroxidase-generated tyrosyl radical undergoes
tyrosylation and crosslinking of its apolipoproteins (112). Therefore, the MPO–H2O2–Cl
system may play a critical role in converting low-density lipoprotein (LDL) into an ather-
ogenic form (113), important in the formation of vascular atherosclerotic lesions.

4. OXIDATIVE POSTTRANSLATIONAL MODIFICATIONS OF Aβββββ

Although Aβ is a normally soluble and constitutive protein found in tissue and bio-
logical fluids of healthy individuals (see ref. 50 and references therein), Aβ aggregates
together with other proteins such as ApoE, MPO, and amyloid P-component to form
diffuse amorphous deposits and dense, focal, extracellular deposits in AD (60,108,114).
Aβ extracted from biological systems normally migrates as an apparent approx 4-kDa
monomer on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
(115); however, Aβ extracted from the AD-affected postmortem brain specimens migrates
on SDS-PAGE as SDS-, urea-, and formic acid-resistant oligomers (116–119).

4.1. Aβββββ Crosslinking

Oligomerized Aβ is a characteristic posttranslational modification of Aβ extracted
from amyloid plaques of AD brains that may account for up to 10–20% of total Aβ species
(116–119). Oligomerized Aβ is not normally detected or is found in very low concen-
trations in soluble Aβ extracted from cell lines (120,121). Matrix-assisted laser desorp-
tion ionization–mass spectrometry of these SDS-resistant oligomers extracted from
neuritic plaque and vascular amyloid indicate the presence of covalently crosslinked
dimeric and trimeric Aβ species (118). We recently reported that these SDS-resistant
oligomers of Aβ extracted from amyloid core plaques are tyrosine crosslinked at posi-
tion 10, forming dimeric and trimeric Aβ oligomers (122; Atwood et al., unpublished
data). Our finding may contribute to the elevation of total DT (fivefold to eightfold) in
the AD brain compared to normal control tissue (123). In support of this, Hensley and
colleagues only found DT in those regions affected by senile plaque pathology (hippo-
campus, inferior parietal lobule, superior/middle temporal gyri). Both peroxidase- and
metal-catalyzed oxidation systems promote the crosslinking of human Aβ (122,124,
125), but not rat Aβ in vitro. The formation of tyrosine crosslinked human Aβ in vivo indi-
cates that tyrosine residues of Aβ are proximate within the amyloid deposit. Benzinger
et al. (126) has recently provided evidence that the tyrosines of fibrillized Aβ may be
in close proximity.

Tyrosine crosslinking is present in mammalian systems, most notably in connective
tissues and structural proteins (127). The DT crosslink is resistant to cleavage (resistant
to 6 N HCl at 110ºC for 24 h and to protease digestion, trypsin, chymotrypsin, and pro-
nase) (128). Therefore, it is not surprising that tyrosine crosslinkage of proteins is a mech-
anism normally utilized by various organisms to increase the structural strength of cell
membranes and walls for protection against proteolysis and physical trauma. For exam-
ple, a DT content of only 5 to 8 residues per 10,000 amino acid residues is sufficient to
make the fertilization membrane of the sea urchin embryo resistant to proteolysis and
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physical trauma. Likewise, DT in the cell wall of ascospores of Saccharomyces cerevisiae
makes these organisms 30- to 100-fold more resistant to heating to 55.5ºC, 100-fold
more resistant to ether, and extremely resistant to physical trauma and proteolytic degra-
dation by numerous proteases (128–132). Although this protective mechanism is advan-
tageous in single-cell organisms and peripheral tissues, increased tyrosine crosslinkage
may not be a usual feature of proteins within the cellular structures of the brain except
perhaps during head trauma, when it may serve a structural function. The DT load of Aβ
suggests amyloid plaques should be very resistant to resolubilization (e.g., ref. 116) and
may greatly stabilize Aβ deposits.

4.2. Other Posttranslational Modifications

Other modifications identified in Aβ extracted from amyloid core plaques include
the identification of pyroglutamated and racemized amino acids (133–135) and carbonyl
groups and alterations in the amino acid composition of human Aβ (136). Alterations
in the composition of certain amino acids (decreases in histidine and tyrosine residues) are
consistent with metal and MPO catalyzed oxidation of Aβ. We have previously reported
that Cu is coordinated to the histidine residues of Aβ (50) and this complex is redox
active (137,138). Therefore, it is likely that OH• generation in this coordination site pro-
motes histidine oxidation.

5. MICROGLIAL ACTIVATION
AND Aβββββ POSTTRANSLATIONAL MODIFICATIONS

All of the components (peroxidases, H2O2, ROCl, and Cu) necessary for the oxida-
tive modification of Aβ and associated proteins in amyloid deposits are present in the
neurochemical environment promoted by the chronic inflammatory response to amyloid-
osis and trauma. Our results indicate a central role for this neurochemical environment
in the posttranslational modification of amyloid plaques. The activation of microglia in
response to Aβ accumulation may promote tyrosine crosslinkage of depositing Aβ, thereby
inhibiting its clearance and leading to a vicious cycle of enhanced microglial activation.
HOCl-oxidized LDL has been shown to induce and amplify inflammatory reactions by
the induction of chemokine synthesis and to induce chemoattraction of neutrophils (139).
HOCl–LDL also stimulates enhanced production of ROS, adhesion to endothelial cells
(140) and alters the aggregation and release reactions of activated platelets (141).

It is not completely clear why microglia, the resident macrophages of the brain, do not
clear amyloid deposits in vivo. It is possible that glia in vivo receive multiple (or incom-
plete) signals from their interaction with amyloid plaques and astrocytes, one that acti-
vates and one that prevents phagocytosis (and the removal of normal structures). It is known
that this process is influenced by resident astrocyes (142). Amyloid plaque clearance is
markedly suppressed by the presence of astrocytes and is, in part, the result of a diffusi-
ble factor(s) because astrocyte-conditioned but not fibroblast-conditioned media reduces
microglial phagocytosis. Thus, astrocytes that lie in close proximity to microglia and
senile plaques may modulate and may prevent the efficient clearance of senile plaque
material and allow them to persist in Alzheimer’s disease (142). Alterations in the recog-
nition sequence of Aβ as a result of its oxidative modification also may prevent the nor-
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mal uptake and clearance of Aβ by microglia. Both amyloid-derived monomeric and
oligomeric Aβ extracted from AD-affected brains promote neuron cell death at concen-
trations of around 100 nM, but only in the presence of microglia, indicating the cytotoxic
actions of Aβ may be mediated by activating microglia. Therefore, these inflammatory
mechanisms may be central not only to the formation of amyloid plaques but also to
the progressive neuronal cell loss of the AD brain that result from the oxidative attack.
Whether the oxidative crosslinking of Aβ is a means of concentrating and insulating
toxic-soluble Aβ from neuronal damage is unclear.

The chronic activation of oxidant-producing inflammatory enzyme systems could
act as an important link between the development of amyloid plaques and atherosclero-
tic plaques in artery walls and explain the deposition of proteins in other degenerative
conditions. For example, the catabolic resistance of DT modifications of proteins could
explain the contribution of tyrosine crosslink polymers to the crosslinking of α-crys-
tallin in fluorescent cataract formation (143), the oligomerization of Mn-superoxide
dismutase (SOD) detected in renal graft rejection (144), the crosslinking of proteins in
sputum from cystic fibrosis patients (145), and lipofuscin formation (146). MPO also
has been implicated as playing a role in multiple sclerosis, where increased MPO expres-
sion in brain macrophages accelerates damage to the myelin sheath (147). SOD also is
known to deposit in the nervous system in amyotrophic lateral sclerosis (148), although
it is unknown if this is a result of DT crosslinkage. Recently, DT crosslinking of recombi-
nant human α-synuclein induced by MPO oxidative conditions was proposed as a mech-
anism for the formation of Lewy body intraneuronal inclusions seen in Parkinson’s
disease (149).

6. Aβββββ-INDUCED NEUROTOXICITY MEDIATED BY MICROGLIA

Amyloid β at high concentrations (generally >10 µM) has been found to act as a
potent neurotoxic agent to both neuronal (e.g., refs. 36, 47, 150, and 151) and non-neu-
ronal cells (37,152), particularly when present in the fibrillar form. Although there has
been much debate as to whether such concentrations are physiologically relevant, sup-
port for an indirect action of Aβ on neuronal survival is indicated by the facts that neu-
ritic/core plaques are not directly neurotoxic, as neurons can be successfully grown atop
Aβ peptides (39,89,153), neuritic/core plaques added directly to neurons do not cause
neuron damage (70,142), and Aβ peptides infused into the brain do not cause tissue
injury (154–157). Interestingly, injection of soluble Aβ into the brain has been shown
to protect against redox metal-ion-induced neuronal lesions in rats (158). In support of
this idea, transgenic mice with massive accumulations of Aβ deposits (approx 150–200
µM) (Atwood et al., unpublished data) generally show no neuronal death, in marked con-
trast to in vitro findings of Aβ mediated neurotoxicity and apoptosis (159,160). In con-
trast, total Aβ levels in the AD brain are approximately 10 µM (119).

Support for Aβ-induced neurotoxicity mediated via microglial activation has arisen
from in vitro studies, indicating concentrations of Aβ as low as 1–2 µM can induce neu-
ron cell death but only in the presence of microglia (82,118). Aβ has been shown to
directly induce an inflammatory response when injected into the rat brain (84) and, as
described earlier, microglial activation by Aβ is dependent on the open HHQK domain
(see Section 3.1).
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7. SUMMARY

Aβ, a soluble constituent of cells has numerous beneficial properties, however its
aggregation into soluble deposits may drive neuroinflammation and oxidative stress.
The induction of inflammation by protein deposits may explain the crosslinking and
deposition of proteins in AD and other inflammatory diseases. It is becoming clear that
the activation of oxidant-producing inflammatory enzyme systems in the AD brain plays
a central role in the posttranslational modification of amyloid plaques. Blocking inflam-
matory-induced Aβ modifications, Aβ generation, and Aβ interaction with microglia
may prevent activation of microglia, plaque deposition, and neuronal cell death and could,
therefore, provide an important therapeutic target.
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Microglial Responses in Alzheimer’s Disease

Recent Studies in Transgenic Mice and Alzheimer’s Disease Brains

Douglas G. Walker and Lih-Fen Lue

1. INTRODUCTION

This chapter will consider the significance of a range of markers used in studies to
describe activated microglia and reactive astrocytes in chronic neurodegenerative dis-
orders, particularly as they are modeled in the recently developed transgenic mice models
of Alzheimer’s disease (AD). The purpose of this chapter is to discuss the significance
of these markers in describing the degenerative mechanisms that are progressing in
this disease or models of this disease. Since the completion of the first article dealing
with this topic (1), there have been a number of major publications concerning the pres-
ence of inflammatory microglia and astrocyte markers in transgenic mice models of AD.
These mice develop AD-like amyloid β peptide (Aβ) plaques as a result of the posses-
sion of mutated copies of the amyloid precursor protein (APP) genes (2–6). A compari-
son of the expression of inflammatory markers in these AD models with those expressed
in AD brain tissues will be included in this chapter. Significant progress in understand-
ing the appearance of inflammatory markers in these Aβ plaque-developing animals
has come from the fact that they can be sacrificed and studied at different time-points
during the development of the plaques. This type of study is obviously not possible in
human patients. In addition, these animals allow one to study the effects of progressive
deposition of Aβ independent of other events proceeding in an aging human brain.

Since the initial descriptions of the presence of activated microglia in AD brain tis-
sue were published about 15 yr ago (7–10), a range of observations and experimental
systems showed that activated microglia could be contributing in a significant manner
to the neuropathology of AD and other neurodegenerative diseases. Recently, it has
been shown that activated microglia could be used to “treat” AD. This has brought a
shift in the established concepts of the role of microglia in AD. From the initial observa-
tions, the hypothesis that activated microglia may be contributing to the pathology of AD
was established because of much data showing that activated microglia/macrophages
can cause neurotoxicity. Recently, it has been shown that activating microglia through
the Fcγ immunoglobulin receptors may aid in the clearance of the Aβ plaques and in
slowing down the progression of the disease. These data have shown that developing
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circulating antibodies to Aβ in APP transgenic mice by immunization or by injecting
these animals with anti-Aβ immunoglobulin, resulted in microglial-mediated clearance
of Aβ plaques (11,12). This effect was mediated by microglial Fc receptors (11). The
beneficial effects of Aβ immunization on transgenic mice models has been confirmed
by others (13,14). Optimism about this strategy for treating human AD cases has come
from initial trials showing that human volunteers tolerate immunization with Aβ pep-
tide vaccines well and also start to develop antibody responses. It needs to be stated
though that recent data have demonstrated that the Aβ plaques that develop in trans-
genic mice are more soluble than those found in elderly AD brains (15,16). It has been
suggested that this may be the result of the lack of posttranslational modifications of
the Aβ (16), which is a prominent feature of Aβ isolated from AD brains (17,18). This
new concept on the beneficial outcome of microglial activation in the AD brain will be
considered in relation to the significance of markers for identifying microglia that could
be causing tissue damage contributing to AD.

2. INFLAMMATION AND ALZHEIMER’S DISEASE

Since the initial observations on activated microglia being associated with patho-
logical structures in AD (7,9,19), extensive data have provided indirect evidence that
chronic inflammatory processes could be contributing to the pathology of the disease
(reviewed in refs. 20 and 21). The hypothesis being proposed is that activated micro-
glia (or astrocytes) are producing toxins, which cause further damage to neurons within
AD-affected brains and thus are contributing to the rate of mental impairment. For
example, it was demonstrated that Aβ-activated microglia can produce a neurotoxic fac-
tor that is active on N-methyl-D-aspartate (NMDA) receptor positive neurons (22–24).
Other studies have shown that Aβ-stimulated microglia could be producing toxic levels
of superoxide radicals through the activation of the NADPH oxidase complex, causing
the so-called respiratory burst (25,26). There has also been extensive data showing
increased complement activation contributing to the inflammatory damage (27,28). This
being said, clinical trials aimed at controlling inflammation in AD have generally pro-
duced disappointing results (29,30). The transgenic mice models of AD offer great hope
in aiding in the study of inflammatory processes in AD because of the ability to study the
progression of changes over time. There are some obvious limitations in using mice to
model a uniquely human disease; for instance, some of the features of AD, in particular
the presence of tangles, have not been recreated in these Aβ-plaque developing models.
Recently, it has been shown that tangles can be created in transgenic mice that contain a
mutated human tau gene (31). These animals were shown to develop increased numbers
of tangles when crossed with Aβ-plaque-developing mice (31). In addition, differences
in the immune responses of rodents compared to humans may affect some of the mani-
festations of progressive plaque development. However, although extensive data have
been compiled on inflammatory and biochemical changes proceeding in AD, it is still
possible to identify the key feature(s) (inflammatory or others) that link excessive amy-
loid deposition and dementia. The concepts behind possible neuroinflammatory processes
contributing to pathology in AD are illustrated in Fig. 1. As illustrated, the major inflam-
matory events, namely complement activation and/or microglial activation, are likely
to be later events in the pathogenesis of AD, but could be acting as disease accelerators.
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3. MICROGLIAL RESPONSES
IN Aβββββ-PLAQUE-DEVELOPING TRANSGENIC MICE

Research with Aβ-plaque-developing mice has mainly been carried out on three
independently developed lines of mice. The first characterized mice were the mice line
developed by Elan Pharmaceuticals (formely Athena Neurosciences). This line of ani-
mals contained an inserted copy of the human APP gene, with a mutation at amino acid
717, whose expression is driven by the platelet-derived growth factor (PDGF) promoter
(32). A number of similar lines employing the PDGF promoter have also been inde-
pendently developed by the laboratory of Mucke (33). A widely used line (designated
Tg2576) developed by Hsiao contains a human APP gene with mutations at amino acids
670 and 671 (Swedish mutation) under transcriptional control of the hamster prion pro-
moter (6). This line has been widely distributed and is the subject of a number of AD-
related studies. The third line (designated APP23) contains a copy of the human APP
gene with mutations at amino acids 670, 671, and 717 under transcriptional control of the
murine Thy-1 promoter (34). This transgenic line also develops prominent cerebrovas-
cular amyloid deposits (35), a common pathological feature in AD. This triple-mutated
human APP gene under the control of the Thy-1 promoter demonstrated increased rates
of Aβ deposition compared to mice with the Swedish mutations alone or the 717 mutation

Fig. 1. The hypothetical interactions of inflammatory-associated events in the causation of
Alzheimer’s disease.
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(33). An additional mouse line, which develops amyloid plaques at an accelerated rate,
is the Tg2576/PS1M146L double transgenic line. This line contains a mutated trans-
gene of presenilin 1 crossed with the APP670/671 transgene containing the line devel-
oped by Hsiao (36). Studies have been reported on the microglial responses present in
each of these different lines of Aβ-plaque-developing animals (37–42).

Studies on the role of microglia in AD-like pathology have been aided by the use of
these transgenic mice models. The results have shown a progressive activation of micro-
glia over time as the deposition of amyloid into plaques progressed. Such direct studies
have not been possible using human AD tissues. The features of the progressive activa-
tion will be discussed.

4. MICROGLIAL MARKERS IN TRANSGENIC MICE

As listed in Table 1, a range of markers have been employed to characterize micro-
glial responses in Aβ-plaque-developing transgenic mice. Of the three mice lines with
APP mutations, the most pronounced amyloid deposition and neuritic changes were
found in the APP23 line, which has the APP670, 671, and 717 mutations. These animals
showed reactive astrocytes (visualized by glial fibrillary acidic protein [GFAP] immu-
nocytochemistry) and activated microglia (visualized by Mac-1 [complement receptor
3] and phosphotyrosine immunocytochemistry) around congophilic plaques of 12-mo-
old animals (34). Use of antibodies that recognize phosphotyrosine-modified proteins
has not been extensively used as a marker for describing microglia in human brains, but
they appear to recognize activated microglia in AD brains (48), as they do in transgenic
mice. Two more detailed follow-up studies on microglial responses were carried out
using this line of transgenic mice (40,43). Distinct microglial clusters (more than two
cell bodies) were observed around dense-core amyloid deposits in these animals. Approx-

Table 1
Markers for Activated Microglia
Characterized in Aβββββ-Plaque-Developing Transgenic Mice

Antigen Identity/function Ref.

F4/80 Cell surface activation marker 43
CD11b/Mac-1 Complement receptor III 40,43
MHCII Major histocompatibility complex 43
Phosphotyrosine Product of tyrosine kinases 37,40,44
Griffonia simplicifolia lectin Lectin for GSAII 37
MSRA Class A scavenger receptor 43
RAGE Receptor for advanced glycation end products 45
Macrosialin (CD68) Lysosomal membrane-associated protein 45
Fcγ receptors II, III Immunoglobulin receptors 43
M-CSF receptor Macrophage colony-stimulating factor receptor 46
Interleukin-1β Pro-inflammatory cytokine 47
Tumor necrosis factor-α Pro-inflammatory cytokine 47
CD45 Protein phosphatase 42,47
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imately 85% of dense-core Aβ plaques had associated activated microglial clusters (40).
This was followed up by an examination of other functional markers in APP23 mice.
The identification of Mac-1 immunoreactive microglia as activated microglia was con-
firmed by showing similar patterns of increased immunoreactivity with F4/80, another
macrophage/monocyte-specific marker. In addition, more of the microglia around the
plaques incorporated bromodeoxyuridine (BrdU, a marker for proliferation) compared
to microglia remote from the plaques. The amount of BrdU incorporation in wild-type
mice was considerably less than in the plaque-developing mice (43). This study also
demonstrated that macrophage scavenger receptor A (MSRA), a known phagocytosis
and adhesion-associated receptor, was increased on microglia accumulated around all
the compacted plaques (43). It had been suggested that Aβ interactions with MSRA on
microglia could mediate many of the pro-inflammatory outcomes associated with micro-
glial activation (49,50). However, a line of Aβ-plaque-developing transgenic mice were
prepared that had been crossed with MSRA knockout mice so that microglia did not
express this receptor. In these animals, it was shown that there was no difference in num-
ber, extent, distribution, or age-dependent accumulation of plaques compared to mice
with normal microglial MSRA expression (51). In addition, the MSRA knockout mice
showed the same amounts of synaptic degeneration as APP mice with normal levels of
MSRA expression. Additional microglial markers were examined in aged APP23 mice
(43). A subset of the microglia associated with plaques were immunoreactive for the
receptor for advanced glycation end products (RAGE), another receptor that is poten-
tially mediating pro-inflammatory Aβ–microglial interactions (52). These authors also
showed increased expression of macrosialin and of the Fcγ RII and FcγRIII immuno-
globulin receptors on microglia around plaques. These proteins are associated with
phagocytosis in macrophages/microglia. Increased expression of the major histocom-
patibility complex class II (MHCII) protein was observed in a subpopulation of activated
microglia. This marker has become the most widely used marker to describe activated
microglia in AD and other neuropathological studies (discussed in Section 6 and reviewed
in ref. 20). This protein is involved in antigen presentation to lymphocytes; however,
similar to what has been observed in AD brains (53), in these transgenic mice there was
no evidence for extensive lymphocyte recruitment into the brain (43).

Microglial activation in the Tg2576 mouse line was measured using a quantitative
approach (37). Although the progression and amount of Aβ deposition differs between
the different lines, it was found that activated microglia were only localized to plaque-
developing areas. Similar patterns of reactivity of microglia were demonstrated using
the lectin Griffonia simplicifolia B4 and with an antibody to phosphotyrosine. The use of
antibodies to phosphotyrosine for describing microglial activation in vivo has become
an accepted marker, although the proteins being labeled are poorly defined. Activation
of multiple tyrosine kinases occurs in macrophage/microglia cells in response to stim-
uli. This results in the increase in phosphotyrosine reactivity of multiple proteins (54,
55). Tyrosine kinase activation in relation to macrophage/microglia is a relatively tran-
sient phenomenon, so, by definition, the labeled microglia are considered activated. In
the Tg2578 mice, it was demonstrated that there was a significant increase in the density
and area of microglia compared with wild-type animals (37). This difference was greatest
in plaque-enriched areas (cortex and hippocampus) compared to a nonplaque area (thal-
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amus). The microglial density was highest in the cortical layers with the highest Aβ plaque
density. Quantitative analyses demonstrated a gradient of activation when microglia den-
sity and microglia area were measured as a function of the distance from the plaque.

More detailed characterization of the microglial responses of the PD-APP mice was
recently published (46). A strong progressive increase in the expression of the macro-
phage colony-stimulating factor receptor (M-CSFR) was demonstrated on microglia
clustered around Aβ plaques. The expression of this marker was shown to colocalize on
microglia with immunoreactivity for the markers phosphotyrosine, F4/80, and CD11b.
The expressions of these markers progressively increased in transgene-bearing mice
from 10–13 mo, when significant amounts of Aβ began to be deposited into plaques
(16,52), up to 20 mo, by which time extensive Aβ plaques can be observed. The sig-
nificance of increased expression of M-CSFR is that this receptor can mediate the sig-
nals of the mitogen M-CSF, resulting in localized proliferation of microglia at sites of
inflammation. In the AD brain, this can exacerbate the inflammatory response. Increased
expression of M-CSFR had been reported on microglia in AD brains (57). Additional
studies on inflammatory changes in Tg2576 mice showed proinflammatory cytokines
in microglia around plaques (42,47). Interleukin-1β (IL-1β) and tumor necrosis–α
(TNF-α) immunoreactive microglia were prominent around plaques (47). Consistent
with human studies, the cytokine immunoreactive microglia were only observed around
fibrillar Aβ plaques, and their expression increased with the age of the transgene-bear-
ing animal. In this study, the antibodies to CD45 (leukocyte common antigen, a tyrosine
protein phosphatase) and CD11b (complement receptor 3), markers for all microglia,
preferentially stained activated microglia around fibrillar plaques (47). These authors
demonstrated that plaque-associated astrocytes were immunoreactive for IL-6, another
pro-inflammatory cytokine (47). This was confirmed in a later study with Tg2576 mice
(42), where IL-10 in plaque-associated astrocytes was also observed. In all of these
referenced studies, the authors observed an increase in the numbers and degrees of
activated microglia and reactive astrocytes as Aβ deposition progressed with age. This
progressive age-related increase in the numbers of activated microglia and astrocytes
were also observed in PS1/APP–Tg2576 mice (38). Using CD11b as a marker for micro-
glia, prominent activated microglia could be observed by 3 mo of age. These animals
show accelerated deposition of Aβ into plaques compared with the single Tg2576 trans-
genic mice, because of the presence of the mutant gene for presenilin-1.

These mice models have been used to demonstrate the beneficial effects of a nonste-
roidal anti-inflammatory agent and an antioxidant in treating Aβ-induced microglial
responses (44,58). It was shown that long-term feeding (6 mo) of the nonsteroidal anti-
inflammatory drug (NSAID) ibuprofen or the spice curcumin (an antioxidant) to Tg2578
Aβ-plaque-developing mice resulted in significant decreases in indices of inflammation
(44,58). These included reductions in the numbers of activated microglia and reactive
astrocytes, and lowering of levels of the pro-inflammatory cytokine IL-1β. Curcumin
was also effective at lowering the levels of oxidized proteins in the brain. These studies
have demonstrated mechanistically that inflammation can be driving much of the pathol-
ogy in these mice and also, potentially, in AD brains. It was particularly of interest that
both agents caused a significant decrease in levels of soluble and insoluble Aβ peptide
in the brains of treated animals. These data imply that exacerbation of the inflamma-
tion can cause increased Aβ production, potentially as a result of the neuronal damage.
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This might indicate that factors that result in increased inflammation could result in
accelerated amyloid production. This was also demonstrated using Aβ-plaque-develop-
ing mice that overexpressed the anti-inflammatory cytokine transforming growth fac-
tor-β1 (TGF-β1) in astrocytes. These mice demonstrated reduced numbers of Aβ plaques
in the brain parenchyma, along with reduced levels of brain Aβ, but had increased amounts
of Aβ in the blood vessels compared to single transgenic Aβ mice (59). The double
transgenic animals appeared to have reduced numbers of activated microglia within
plaque-developing regions of their brains and also reduced numbers of dystrophic neu-
rites. It was concluded increased amounts of TGF-β1-induced increased phagocytosis
and clearance of Aβ by microglia (59), but reduced the pro-inflammatory features of the
activated microglia.

5. MICROGLIAL PHAGOCYTOSIS
OF ANTIBODY-OPSONIZED AMYLOID

The concepts proposed in Fig. 1 concerning the neurotoxic consequences of inflam-
mation in AD brains have been reassessed recently with the discoveries that activated
microglia can be employed to remove Aβ plaques and thus, potentially, be a strategy
for treating AD. Immunization of transgenic plaque-developing PD-APP mice with
Aβ such that these animals develop a circulating antibody response to this peptide was
effective in reducing the amount of plaque material present in these animals (12). Immu-
nization of young mice, before plaque development had commenced, resulted in the
prevention of the development of significant amounts of plaques. If the immunization
was given to older animals, it appeared that raising an antibody response to Aβ resulted
in clearance of this material. The mechanisms associated with Aβ clearance were inves-
tigated using these transgenic mice and ex vivo tissue slices from mice and AD brains. If
Aβ antibodies were administered peripherally to mice, the same plaque-clearing effect
was observed (11) as when the mice were immunized with peptide. These authors dem-
onstrated that the administered antibodies could penetrate the brain and bind to plaques.
They also demonstrated that microglia, when cultured with antibody-opsonized plaque
material, could clear the Aβ from tissue slices. This effect was not observed when spe-
cific antibodies were omitted (11). It is well known that antibody opsonization can pro-
mote macrophage/microglia phagocytosis through engagement of the Fc receptors (60,
61); however, stimulation of these receptors can also have pro-inflammatory effects by
increasing oxidative bursts and cytotoxicity (62). As the induction of antibody-driven auto-
immune responses in elderly AD patients could be pathological, further studies on this
novel procedure for treating AD need to be conducted. This concern was addressed in
one study whereby mice were immunized with a soluble nonamyloidogenic Aβ homolo-
gous peptide for a 7-mo-period, not with the fibrillogenic Aβ(1–42) peptide that can
enter the brain (63). This nonamyloidogenic peptide elicited an antibody response in the
animals and was effective in reducing the plaque burden. It was observed that the num-
bers of IL-1β immunoreactive microglia were reduced in the immunized mice. This
would indicate that at the end of the treatment period, there was no overall increase in
microglial activation (63). The effectiveness of using specific antibodies to remove Aβ
plaques in transgenic mice was shown using an in vivo imaging technique (64,65). It
had first been demonstrated using this technique that plaques in these animals were stable
over a period of 3 mo (65). Direct addition of Aβ antibody to the brains of plaque-devel-
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oping mice resulted in significant clearance of plaque material within 3 d (64). It was
observed that there was a significant microglial response in the region of the brains receiv-
ing antibody, indicating that these cells were indeed responsible for the clearance of the
plaque material (64). These observations were in agreement with the results using ex vivo
tissue slices from AD brains (11).

6. MICROGLIAL ACTIVATION IN ALZHEIMER’S DISEASE BRAINS

6.1. MHC II

As MHCII has been the most widely used marker for describing activated microglia in
AD brains, a summary of some of the previous observations is included below. Initial
immunohistochemical observations of microglia in AD brains demonstrated increased
expression of the MHCII proteins, particularly HLA-DR, on microglia in AD-affected
brain regions (examples are provided in refs. 7, 9, 66, and 67). Increased expression of
this marker on microglia is not restricted to AD. Increased expression on pathological
regions of brains from Parkinson’s disease (PD) (68), multiple sclerosis (MS), amyotro-
phic lateral sclerosis (ALS), Pick’s disease (69), and frontotemporal dementia (70).
This marker has been the most widely used to describe “activated” microglia, although
its function in neurodegenerative processes has not been elucidated.

HLA-DR consists of two noncovalently associated polypeptides. The α-chain (34 kDa)
and β-chain (29 kDa) have similar structures. Both proteins have single transmembrane
domains and are heavily glycosylated. The α-chain and β-chain are coded by separate
genes on chromosome 6. Three different genes have been identified for the β-chain. This
ensures that the functional HLA-DR protein is highly polymorphic. The normal func-
tion of HLA-DR is presentation of antigen to CD8-positive T-lymphocytes. Although
the extent of the involvement of lymphocytes in AD pathogenesis is still being studied, it
is apparent that most HLA-DR immunoreactive microglia in AD brains do not colocalize
with T-lymphocytes (53,71). It would appear that induction of HLA-DR is an indices
of inflammatory activation, although it does not necessarily reflect increased antigen
presentation. In regions of AD-affected brains, increased HLA-DR expression is quite
widespread throughout the tissue, indicative of a diffuse activating agent. The identity
of this activating agent or agents is not known. It is known that interferon-γ (IFN-γ) is
a potent activator of HLA-DR expression; however, the source of this cytokine in the
brain is unclear. It is known that IFN-γ is secreted by lymphocytes and natural killer
cells, but they are not prominently accumulated in AD brains. Some recent data have
indicated that astrocytes and endothelial cells can secrete IFN-γ or IFN-γ-like mole-
cules (72,73). Determining the stimuli for class II protein expression in AD would aid
in understanding the underlying inflammatory processes. It has been observed that Aβ
peptide alone is not able to induce class II protein gene expression. This has been shown
in in vitro experiments, and it has been frequently observed that there are not activated
microglia with increased class II expression associated with diffuse Aβ plaques (10).
Biochemical studies have indicated that Aβ activation of microglia can be mediated by
activation of the transcription factor NF-κB (52), whereas this transcription factor is
not involved in the activation of MHC class II gene expression. It has been recently
shown that CIITA and RFX, the transcription factors associated with IFN-γ induction
of HLA-DR, are increased in microglia around multiple sclerosis plaques (74). Such
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studies with these reagents using AD tissue sections will produce interesting results
and possibly point to mechanisms as to how MHCII is increased in AD brains.

As outlined, recent studies by a number of different groups on the role of microglia in
AD have focused on studies using Aβ-plaque-developing transgenic mice. Along with
studies on tissue-culture-grown microglia, these have been designed to look at activa-
tion mechanisms. There have been fewer recent studies identifying novel markers of
microglia in AD brains.

In recent studies of interest (Table 2), there has been the characterization of the
expression of the receptor for advanced glycation endproducts (RAGE) in microglia in
AD brains (75), and the expression of CD40, a cell surface protein with key functions
in coordinating pro-inflammatory stimulation (76). In addition, the nature of the cyclo-
oxygenase enzymes being expressed by microglia is being resolved by immunohisto-
chemical staining of tissue (77).

6.2. Micoglial RAGE in AD

Recent studies using both human brain tissues as well as human microglia derived
from adult postmortem brains have shown that there was a significant role for RAGE
in mediating interactions of microglia with Aβ peptide and also with AD pathology (75).
These studies extended the earlier observation of RAGE as a receptor for Aβ on micro-
glia (52). It was demonstrated that there was significantly increased amounts of RAGE
protein in pathologically vulnerable regions in AD brains compared to nondemented
individuals, and along with this, there was significantly increased amounts of RAGE
expressed by microglia (75). The percentage of RAGE immunoreactive microglia in dif-
ferent regions of the hippocampus correlated significantly with the scores for plaques
and tangles in these cases (73). In vitro, using human brain-derived microglia, we showed
that blocking RAGE with specific immunological reagents significantly reduced the Aβ-
stimulated increase in the secretion of the cytokine M-CSF, both when the Aβ was added
to the culture medium of the microglia and when the Aβ was presented to the microglia
as plaquelike deposits. The significance of increased RAGE expression in AD brains
remains to be elucidated. Both neurons and microglia in AD brains were shown to have
increased expression of RAGE (75). The effect of this increased expression of RAGE
could exacerbate the cellular stress responses induced by Aβ. It has been shown that Aβ
binding to RAGE on neurons and microglia induce a range of stress-related genes as a
result of the activation of the transcription factor NF-κB (79).

Table 2
Update of Microglial Markers Used
in Immunohistochemical Studies of AD Brain Tissues

Antigen Function Expression in AD Ref.

CD40 Interaction with CD40 L Increased 76
RAGE Interaction with AGE, S100 Aβ Increased 75
CCR3 Chemokine receptor Increased 78
CCR5 Chemokine receptor Increased 78
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6.3. Microglial CD40 in AD

A series of in vitro and animal studies demonstrated a role for the cell surface protein
CD40 in amplifying an Aβ-stimulated inflammatory response in microglia (80–82).
Examination of a series of AD and nondemented brain tissue sections demonstrated sig-
nificantly increased expression of CD40 on microglia in the sections from the AD cases.
Increased CD40 staining was also observed on vascular endothelial cell in the AD tissue
sections. It was observed, however, that the strongest microglial CD40 immunoreactivity
was seen in the AD cases with other complicating pathology, such as bacterial encephali-
tis (76). This indicated that Aβ was not the only stimuli for inducing CD40 expression
in AD brains. There have been no reports on the cellular localization of the CD40 ligand
(CD154) in AD brain tissue sections.

6.4. Microglial Cyclo-Oxygenase in AD

As mentioned, the mechanism for inflammation to be exacerbating the pathology in
AD remains to be precisely defined. It has been known that patients with a history of
taking NSAIDs have lower incidences of AD (83–85). The principal mode of action of
these drugs is as inhibitors of cyclo-oxygenase (COX) enzymes, which is responsible
for producing prostaglandins from arachidonic acid. The older types of NSAIDs (e.g.,
indomethacin, ibuprofen) are more effective against COX-1, the constitutive form of the
enzyme. It had generally been thought that the newer COX-2-specific inhibitors would
be more effective in treating AD-related inflammation. COX-2 is highly induced in mac-
rophages and other cells under conditions of inflammatory stimuli in many peripheral
inflammatory diseases. Surprisingly, COX-2 is principally localized to neurons in the
human brain and its has not been demonstrated in microglia in AD brains (77,86). COX-
2 immunoreactive microglia have been identified in Parkinson’s disease brains and in
acute inflammatory conditions, but in AD microglia, only COX-1 immunoreactivity has
been detected (77,86–88). The degree of induction of COX-1 in microglia around Aβ
plaques was not prominent. This leads to the question of whether alteration in expres-
sion of microglial COX-1 is important for inflammatory processes in AD, whether
changes in expression of neuronal COX-2 results in neurodegeneration (89), or whether
the effective biological targets for the NSAIDs are not related to their cyclo-oxygenase
inhibiting activity. The NSAID indomethacin is a ligand for the peroxisome prolifera-
tor-activated receptor-γ (PPARγ). Activation of this receptor on macrophages/microglia
induces anti-inflammatory pathways (90,91). These issues should be resolved once clini-
cal trials on AD patients are carried out using the new COX-2 specific inhibitors. These
are underway at several centers in the United States.

7. CONCLUSIONS AND FUTURE DIRECTIONS

With the proposed use of immune therapy for treating Alzheimer’s disease, some of
the established concepts about inflammation and AD have been revisited. The concept
of selectively exacerbating the inflammation in the brains of AD patients would seem
to have the potential of accelerating the pathology of the disease. However, the spectac-
ular results of Aβ vaccine therapy in clearing or preventing plaques in Aβ-plaque-devel-
oping mice indicate that this approach should be tested in human AD patients. Further
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studies would be required to understand the biology of microglial Fc receptors in the
human brain. Previous concepts have suggested that engagement of these receptors by
immune complexes can have serious pro-inflammatory consequences, which would obvi-
ously not be beneficial to the AD patients. Overall, with new therapeutic options becom-
ing available, the potential to effectively treat this terrible disease is becoming a reality.
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NOTE ADDED IN PROOF

The human trials of the Aβ vaccine were halted due to a number of the patients devel-
oping severe inflammatory complications in the brain. Such complications had not been
reported in immunized transgenic mice. This highlights the potential limitations of bas-
ing this therapy on results from these Aβ-plaque forming transgenic mice. As the plaques
in these mice are considerably more soluble than those of AD patients, immunization
may have resulted in exacerbated cerebral inflammation in humans when the plaques
could not easily be removed.
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The Amyloid Hypothesis of Cognitive Dysfunction

Dave Morgan and Marcia N. Gordon

1. INTRODUCTION

The amyloid hypothesis of Alzheimer’s disease posits that a critical event in the
pathogenesis of the disorder is the deposition of amyloid fibrils containing the amyloid β
(Aβ) peptide derived from the processing of the amyloid precursor protein. This hypoth-
esis is the subject of multiple reviews (1,2). The greatest support for this hypothesis
derives from the genetics of familial Alzheimer’s disease, where all mutations known
to cause Alzheimer’s disease share the capacity to increase production of the long form
of the Aβ peptide (3). Still, acceptance of this hypothesis is far from universal (see ref. 4
and affiliated commentaries). Importantly, Alzheimer’s disease is, by definition, a cog-
nitive disorder, requiring a patient to have a graded deterioration in multiple cognitive
domains before a diagnosis can be made. In the absence of biopsy, pathological criteria
for the disorder can only be met by autopsy. Thus, a critical question in the context of the
amyloid hypothesis is the role of amyloid in the cognitive dysfunction of Alzheimer’s
disease.

2. THE ASSOCIATION OF Aβββββ DEPOSITS
WITH COGNITIVE FUNCTION IN PATIENTS

On a straightforward level, if Aβ deposits are responsible for Alzheimer’s dementia,
one might expect that the degree of dementia would correlate to some extent with the
amounts of amyloid deposited. Early work supported this argument. The performance
of patients and controls on the Blessed memory scale prior to death correlated with the
numbers of amyloid plaques at autopsy (5). However, one problem with the argument
was that the correlations included both demented and nondemented individuals; if the
nondemented individuals were removed from the correlation, little association between
amyloid deposition and memory function remained. Because the definition of Alzheimer’s
dementia includes both memory loss and amyloid plaques and the definition of age-matched
control cases requires normal memory and no amyloid plaques, it would be almost impos-
sible not to have a correlation when both groups are included.

There have been a number of similar studies since this original description, each using
more refined measures of cognitive function and brain pathology. Terry et al. (6) did
find correlations between cognitive function and plaques or tangles, but the best corre-
lation was with synaptophysin staining (an index of synaptic density). Cummings et al.
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(7) performed similar analyses and found that the best pathologic predictor of premorbid
cognitive status was Aβ load in the entorhinal cortex. Importantly, these authors men-
tion that significant correlations exist even if control subjects are removed (although
all data shown include control subjects). They also mention that if patients with mini-
mental status evaluation scores below 15 are included, there is no correlation of cog-
nitive status with any pathologic measurement. The commentaries accompanying the
Cummings et al. article clearly indicate lack of consensus regarding the role of amyloid
in cognitive declines in Alzheimer’s dementia, even after 30 yr of study.

Recently, Naslund et al. (8) used a clinical dementia rating (CDR) scale and measured
Aβ levels in several brain regions chemically (enzyme-linked immunosorbent assay
[ELISA]) rather than histopathologically. They found correlations between Aβ content
of several cortical regions and clinical dementia ratings when including all cases with
CDRs ranging from 0 to 5 (normal to severely demented) as well as those cases with CDRs
of 0 to 2 (normal to moderately impaired). The correlation within the normal to moder-
ately impaired group was argued to indicate that amyloid levels rose early in the onset
of dementia. No mention was made whether the correlations remained if the CDR = 0
category was excluded from the analysis.

In general, these correlations between cognitive status and Aβ deposition have not
been terribly satisfying for the adherents of the amyloid hypothesis. Indeed the weakness
of these relationships has been used as an argument against the amyloid hypothesis
(4,9). However, only if a simple linear relationship between amyloid deposits and cogni-
tive dysfunction exists would one expect to detect a correlation between Aβ deposition
and cognitive status within the demented groups. This relationship would assume that Aβ
deposits gradually accumulate over time, cause neurodegeneration in a purely linear man-
ner (no threshold effects or vicious cycles), and interfere with cognitive status with little
modulation by other factors (initial intellectual status, age, etc.). Yet, evidence exists to
argue that none of these assumptions hold true in Alzheimer’s disease.

First, the notion that amyloid deposits are stable features that continue to accumulate
over time is likely not true, at least once the cognitive decline in Alzheimer’s disease
begins. Two studies (10,11) examined the density of plaque pathology in biopsies obtained
early in the disease and, ultimately, from autopsies of the same individuals. Even though
the dementia in these individuals progressed, the amount of plaque pathology was sim-
ilar in the biopsy and autopsy results. Hyman et al. (12) argue that there is a continuous
turnover of Aβ deposits in Alzheimer’s disease. This is consistent with the inflammation
hypothesis of Alzheimer dementia (13), in which microglia phagocytize Aβ while par-
ticipating in an inflammatory response that ultimately harms bystander neurons (see
also Chapter 13). In fact, it may be the removal of the Aβ deposits that is toxic rather
than simply their presence. If everyone accumulated Aβ at a similar rate and if amyloid
removal caused toxicity, one would predict an inverse correlation between memory
deficits and Aβ deposition, rather than a direct linear correlation, as predicted earlier.

Second, even if the amyloid is directly neurotoxic, it is likely that the effects on neu-
ral function would not be linear. Certainly it is the case that many cognitively intact
individuals die with considerable numbers of amyloid deposits (so-called “high-plaque
normals”) (14–16). Thus, simply having amyloid deposits is not sufficient to cause
memory loss. Yet, that cannot be interpreted as meaning that the plaques are unrelated
to the cognitive dysfunction of Alzheimer’s. Many die with atherosclerotic plaques in
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coronary arteries without having a heart attack, yet no one would claim that this means
that atherosclerosis and heart disease are not related. Obviously, there is a threshold
level of virtually any pathology that will be required for symptomatic expression of neu-
ral disorders. The brain is blessed with a remarkable degree of functional redundancy,
especially for the more integrative functions. Hence, up to a certain level of deposition,
it is likely that the amyloid will not correlate with cognitive status.

There have been multiple hypotheses that Aβ deposits participate in a vicious cycle.
Although different hypotheses posit different agents at the initiation of the cycle, the
major participants are Aβ deposits, acute-phase reactants, and inflammatory cytokines
(13). The general argument is that Aβ deposits provoke activation of microglia (through
complement, scavenger receptors, AGE receptors or other mechanisms), leading to a
release of pro-inflammatory cytokines (interleukin [IL]-1, IL-6, tumor necrosis factor
[TNF]-α), and the upregulation of acute-phase proteins (amyloid precursor protein,
apolipoprotein E, α-anti-chymotripsin, apolipoprotein J, complement pathway proteins,
pentraxins, proteoglycans). The end result is further deposition of Aβ and further input
to the vicious cycle (3,17,18). One possibility is that cognitive dysfunction is caused
by the inflammation itself, or neurotoxicity is secondary to such inflammation. If the
vicious cycle is never initiated (due to the presence of anti-inflammatory medications,
for example), Aβ deposits could be present, but associated with minimal cognitive dys-
function. Consistent with this argument, some have found these high-plaque normals do
lack signs of neural inflammation (19).

A third problem in correlating cognitive function and amyloid is individual hetero-
geneity in cognitive function. The presence of genetic and environmental influences on
cognitive function have been recognized for centuries. Some individuals are born with
or develop intellectual reserves which appear to delay the onset of Alzheimer’s disease,
at least by delaying the age of onset (20,21). In an earlier review of the impact of age
on Alzheimer’s pathology (22), it was reported that for virtually every pathological end
point, the severity of degeneration in Alzheimer patients coming to autopsy was inver-
sely related to patient age. Large amounts of pathology were necessary to cause demen-
tia in young people, whereas relatively little pathology could produce similar dementia
ratings in older individuals. This may reflect a declining threshold in the amount of path-
ology required to elicit dementia (or launch a vicious cycle) with increasing age. Alter-
natively, Alzheimer cases carrying an apolipoprotein E4 allele have increased amyloid
deposition and are overrepresented in the “early-onset” categories of dementia (23). In
either event, if age at onset is not a covariate in the analysis, strong correlations might be
missed unless the age range chosen is narrow.

3. THE ASSOCIATION OF Aβββββ DEPOSITS
WITH COGNITIVE FUNCTION IN EXPERIMENTAL ANIMALS
A complimentary approach to function–pathology studies in humans is the produc-

tion of Aβ deposits in experimental animals and the evaluation of learning and memory
functions. In general, this approach has been tested in two manners: by injecting amy-
loid peptides into the brains of mice or rats or by generating transgenic mice that accu-
mulate Aβ deposits over time. The prediction of the amyloid hypothesis of cognitive
dysfunction is that the presence of Aβ deposits should lead to impaired memory per-
formance. To a substantial extent, this appears to be the case.
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A large number of studies have evaluated the mnemonic influences of Aβ peptides
injected into the brains of rodents. For the most part, the results reported favor the con-
clusion that these agents can disrupt memory (it is uncertain how extensively negative
results would be published). The peptide variants found effective include Aβ1–28, Aβ25–
35, Aβ1–40, and Aβ1–42 (24–28). Behavioral deficits were found in a variety of mnemo-
nic tasks, including water maze (29), radial arm maze (30), Y maze alternation (27,31),
or avoidance (32–35). When investigated, these injections did not cause neurotoxicity
(27,32), consistent with other studies evaluating Aβ injections into rodents (see ref.
36) and discussion therein). It also appeared that aggregated peptides were more effec-
tive memory-disrupting agents than soluble peptides (37). Thus, several groups have
consistently found that intracranial administration of Aβ peptides cause learning and
memory deficits. These data support the hypothesis that Aβ can directly interfere with
neural function.

A second approach to testing the hypothesis that Aβ peptides cause memory deficits
has been to overexpress the amyloid precursor protein (APP) in transgenic mice. In some
instances, these transgenic animals overxpress enough of the mutated variants of human
APP that Aβ deposits accumulate in the cerebral cortex and hippocampus as the mice age
(38–40). In the Tg2576 APP transgenic mouse (39), there was a decline in water maze per-
formance at 11–13 mo of age, a time when the amyloid deposits were appearing. Whether
this represented a true learning defect at this age has been questioned (41). However,
more recent analyses indicates that with large numbers of older mice, reliable learning
and memory deficits are found in the reference memory version of the water maze. This
same mouse line also shows deficits in T-maze performance, and this performance corre-
lates with each mouse’s capacity for long-term potentiation (LTP) (when nontransgenic
mice are included in the correlation) (42). Still, no correlation was reported between
the extent of amyloid deposition and mnemonic performance of individual mice.

The PDAPP mouse described by Games et al. (38) has been more difficult to test
behaviorally. Even at very young ages, before amyloid deposits appear, these mice were
deficient on multiple learning and memory tasks (43,44). Part of the problem appears
to be developmental, as very young PDAPP mice have 20–40% smaller hippocampi
than their nontransgenic littermates (45). Still, these authors are able to detect deficits
in an object-recognition task that appear when the mice get older and accumulate Aβ
deposits (43). Moreover, these deficits correlate with the number of Aβ deposits, even
excluding the nontransgenic mice, when the 3-, 6-, and 10-mo-old animals are combined
(45). Most recently, a working memory version of the water maze was applied to the PDAPP
mice over the life-span (46). Although the transgenic mice were deficient in this task
when compared to young nontransgenic mice, the differential worsened as the mice grew
older. Moreover, the learning capacity of these mice correlated with the hippocampal
Aβ burden in the 16- to 22-mo-old mice (excluding the nontransgenic and younger ani-
mals). These results indicate that in addition to causing an early deficiency in cognitive
function related to hippocampal size, sophisticated behavioral analyses can tease out
cognitive dysfunctions in these mice that worsen as the mice age and are correlated with
the amount Aβ accumulated in the brain (even when excluding the nontransgenic mice).
This is powerful support for the notion that Aβ can cause deficits in learning and memory.

Our own work has focused on a doubly transgenic mouse model of amyloid deposi-
tion that combines the Tg2576 APP transgenic mouse (39) with a presenilin-1 (PS1)1
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transgenic mouse (47). The major advantage of this doubly transgenic mouse is a consid-
erably more rapid pace of Aβ deposition than either parental line (48). It also presents a
deficit in Y-maze alternation at 3, 6, and 9 mo of age (49), which is no longer present when
the mice reach 15 mo of age (50). At 6 and 9 mo of age, these mice demonstrate strong
learning and retention for platform location in the reference memory version of the
water maze (51), whereas at 15 mo, they exhibit slower acquisition than nontransgenic
mice, yet are no different from nontransgenic mice on the probe (retention) trial (50).
This difficulty in obtaining clear-cut learning and memory deficits led us to examine a
slightly different version of the water maze task, which emphasizes working memory.

The radial arm water maze is a hybrid of the radial arm maze and water maze. It
imposes swim alleys on the pool (formed by aluminum wedge barriers) that radiate out
from a central swim area. In the working memory version of the radial arm water maze,
a submerged platform is placed in one arm and mice are given four consecutive learning
trials (each from a different start arm) to find the platform (52). Thirty minutes later,
they are given a fifth retention trial. Each incorrect arm entry is counted as an error. The
next day, the process is repeated with the platform located in a different arm. This approach
retains the advantages of the water maze paradigm (no need for foot shock or food dep-
rivation), with the advantages of the radial arm maze (use of errors rather than swim
latency as the dependent measure). Mice initially do poorly on all trials, averaging four
to five errors per trial. After several days, the mice begin to acquire the procedural com-
ponents of the task, with fewer errors on trials 4 and 5 than on trial 1. Finally, between
1 and 2 wk of training, the mice learn the new platform location quickly each day, scor-
ing zero to one errors by trials 4 and 5.

Doubly transgenic APP+PS1 mice are able to learn this task at 6 mo (50) and 12 mo
(53). However, by 16 mo, there was a clear discrimination between transgenic and non-
transgenic mice (50,54), with transgenic mice unable to improve their performance over
trials and average greater than three errors on trials 4 and 5 (50). We felt that this differ-
ence was sufficient to permit us to use this task to evaluate the functional consequences
of treatments designed to reduce the deposition of Aβ (unlike the reference memory ver-
sion of the water maze). Remarkably, even with a sample size of nine mice, there was
a significant correlation within the transgenic group between the amount of fibrillar Aβ
(stained by Congo red) and the number of errors on trial 5 of the water maze task (r = −0.74)
(54). This correlation was also observed when antibody to Aβ1–40 was used to stain
fibrillar amyloid deposits.

We have also found that vaccination of doubly transgenic mice with the Aβ peptide
is capable of reducing the amount of Congo red-stained amyloid deposits in doubly trans-
genic mice (by about 20%) (53). This vaccination protocol, first described by Schenk et
al. (55) is also capable of partially protecting transgenic mice (both APP+PS1 and APP
only) from developing deficits in the water maze paradigm (they learn within-day plat-
form location slower than nontransgenic mice, but perform similarly by trials 4 and 5).
Interestingly, when the errors on trials 4 and 5 are averaged in the doubly transgenic
PS1+APP mice from this study, we also find a correlation between learning and memory
and Congo red-stained deposits (Fig. 1). This finding replicates our results from (ref. 54).

In summarizing the results using transgenic mice, there are learning and memory
deficits that develop in transgenic mice as Aβ amyloid accumulates. In addition, there
appears to be a threshold level of Aβ deposition required for the functional deficits to
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be manifest. Moreover, for some task–age combinations, the performance on the learn-
ing task is correlated with the amount of deposited amyloid. However, in some APP
transgenic mouse lines, even in the absence of fibrillar amyloid deposition there are defi-
ciencies in either Y-maze alternation (56) or water maze performance at young ages
prior to Aβ deposit formation (57,58). This highlights one complication of interpreting
the effects of amyloid in transgenic lines; the transgenes could have developmental
influences (as is apparently the case in the hippocampal shrinkage found in PDAPP mice).
Additionally, the overexpression of APP itself may have impact, irrespective of its role
in elevating Aβ (59–61).

Still, assuming that the transgenic and experimental injection models of amyloid
deposition do find that Aβ deposits disrupt memory, there is a disturbing problem in
relating this to human Alzheimer’s disease. The amounts of neural damage are negli-
gible in the rodent models, but substantial in older humans. Most studies fail to detect
differences in the neuron number or synapse density in the transgenic models of amy-
loid deposition (62–64), and those that do detect differences find modest changes in
neuron and synapse number relative to the loss in Alzheimer’s disease (45,65).

In the experimental Aβ injection models, neuron loss has been a rare finding (see
refs. 36 and 66 and references therein). If the argument in Alzheimer’s disease is that the
effect of Aβ deposits is to cause neurodegeneration, and the loss of neurons and synapses

Fig. 1. Correlation between amyloid deposition and working memory performance in the
radial arm water maze in 15-mo-old doubly transgenic mice. Mice were all APP+PS1 doubly
transgenic, They were trained in the radial arm water maze for 11 d at 15.5 mo of age. The num-
ber of errors on trials 4 and 5 from d 10 and 11 of training were averaged for each mouse. Shortly
after the training, mice were killed and sections stained with Congo red to identify amyloid
deposits. The fractional area of the anterior cortex positively stained by Congo red was quanti-
fied by image analysis. Data indicate a positive correlation between number of errors on trials
4 and 5 and the amount of Congo red-stained area for each mouse. This relationship is the same
as that found for a different group of mice in (ref. 54). Three of the mice in the data shown here
were vaccinated against the Aβ peptide for 9 mo (53).
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is what leads to the cognitive dysfunction, then the rodents are a poor model, as neuro-
degeneration is questionable.

What might then be drawn from the aggregate of data regarding Aβ and cognitive
function? Ultimately, at least two scenarios may be acting in concert. One is the ability
of Aβ deposits to launch a cascade of events leading to neuron and/or synapse loss in
the Alzheimer’s disease (AD) brain, which is directly responsible for the cognitive dys-
function. In this scenario, intervening in the steps between Aβ deposition and neuro-
toxic reactions could be effective therapies to slow or arrest the progression of AD. A
second scenario, given token support from the animal literature, is that the Aβ peptide
itself is capable of disrupting neural function without causing overt neuron or synapse
loss. Given the amounts of Aβ found in older transgenic mice relative to AD, it would
appear that the amounts of Aβ necessary to directly disrupt neural function are some-
what greater than the quantity capable of launching a neurodegenerative cascade in
humans. Still, one must consider the high local Aβ concentrations in key structures of
AD brain. Moreover, the loss of plasticity and other damage that accumulates with typi-
cal brain aging (4) may considerably lower the threshold amounts of amyloid that are
required to cause the symptoms of dementia (22).

Addressing these questions is becoming tractable. The transgenic models of amyloid
deposition are increasingly being characterized functionally as well as pathologically.
Numerous manipulations are being developed to (1) modify Aβ deposition and (2) eval-
uate the relationship to cognitive status in the mice. Several of the Aβ-lowering thera-
pies are starting to be tested on AD patients. Combined, the results of these studies will
tell us whether either or both of the above-mentioned scenarios are operating in caus-
ing the cognitive problems found in AD.
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The Cerebellum in AD

A Case for Arrested Neuroinflammation?

Paul L. Wood

1. INTRODUCTION

The concept of a neuroinflammatory etiology in Alzheimer’s disease continues to
gain increasing credibility since its inception in the McGeer labs over a decade ago. In this
brief review, we compare and contrast the published findings for inflammatory media-
tors in the neocortex, a brain region with extensive neuronal losses, and those in the cere-
bellum, a brain region with minimal or no neuronal cell death. The basic hypothesis that
evolves from this review of the literature is that neuroinflammation is a widespread phe-
nomenon in the brains of Alzheimer’s patients, but that in the case of the cerebellum, this
is an inflammatory process that is either halted at a critical step or buffered sufficiently
by endogenous protective mechanisms to prevent the cascade of events that results in
neuronal losses. This hypothesis, therefore, has the corollary that pharmacological
treatments that interfere with the neuroinflammatory cascade in the neocortex of Alz-
heimer’s patients should slow the progression of the disease and/or prevent the onset of
the disease, if implemented prior to the neuronal degeneration that results from sustained
neuroinflammation.

2. CELLULAR CHANGES

The hallmark features of neuronal degeneration in the neocortex of Alzheimer’s patients
include the following:

• Neuronal degeneration, monitored as senile or neuritic plaques
• Neuofibrillary tangles
• Cerebrovascular amyloidosis
• Microglial activation
• Astrogliosis

In contrast to the neocortex, the cerebellar cortex (1) does not demonstrate neuronal
degeneration, microgliosis, or astrogliosis (Table 1). Microgliosis, as reflected by interleu-
kin (IL)-1α immunocytochemistry is widely evident in Alzheimer’s neocortex but not
the cerebellum. However, activated microglia are found in areas of diffuse plaques (2).
Astrogliosis as demonstrated by glial fibrillary acidic protein (GFAP) immunocytochem-
istry, GFAP mRNA and by enzyme-linked immunosorbent assay (ELISA) measurements
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of S100β protein is similarly only widespread in the neocortex (3). Neuronal degenera-
tion, which can be demonstrated in the neocortex via decreases in mitogen-activated pro-
tein (MAP) 2 mRNA levels, does not occur in the cerebellum.

3. AMYLOID PLAQUES

Although the cerebellar cortex in Alzheimer’s disease (AD) does not possess classical
neuritic plaques, diffuse plaques and plaques with an amyloid core are present in the
molecular and granular/Purkinje cell layers of Alzheimer’s cerebellum, respectively
(7–10). This plaque formation is an active ongoing process, as reflected by increases in
both the neuronal and non-neuronal mRNAs for FE65 (Table 2), an adapter protein that
facilitates β-amyloid genesis (6). The lack of progression to neuritic plaques distin-
guishes the cerebellum from the neocortex in this disease, but the abundance of diffuse
plaques indicates that the inflammatory cascade that ultimately leads to neuronal degen-
eration in the neocortex is also present in the cerebellum. The question that then arises
is whether this lack of cerebellar dense core plaques is the result of one or more of the
following:

• Later onset of underlying biochemical changes in the cerebellum that do not progress to neu-
ronal degeneration prior to the death of Alzheimer’s patients.

• The cerebellum possesses a greater intrinsic buffering capacity to deal with ongoing neuro-
inflammation in this brain area.

• A biochemical step present in the cortex is absent in the cerebellum, leading to a roadblock
in the inflammatory cascade.

• A biochemical process is present in the cerebellum that is not in the neocortex and acts to
inhibit the inflammatory cascade.

Table 1
Cellular Markers, in the Neocortex and Cerebellar Cortex,
in Postmortem Alzheimer’s Brain; Ratio Relative to Controls

Temporal Cerebellar
Parameter cortex cortex Ref.

IL-1α+ Microglia 2.9 1.0 4
GFAP+ Astrocytes 2.9 1.0 5
GFAP mRNA 5.0 1.0 6
S100β 3.7 1.0 5
MAP2 mRNA 0.49 1.0 6

Table 2
FE65 mRNA in the Neocortex and Cerebellar Cortex
in Postmortem Alzheimer’s Brain; Ratio Relative to Controls

Temporal Cerebellar
Parameter cortex cortex Ref.

FE65 mRNA (neuronal) 0.54 1.7 6
FE65 mRNA (non-neuronal) 1.9 1.7 6
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Whichever of these alternatives is the reality does not limit the usefulness of study-
ing the cerebellum either as an index of early inflammatory responses in Alzheimer’s
disease or as a potential model of arrested neuroinflammation.

4. INFLAMMATORY CASCADE: OXIDATION PRODUCTS

A significant component of the neuroinflammatory cascade involves oxidative stress.
In this regard, protein and RNA oxidation products have been examined by a number
of laboratories and been found to be dramatically increased in the Alzheimer’s neocor-
tex but not in the cerebellum (Table 3). Immunocytochemistry has shown that these
oxidation products of proteins (11,12) and RNA (13) are generated in vulnerable neu-
ronal populations in the neocortex of Alzheimer’s patients. With regard to chronology,
studies in Down’s syndrome suggest that this neuronal oxidative stress precedes β-amy-
loid deposition and is not a secondary phenomenon of amyloid deposition (16). These
oxidation products are presumed to result from the superoxide (O2

•−), hydrogen peroxide
(H2O2), and peroxynitrite (ONOO−) released from activated microglia in the neocor-
tex. The lack of activated microglia in the cerebellum may explain the lack of protein
and RNA oxidation products in this brain region and further suggests a pivotal role of
activated microglia in the neuronal degeneration observed in the neocortex. Heme oxy-
genase-1 (HO-1, HSP27), which can be upregulated as an endogenous antioxidant system,
is also upregulated in AD neocortex (Table 3), presumably to counteract upregulated
prooxidant mechanisms. The cerebellar cortex lacks upregulation of either pro-oxidant
or antioxidant activities (Table 3).

5. INFLAMMATORY CASCADE: MAPK CELL SIGNALING

The role(s) of MAP kinase (MAPK) in complex regulation of pro-inflammatory gene
function is well established (see Chapter 3). This signaling cascade is particularly involved
in microglial activation and the associated neuroinflammation (see Chapter 1). In autopsy
studies, upregulation of the MAPKs, pERK, and p38 has been demonstrated in AD
temporal cortex but not the cerebellum (Table 4). Upstream regulators of MAPK path-
ways have also been found to be increased in the AD temporal cortex (Table 4). These data

Table 3
Heme Oxygenase-1, Protein Oxidation Products,
RNA Oxidation Products, and Advanced Glycation
End Products in the Neocortex and Cerebellar Cortex
in Postmortem Alzheimer’s Brain; Ratio Relative to Control

Temporal Cerebellar
Parameter cortex cortex Ref.

3,3'-Dityrosine 2.7 1.0 11
3-NO2-Tyrosine 5.2 0.17 12
8-Hydroxyguanosine 3.0 1.0 13
HO-1 mRNA 1.6 1.0 14
Advanced glycation end products ++ 0 15

Note: ++, significantly increased.
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further support the advanced stage of neuroinflammatory response in AD neocortex rela-
tive to the cerebellar cortex.

6. INFLAMMATORY CASCADE: CELL ADHESION
MOLECULES AND ACUTE-PHASE PROTEINS

A hallmark feature of AD neocortex is the dramatic increases in the levels of down-
stream inflammatory end products like acute-phase proteins (Table 5). These proteins
have wide extracellular distributions and also concentrate in plaques. In contrast, these
end products are not overexpressed in the cerebellum and are only associated with dif-
fuse plaques. Again, these data point to an arrested stage of neuroinflammation in which
not all factors are available to allow a full-blown inflammatory response in the cerebellum.

7. SUMMARY

This brief review highlights the hallmark differences between the neocortex and the
cerebellar cortex in AD. Despite the presence of many of the components of the neuro-

Table 4
MAPK Markers in the Neocortex
and Cerebellar Cortex in Postmortem Alzheimer’s Brain

Temporal Cerebellar
Parameter cortex cortex Ref.

Neuronal pERK ++ ND 17
Neuronal p38 ++ 0 18–19
MKK6 ++ ND 20
Neuronal SOS-1 ++ 0 21

Note: ++, significantly increased; ND, not determined; 0, no change.

Table 5
Comparison of Cellular and Biochemical Measures Between
Neocortex and Cerebellar Cortex in Alzheimer’s Postmortem Tissues;
Ratio Relative to Controls

Temporal Cerebellar
Parameter cortex cortex Ref.

α2-Macroglobulin 1.9 1.0 22
α2-Macroglobulin (histochemistry) ++ ± 23
ICAM (histochemistry) + − 24
Perlecana (histochemistry) + − 25
Proteasome activity 0.62 1.0 26
Clusterinb (histochemistry) ++ ± 27
Apolipoprotein E ++ ± 28
α1-antichymotrypsin ++ ± 28
C1q 3.6 1.6 29

aHeparin sulfate proteoglycan.
bSGP-2; ApoJ.
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inflammatory cascade in AD cerebellum, this tissue never develops a full-blown inflam-
matory response that results in neuronal destruction. Further studies of this apparent
halt in the progression of the neuroinflammatory response in this brain region might
prove invaluable in our understanding of the etiology and progression of AD at the
molecular level.
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The Neuroinflammatory Components

of the Trimethyltin (TMT) Model
of Hippocampal Neurodegeneration

G. Jean Harry and Christian Lefebvre d’Hellencourt

1. INTRODUCTION

A characteristic feature of brain injury is the rapid reaction of microglia and astrocytes
(1–3) (Fig. 1). Reactive astrocytes display hypertrophy, elevated glutamine synthetase,
oxido-reductive enzyme activity, and accumulation of the astrocyte-specific structural
protein, glial fibrillary acidic protein (GFAP) (2,4). Activated microglia are character-
ized by hypertrophy, proliferation, increased surface expression of immune marker
molecules, increased migration, release of oxygen radicals and proteases, and differ-
entiation into a macrophagelike phenotype (5–7). Such responses may be beneficial in
the healing phases of central nervous system (CNS) injury by actively monitoring and
controlling the extracellular environment, walling off areas of the CNS from non-CNS
tissue, and removing dead or damage cells (3,5,8). This gliotic process, however, is also
thought to impart detrimental consequences by collateral neuronal damage from released
microglial cytotoxins and inhibit neuronal regeneration by physical or biochemical
impediments (6,8–14). In various models of nervous system injury, brain ischemia,
deafferentation, physical trauma, and excitotoxicity, glial cells become activated upon
injury and emit an inflammatory-like response, including the release of pro-inflamma-
tory cytokines.

As is evident in the other chapters in this book, it has been recognized that immune
cytokines play important physiological roles in mediating CNS injury. One such mech-
anism is via mediation of interactions between neurons and glia. Under certain patho-
logical conditions, disturbance of homeostasis by the abnormal expression of cytokines
may lead to neuronal damage. For example, elevated levels of pro-inflammatory cyto-
kines in the CNS have been observed under various conditions such as multiple sclero-
sis (15–17), Alzheimer’s disease and Down’s syndrome (11,18,118) and experimentally
induced brain lesions (19–24). Pro-inflammatory cytokines, especially tumor necrosis fac-
tor-α (TNF-α) and interleukin-1 (IL-1), appear to be pivotal mediators of brain inflam-
mation (25,26). Although TNF-α can have detrimental effects, it also appears to provide
a beneficial action on brain injury response through growth factor production and
quenching of damage from generation of free radicals and excitotoxins (8,27). TNFα
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Fig. 1. Generalized injury response of astrocytes and microglia. Basal level vs injury.
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and IL-1 have been demonstrated to be associated with the production of neurotoxic
molecules by glia and elicit release of arachidonic acid, nitric oxide, and β-amyloid
precursor protein, all which have been implicated in neurodegeneration. Given the early
response of glia cells to nervous system injury and their ability to secrete pro-inflam-
matory cytokines, glia activation and interaction have been proposed as an early signal-
ing mechanism responsible for subsequent neuronal degeneration (9,12,28–30).

Balance between activation and suppression of immune cells is critical in the host
response against insult and prolonged injury. Excessive or prolonged activation may
result in hypersensitivity resulting in a more severe response to subsequent injury. Some
cytokines are secreted upon complete intracellular processing, whereas others, at one
stage, are stored intracellularly and additional stimuli are required to trigger secretion.
For example, IL-1 and TNF-α mRNA can be induced by monocyte adherence and the
corresponding protein produced only upon further stimulation of the cells. In many
cases, the level of production induced from primed cells is at a much greater level than
that which would have been induced directly (31–33). It is possible that, in certain models,
initial brain injury could increase the transcription of pro-inflammatory cytokines, result-
ing in a “primed” system. The basal level of the system would then be altered and primed
cells would overrespond upon subsequent stimulation.

Although astrogliosis and associated factors have been a focus in examining a neuro-
toxic response to physical injury and chemical exposure, it is only relatively recently that
the role of microglia and the inflammatory response has been considered. Initial studies
examined such responses in reaction to physical trauma to the brain, models of brain
ischemia, and excitotoxicity (for review, see refs. 27, 34, and 35). Immediately following
injury, various antigens trigger distinct phases of the host defense response consisting
of cell recruitment and induction of cytokines contributing to activation of pro-inflam-
matory, immunostimulatory, and catabolic responses. Cytokines initiating these early
events include TNF-α and IL-1, which stimulate a set of chemotactive factors whose pri-
mary function is to promote recruitment of inflammatory cells. Enhanced expression of
these pro-inflammatory cytokines initiates a complex regulatory cytokine network sim-
ilar to patterns seen in non-neural tissue and can produce multiple CNS effects. Although
many models of brain injury continue to provide critical information toward the under-
standing of the microglia and associated immune-mediated responses in neurodegen-
eration, they also have some limitations, as does any model system. Although each of the
model systems of ischemia, trauma, physical injury, and excitotoxicity is well established
and reproducible, the ability to examine a number of factors, including dose and tempo-
ral response relationships, reaction of resident microglia cells in the absence of major
infiltration of cells from the circulation, or a specific pattern of neuronal degeneration,
is not always possible. It is for these reasons that we chose to examine such responses
in a model of chemical-induced neurodegeneration using the prototypic hippocampal
neurotoxicant, trimethyltin.

Trimethyltin (TMT) is known to be toxic to the limbic system of multiple animal
species, with a pattern of hippocampal damage being the most consistent morphological
feature (36–44). The acutely intoxicated rodent, either rat or mouse, displays an evolu-
tion of pathologic changes in a highly predictable manner over a relatively short period
(4–5 d for the rat and 24 h for the mouse). The selective nature of the lesion produced
by TMT is not associated with a preferential distribution of the chemical or with other
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toxicokinetic factors (45,46). In the mouse, the peak level of tin in the brain is reached
within 1 h of dosing and remains at this level for a minimum of 16 h (47). In the rat, Cook
and coworkers (45) demonstrated that the half-life of tin in the brain is approximately
10 d. Thus, exposure of brain tissue to TMT continues at a relatively constant level for
over a week following one acute systemic injection.

Spontaneous tremors and occasional seizures accompany the histopathological effects
of TMT on the limbic system in a dose-dependent manner. In a temporal relationship to
the onset of neuronal degeneration, animals can display signs of self-mutilation, aggres-
sion to cagemates, hyperreactivity, and increased seizure susceptibility (1,37,40,48,49).
In mice, the behavioral manifestations of toxicity appear between 24 and 48 h in a dose-
related manner. Although a dose of 2.0 mg/kg can produce hyperreactivity and tremor
in a majority of the exposed animals, 1.5 mg/kg does not result in behavioral effects,
and limited, if any, neurodegeneration. In rats, the dose range for such behaviors is
observed at a high dose of 8 mg/kg, with less severe effects seen in fewer animals at 4–6
mg/kg. Although seizures can occur in the high-dosed animals, the lack of mitochondria
changes such as swelling argues against the pathologic changes being related to TMT-
induced seizures (37). As would be expected with damage to the hippocampus, long-
term deficits in learning and memory tasks are evident in both experimental animal models
as well as accidental human exposure (48,50–53).

2. RAT MODEL

2.1. Neuropathology

2.1.1. Neuronal Degeneration
In the rat, acute dosing results in a prominent neuronal necrosis in the pyramidal neu-

rons of the hippocampal cornu ammonis. Neuronal loss occurs in the pyriform/ento-
rhinal cortex, is the most severe in areas CA3 and CA4, is less severe in area CA1, and
is minimal in area CA2 (54). Neuronal necrosis is also observed, with time, in the basal
ganglia, brainstem, spinal cord, dorsal root ganglia, and various other sites (55,56). It
has been previously reported that the neuronal necrosis is associated with an influx of
microglial cells, neuronophagia, and astrocyte hypertrophy (36,37,55,57,58,58a). Addi-
tionally, a highly predictable pattern of pathologic changes occurs over a relatively
short period of time. Electron microscopic (EM) evaluation of TMT-induced pathology
demonstrates no infiltration of circulating lymphocytes during these time periods.

In examining this model, we have focused on the hippocampus because of both its
predilection for TMT-induced neurodegeneration and its well-characterized structural
organization. In our laboratory, an acute intraperitoneal injection of TMT (6 mg/kg)
produces a mild individual neuronal necrosis that is evident within the hippocampal
pyramidal cell and granule cell region (Fig. 2). The necrosis observed in these regions
is characterized by loss of Nissl substance, intense cytoplasmic eosinophilia, pyknosis
and karyorrhexis of nuclei, and cell body shrinkage. A distinct loss of neuronal cell
bodies is also evident in the CA3–4 pyramidal cell region of the hippocampus and occurs
over a 30-d time frame. Unlike other models of hippocampal damage (e.g., excitotoxic-
ity), there is little evidence to support compensatory reinnervation or reactive sprouting
in the CA3 region in response to TMT-induced damage. Additional experiments per-
formed in this laboratory also failed to demonstrate induction of neurotrophin mRNA or
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Fig. 2. Schematic of neuronal and glia responses in the rat hippocampus 1 wk following injection of TMT. Neuronal
necrosis is localized to the CA3–4 pyramidal cell layer, ramified microglia are localized around CA3–4 neurons; enlarged
GFAP-positive astrocytes are seen throughout the hippocampus.
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elevations in immunoreactive proteins usually associated with synaptic sprouting. Data
in the literature, however, indicate that growth factor expression, in the form of astrocy-
tic nerve growth factor and tyrosine kinase A, increases at later time-points, suggesting
the possibility of delayed reactive response to TMT injury (59).

2.1.2. Glia Response
The temporal response of glia cells in this pattern of TMT-induced neurodegener-

ation is of considerable interest to this laboratory. Within 4 d of TMT administration,
astrocytes begin to display increased immunoreactivity to GFAP antibodies with an
increase in the number of astrocytes showing dense processes. Pathological changes con-
tinue to occur over the next few weeks, and by d 30, the neuronal cell loss in the CA3–4
pyramidal region is accompanied by a significant increase in GFAP astrocyte reactiv-
ity. Although the neuronal degeneration is localized to the CA3–4 region, the astrocyte
response is distributed throughout the hippocampus, with the exception of sparse stain-
ing in the region of the dentate neurons (Fig. 2). At 4 and 10 d post-TMT, astrocytes dis-
play increased immunoreactivity for GFAP; however, evidence of hypertrophy is limited.
By 30 d, astrocytes show distinct signs of hypertrophy, as demonstrated by an enlarge-
ment of the cell bodies and a thickening of the glia processes (60).

In comparison to the response of astrocytes throughout the hippocampus, microglia,
as detected by lectin binding or OX-42 immunohistochemistry, were present primarily
in the CA3–4 pyramidal cell region. A large majority of the cells are in close juxtaposi-
tion to neuronal cell bodies as early as 1 d following TMT injection and the number of
cells present increases over the next 14 d. The cells display multiple spindly processes
characteristic of reactive microglia; however, very few cells display ameboid morphol-
ogy characteristic of activated microglia (Fig. 2). This pattern suggests that the early
presence and biochemical response of microglia cells may be associated with signaling
that leads to the subsequent neuronal degeneration. However, the role of phagocytosis
as a contributory mechanism in the neuronal loss has yet to be established, given the dis-
tinct lack of an activated microglia phenotype.

2.2. Molecular Responses to TMT

The mRNA levels of IL-1α, IL-6, and TNF-α are elevated within 6 h of a systemic
injection of TMT and continue to be elevated for approx 8 d (Fig. 3). Elevated cytokine
mRNA levels typically result in enhanced protein production, although a lack of trans-
lation of mRNA has also been observed previously (61,62). In such cases, cells that
contain untranslated IL-1 mRNA can be maintained in a “primed” state such that mini-
mal amounts of stimuli can produce a rapid secretion of active cytokines. Thus, the
extended duration of cytokine elevation could be the result of either continued expo-
sure to TMT or maintenance of the system in a “primed state.”

Although the hippocampus is the primary target site for TMT-induced pathology,
areas of the cortex associated with the hippocampal projection sites show signs of focal
necrosis and associated reactive microglia. Associated with this cortical effect is a tran-
sient elevation of mRNA levels for TNF-α at 12 h and an increase in IL-6 and IL-1α at
24 h. This distinct regional patterns of cytokine elevation is consistent with differential
morphological sensitivity and further suggests that the increase in cytokine mRNA levels
and the temporal pattern of the response are both important in the final pathology. Inter-
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estingly, whereas IL-1α mRNA levels are elevated, IL-1β levels in the hippocampus
remain within the range of control values. This may be the result of the nature of the insult
because previous reports of elevated IL-1β mRNA in the brain have utilized more severe
models of neural injury (3,21,63).

In other models of hippocampal neurodegeneration (e.g., kainic acid neurotoxicity),
neuronal degeneration occurs with seizure activity and is associated with a transient
increase in pro-inflammatory cytokines (21). In the case of TMT, one possibility for
the difference in cytokine expression is the long half-life of the compound in the brain
(10 d) (45) provides for a continued, low-grade stimulus. The continued presence of
TMT may cause additional cellular injury, stimulate continued cytokine production, and
recruit other cells into the inflammatory response. An opposing, or perhaps, additional
factor in sustained cytokine production may involve the lack of induction in negative
immunoregulators from resident cells of the brain. It is possible, for example, that TMT
exposure yields increased protease activity that acts directly on the plasma membrane
producing cytoskeletal changes, or propagates the cytokine response in part through pro-
teolytic cleavage of cytokine proteins. Both gelatinase A and B, as well as, urokinase-
type plasminogen activator (uPA), participate in the breakdown of the basal lamina around
cerebral capillaries (64) and can be modulated by TNF-α in the brain (65). Because

Fig. 3. Representation of temporal pattern of neurodegeneration and response of cytokines
and matrix metalloproteinases in the hippocampus following TMT injection in the rat.
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TMT causes a distinct elevation in TNF-α, it is logical to propose that such changes would
occur following TMT exposure. In support of this, both gelatinase B and uPA are ele-
vated in both the hippocampus and the cortex following a single injection of TMT. TMT
exposure results in an increase in the 40-kDa isoform of uPA as early as 12 h following
injection that was prolonged for 96 h, which is consistent with the pattern of cytokine
elevation in the hippocampus (66) (Fig. 3). These data suggest that the early induction
of cytokines by TMT is not an isolated event, but a step in a continuing cascade of neuro-
inflammatory responses for which inhibitors of matrix metalloproteinases might offer
a therapeutic intervention strategy.

3. MOUSE MODEL

3.1. Neuropathology

3.1.1. Neuronal Degeneration
As compared to the rat, acute exposure to TMT in the young adult mouse produces

extensive damage to the granule cells of the fascia dentata (38,39,43,44,66a). Damage to
the hippocampal pyramidal neurons is minimal; however, a punctate pattern of isolated
neurons in the CA1,2 and CA3 subfields of the Ammon’s horn show vacuolar changes
(38). If mice are exposed to TMT prior to postnatal d 15, the dentate granule cells show
a similar pattern of damage with the additional loss of pyramidal cells because of per-
turbation at the time of cell formation.

The mouse model that has been used in our laboratory relies on an acute (intraperi-
toneal injection; ip) exposure to TMT in postnatal d 19–24 CD-1 male mice. The steep
dose response to TMT is displayed in the pathology at 24 h. At this time, minimal, if any,
neuronal injury occurs at a dose of 1.5 mg/kg, a distinct necrosis of the dentate granule
cells is seen with 2.0 mg/kg, and a severe necrosis manifests at 2.5 mg/kg. This pattern
shifts somewhat with increasing animal age, resulting in the need to increase the dosing
to 3–3.5 mg/kg to produce a similar level of damage in the adult. The acute ip injection
of TMT produces apoptosis at 12 h, with a punctate pattern of terminal deoxynucleo-
tidyl transferase dUTP Nick end labeling (TUNEL) positive cells evident in the den-
tate granule cell region; however, the number of TUNEL-positive cells is significantly
less than the number of neurons undergoing necrosis at 24 h. mRNA levels for cyclo-
oxygenase-2 and caspase 3 are elevated in dentate neurons (66b). A small but distinct
number of TUNEL-positive neurons is seen in the cerebellum at 6 h post-TMT adminis-
tration, with no evidence of neuronal necrosis at later time-points. As the dentate granule
cells degenerate over 72 h (Figs. 4 and 5), there is a loss of mossy fibers and a reduction
in synaptic connections from the dentate to the pyramidal cell layer. This observation
has also been reported in a rat model that produces damage to the dentate (67) and in the
mouse model that demonstrated a decrease in synaptophysin immunoreactivity in the
CA3–4 pyramidal cell layer (68). Over a 1-wk period following exposure, immunohisto-
chemical staining failed to demonstrate alterations in other neuronal-specific markers
such as calbindin 28K and parvalbumin.

3.1.2. Glia Response

Within 24 h of a systemic injection of TMT, GFAP immunoreactivity in astrocytes
is increased and the cells display dense immunoreactive cell bodies and processes char-
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Fig. 4. Histopathology of dentate gyrus in the mouse 72 h following injection of TMT. (A)
Neuronal necrosis (hematoxylin and eosin); (B) GFAP-positive astrocytes; (C) lectin-positive
microglia.

acteristic of astrocyte reactivity. However, the swollen hypertrophy seen in the rat is not
apparent in the mouse. In both models, the astrocyte response is distributed throughout
the hippocampus and is not localized to the site of neuronal injury. The morphological
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Fig. 5. Schematic of neuronal and glia responses in the mouse hippocampus 72 h following injection of TMT. Neuronal
necrosis is localized to the dentate gyrus; ramified microglia are seen in the CA3–4 region, amoeboid microglia are seen in the
dentate gyrus; GFAP-positive astrocytes are increased throughout the hippocampus. In situ hybridization demonstrates localiza-
tion of IL-1α mRNA to microglia cells in the CA1 and dentate region; TNF-α mRNA is localized to microglia cells in the dentate
and in the CA3–4 region. Transforming growth factor (TGF)-β1 mRNA is localized to CA3–4 neurons.
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response of microglia in the mouse is much more pronounced than that seen in the rat,
but it is temporally delayed and follows neuronal necrosis (66a,68). While in the rat,
the morphological response of microglia occurs early and appears to be associated with
neurons in the injury area, in the mouse, the morphological response follows the onset
of neuronal necrosis. Microglia first become evident at 3 d post-TMT exposure with
reactive microglia present in both the pyramidal and dentate granule cell layers. Acti-
vated microglia with amoeboid phagocytic morphology are present only in the dentate
as an area of neuronal cell death (Figs. 4 and 5). Similar to the distribution pattern seen in
the rat, astrocyte and microglia responses are also seen, with time, in the various brain
regions associated with the hippocampal formation such as septal and cortical regions.

3.1.3. Molecular Responses to TMT

In response to inflammatory injury, cells often respond with an elevation in various
host response genes. The pattern of such genes in the hippocampus following TMT shows
elevations in the mRNA levels for intercellular adhesion molecule-1 (ICAM-1) and GFAP
in a dose-related manner with increases seen as early as 12 h, with the high dose of 2.5
and by 24 h at 2.0 mg/kg (68). EB22/5 (a murine acute-phase response gene homologous
to the α-1-antichymotrypsin gene) and Mac-1 (macrophage-1 antigen) are not elevated
until 72 h and this occurs in the high-dose group only. At no time is iNOS (inducible
nitric oxide synthase) or A20 (an antiapoptotic TNF-α-inducible early-response gene)
elevated in either dose group (Fig. 6).

Fig. 6. Representation of temporal pattern of neurodegeneration and response of host response
genes in the hippocampus following TMT injection in the mouse.
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In many cases, alterations in cytokine levels during the acute phase of central nervous
system injury, disease processes, antibody-mediated responses, and chemical-induced
injury have been attributed to microglia activation (12,69–71). Within the hippocam-
pus, increased lectin binding to microglia suggests that these cells may be responsible
for the elevated cytokine mRNA levels seen with TMT exposure. The initial elevation
in TNF-α mRNA occurs as early as 12 h following TMT administration and precedes
any morphological evidence of glia reactivity. The elevated levels are maintained for a
minimum of 72 h and return to within-control levels by 1 wk (68). IL-1α, IL-1β, and
IL-6 mRNA levels are elevated at 48 h (Fig. 7). Each transcript shows a dose-related
pattern of elevation with either an increase in level or earlier onset and longer duration
occurring in the higher dose of TMT (2.5 mg/kg). In situ hybridization for TNF-α and
IL-1α indicates distinct cellular localization patterns (Fig. 8). mRNA for TNF-α is local-
ized to both ramified microglia throughout the pyramidal cell layer and in amoeboid
microglia localized in the dentate gyrus. Cellular localization of IL-1α mRNA is demon-
strated by punctate staining of amoeboid microglia in the pyramidal cell layer and denser
staining in the dentate region. This pattern of localization demonstrates the cojuxta-
position of TNF-α and IL-1α expressing microglia with both neurons that degenerate
and those that survive the insult.

Fig. 7. Representation of temporal pattern of cytokine mRNA elevations in the hippocam-
pus following TMT injection in the mouse.
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Fig. 8. In situ hybridization demonstrates localization of TNF-α mRNA to (A) reactive micro-
glia in the CA-1, (B) activated microglia in the dentate region, and IL-1α mRNA localization to
microglia cells in the CA3–4 region (D) and in the dentate (E). TGF-β1 mRNA localization to
CA3–4 neurons (F,G). (From ref. 68.)

One of the earliest changes following TMT is in the chemokine macrophage inflam-
matory protein-1α. Elevated mRNA levels are seen in both 2.0- and 2.5-mg/kg dose
groups as early as 6 h with an associated dose response in the severity of the response
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(Fig. 9). Transforming growth factor-β1 (TGF-β1) is elevated by 72 h post-TMT injec-
tion. As determined by in situ hybridization, the cellular localization of TGF-β1 is
primarily along the vascular lining at the early time of 24 h. This is accompanied by a
punctate pattern of staining in cells representative of either a subpopulation of the micro-
glia cells or necrotic neurons in the dentate region (68). After 24 h, localization is no
longer evident in the dentate; however, a prominent staining is seen in the pyramidal
cells of the hippocampus (Fig. 8). The localization to the noninjured pyramidal cells sug-
gests a response of the neurons to the deafferentation lesions in the hippocampus. This
response occurs after the onset of necrosis of the dentate neurons and may be a specific
response to the loss of synaptic contact.

Early-signaling components normally associated with inflammation and infiltrating
cells are absent during TMT-induced neurodegeneration. The elevated cytokine levels
do not appear to be caused by peripheral monocytes, as previous studies have demon-
strated no such cellular infiltration (37). The lack of infiltrating leukocytes is supported
by the absence of elevations in the mRNA levels of IL-2, IL-4, and IL-10. The cytokine
responses are not dependent on interferon (IFN)-γ, as levels are not elevated in any brain
region. The elevation does not appear to be as a result of elevated TNF-α in the periph-
ery, as no alteration is seen in plasma protein levels as a result of TMT administration. In
fact, TMT is thought to be nonimmunotoxic, as compared to the effects of both triphe-
nyltin and dibutyltin, TMT has no effect on F-actin depolymerization in thymocytes (73).

4. RESPONSE OF CULTURED GLIAL CELLS

The glia response can be elicited by a number of factors that are not easily experi-
mentally controlled in the intact animal, therefore, in vitro studies using mixed glial
cell cultures have been conducted to understand glia responses to various injuries. For

Fig. 9. Representation of temporal pattern of chemokine mRNA response in the hippocam-
pus following TMT injection in the mouse.
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example, scratch wounds to cultured astrocytes share many of the major characteris-
tics of astrogliosis observed in vivo (e.g., astrocyte hyperplasia, hypertrophy, and ele-
vated GFAP content) (74). Additionally, scratched glial cells in culture display similar
morphology and patterns of pro-inflammatory cytokine elevations, as seen with reac-
tive astrocytes in vivo following a penetrating stab wound (23,75). In the intact hippo-
campus, the pattern of neuronal response to TMT differs between mice and rats, and in
the rat, it can vary depending on the dosing regimen. Although the glia response is sim-
ilar in both location and temporal manifestation, there are some differences. In the rat,
the astrocytes progress to show a distinct hypertrophy and the microglia show thickened
processes but do not progress to a phagocytic phenotype. In the mouse, the astrocyte
response is characterized by an increased density of processes and no distinct sign of
hypertrophy. In addition, the microglia demonstrated both ramified reactive and amoe-
boid activated morphological phenotypes. However, in both species, the morphological
response of glia was evident within the first 24 h. In rats, it precedes neuronal necrosis,
whereas in mice, it is a subsequent event. In culture however, glial cells from both spe-
cies act relatively similar in response to TMT exposure.

4.1. Morphological Response of Glia

Previous studies have shown direct effects of TMT on astrocytes in culture (76–79).
Maier and colleagues (60) continued this work and examined the morphological and
cytokine response of glia cultures following TMT exposure. Dose levels used in vitro
were based on those predicted to occur in brain tissue following in vivo exposure. Expo-
sure of cultured primary mixed glial cells with TMT (10 µM) produces a morphological
response within 6 h, with astrocytes displaying an enlarged and rounded cell body with
distinct cell processes becoming evident. At this time, the microglia become enlarged
and display phagocytic activity (80). Upon further examination, such morphological
changes in glia display both a dose and temporal response following TMT. By 24 h, the
severity of the astrocyte response is characterized by enlarged and rounded cell bodies
and a retraction of the thick monolayer processes into long, thin, glial fibrillary acidic pro-
tein-dense processes (60,80,80a) (Fig. 10). These changes progress over the next 24 h,
with suggestions of cell loss. The microglia in these cultures show an early increase in
phagocytic activity, as evidenced by fluorescent bead uptake. Within 24 h, the struc-
tural changes of microglia of the ramified phenotype show increased fragmentation of
processes (80).

4.2. Biochemical Changes

A number of biochemical indicators of cell function have been examined in cultured
glial cells following TMT exposure. At an early time-point of 6 h, no changes are seen
in general astrocyte biochemical function or cell viability with doses of TMT less than
10 µM. At later time-points, a dose-response effect can be detected in a number of bio-
chemical end points. Within 24 h of exposure to 10 µM TMT, cell viability remains within
the normal range. Various biochemical features of astrocyte functioning also remain
within normal levels such as 3[H]-glutamate uptake and 3[H]-thymidine and 3[H]-leu-
cine incorporation, whereas glutamine synthetase activity is decreased by approx 40%.
No changes were seen at lower doses. When other measures of cell function are exam-
ined, distinct changes occur in the mRNA levels of structural proteins in the cultures
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Fig. 10. Representative morphological response of cultured mixed glia cells to 24-h expo-
sure to TMT (10 µM) in the absence and presence of pro-inflammatory cytokine antibodies.

following TMT exposure. For example, both mRNA levels for vimentin and GFAP are
elevated as early as 3 h of exposure. When the cultures are examined at 24 h, β-actin,
vimentin, and GFAP mRNA levels are decreased. Proper expression and state of assem-
bly of GFAP is critical in modulating astrocyte motility and shape, especially extension
of astrocytic processes (14,81). The alterations in mRNA levels for these structurally
related proteins may be related to an effect on the cell membrane (76,77,82), a direct
interference with the expression of the proteins, or a disruption in precise packaging of
structural proteins as a result of inflammatory cytokine signaling (83). A microglia cyto-
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kine response has often been linked to a release of nitric oxide (84–87). Although the
nitric oxide synthase inhibitor L-NAME is ineffective in preventing hippocampal neuro-
degeneration induced by TMT in rats, an in vitro nitric oxide response can be evident.
When mixed glia cultures are exposed to TMT, a nitric oxide response can be seen to
increase within 24 h until 48 h following exposure. However, when cultures were puri-
fied to either astrocytes or microglia, TMT is unable to induce a nitric oxide response.
This suggests an interaction between the cell types in the initiation and maintenance of
such a response to TMT.

4.3. Pro-Inflammatory Cytokines

Because pro-inflammatory cytokine mRNA levels are elevated in the hippocampus
following a systemic injection of TMT, the question remained as to whether this is a
direct effect on the glia cells or in response to a neuronal signal. When primary glial cell
cultures are exposed to TMT, mRNA levels for pro-inflammatory cytokines are ele-
vated in a similar manner as that seen in the hippocampus. In the rat hippocampus,
TNF-α mRNA levels remained elevated for up to 8 d following TMT injection, possi-
bly the result of the prolonged recruitment of cells into the injury response. In culture,
the elevation is short-lived and returns to within-control levels by 24 h possibly because
of the lack of a bystander effect. mRNA levels for IL-1α, IL-1β, and IL-6 are increased
for up to 48 h (87a,87b). Mixed glial cells exposed to TMT secrete biologically active
TNF protein in a dose-related manner (60). Elevations are seen as early as 6 h and pro-
tein production is sustained for up to 48 h. Protein levels of TNF and IL-1 were signif-
icantly elevated at 24 and 48 h, respectively. In contrast to the in vivo response of a
delayed elevation in TGF-β1 mRNA, no elevation is seen in culture. This is consistent
with the in situ hybridization localization of TGF-β1 in pyramidal neurons of the hippo-
campus following TMT exposure. Similar to the pattern seen in the hippocampus, levels
of mRNA for IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, and IFN-γ were not detected in the glia
cell cultures.

5. MODULATION OF GLIA RESPONSE

5.1. Cytokine Manipulations In Vitro

Although the morphological response of both astrocytes and microglia to TMT expo-
sure appears to coincide with cytokine elevation, a direct causal relationship remains
to be determined. When cells are exposed to a dose of lipopolysaccharide (LPS), one that
would produce equivalent or greater amounts of TNF-α than that produced by 10 µM
TMT, only a slight change in cell morphology is evident. A 10-fold increase in concentra-
tion of LPS is required to produce as severe a morphological change as seen with TMT.
Based on this comparison, it would appear that morphological changes produced by
TMT are not entirely due to cytokine production and may involve additional biochemi-
cal processes. The influence of cytokine proteins on the morphological response to TMT
has been examined by the coadministration of recombinant proteins with various doses
of TMT. When mixed glia cultures are incubated with recombinant proteins for TNF-α,
IL-1α, IL-1β, or IL-6 for a total of 25 h, no distinct morphological responses are evi-
dent. When cells are exposed to TMT in the presence of either IL-1α, IL-1β, or IL-6,
an exacerbation of the response is seen with lower doses (1 and 5 µM TMT) (80). It
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is possible that this is the result of a direct effect of IL-1; however, it may also be in
response to the induction of IL-6 by IL-1, as has been demonstrated by Aloisi and col-
leagues (88). At higher concentrations of TMT, a distinct morphological response is
seen. Coexposure to either IL-1α or IL-1β does not exacerbate this TMT response; how-
ever, coexposure with IL-6 produces a pronounced exacerbation.

In the in vitro model of TMT exposure, the addition of neutralizing antibodies to
pro-inflammatory cytokines offers a level of protection in the morphological responses.
However, the level and extent of protection is restricted. In cells pre-exposed to neu-
tralizing antibodies for TNF-α, the glia monolayer remains intact for 24 h of TMT
exposure; however, the antibody is unable to block the response when exposure con-
tinues for 48 h. This suggested that the neutralizing antibody for TNF-α is able to delay
the onset but not prevent the morphological response. Preincubation with neutralizing
antibodies to IL-1 or IL-6 are unable to prevent the normal morphological response to
TMT. It is only when cells are preincubated with a combination of neutralizing antibodies
to TNF-α, IL-1, and IL-6 that a moderate level of protection is seen in the glia mono-
layer morphology (Fig. 10). Full protection however, is not evident.

Although neutralizing antibodies to cytokines offer some ability to modulate the mor-
phological response, effects on the induction of cytokine mRNA levels show a some-
what different pattern (80). When mixed glia cultures are incubated with antibodies to
TNF-α or IL-1α, there is no alteration in the relatively low basal levels of mRNA for any
of the pro-inflammatory cytokines. However, exposure of control cells to anti-IL-6 results
in a significant elevation in mRNA levels for IL-1α, IL-1β, and IL-6. A slight elevation
can be seen in TNF-α mRNA levels. The combination of neutralizing antibodies to
TNF-α, IL-1, and IL-6 show a pattern of elevation in mRNA levels for IL-1α, IL-1β,
IL-6, and TNF-α similar to that seen with anti-IL-6 alone. At 6 h post-TMT, elevations
are seen in TNF-α, IL-1α, and IL-1β. The coexposure to TMT for 6 h, in the presence
of neutralizing antibodies, produces elevations in mRNA levels for IL-1α, IL-1β, IL-6,
and TNF-α similar to those seen with TMT alone. Thus, whereas morphological changes
induced by TMT can be altered by the combination of neutralizing antibodies, the initia-
tion of the cytokine cascade is not modified.

The response of glia to increase the synthesis of certain cytokines has been previously
reported to vary depending on the presence or absence of neurons in the culture system
(89). Although it has been clearly demonstrated that TMT exposure can elicit a cytokine
response in cultured glial cells, whether this response would occur in the presence of
neurons remains a question. Following a 24-h exposure to TMT, cultured hippocampal
neurons display shrunken cell bodies and retracted neuronal processes. When cocul-
tured with glial cells however, neurons retain their normal appearance during exposure
to TMT. However, the glia cells display their standard morphological response to TMT
characterized by process retraction (80). These data are consistent with previous obser-
vations that neurons plated alone are more sensitive to TMT than cocultures of neurons
and glia or glia alone (90). In cocultures of hippocampal neurons and glia, a 6-h expo-
sure to TMT produces a slight elevation in mRNA levels for TNFα, IL-1α, and IL-6
(80). The magnitude of the elevation is not as great as that seen in the isolated mixed
glia cultures. This differential level of response suggests an interdependency of the cells
in the cytokine response. In addition to the general trophic support provided to neurons
by the astrocytes, stimulation with IL-1, TNF-α, and IL-6 can elevate the production
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of nerve growth factor (91–93) and may contribute to the observed neuroprotection to
cultured neurons. The altered expression of cytokines in mixed neuronal/glia cultures
demonstrates a complex interaction between neurons and glia. It suggests that neurons
may significantly influence the activation threshold of astrocytes to a cytokine-mediated
response. Whether this modulation is the result of a soluble factor or a factor associated
with membrane contact remains to be determined. It emphasizes the need for caution
in attempts to extrapolate results from in vitro culture systems to in vivo situations where
extensive cell–cell communication may alter the tissue response to injury.

5.2. In Vivo Responses

5.2.1. Pharmacological Manipulations

Glucocorticoids (GCS) are potent anti-inflammatory steroids that can inhibit both cen-
tral and peripheral cytokine synthesis and action (94–98). Anti-inflammatory actions of
glucocorticoid administration are usually evident in acute injury and short-term pretreat-
ment with drugs such as dexamethasone (DEX). Whereas glucocorticoids have limited
if any demonstrated effects in the uninjured brain, they have the capability to suppress
many functions of activated monocyte/macrophages in the injured brain, including pro-
duction and release of cytokines. DEX has been reported to inhibit the release of TNF-α,
IL-1, and IL-6 protein in the periphery (99–101). Such acute effects of glucocorticoids
may be beneficial in the downregulation of cytokine secretion and the inflammatory
response.

Pretreatment with DEX does not alter the morphological responses seen with TMT
exposure, in that neuronal necrosis and astrocyte reactivity are both present. Consistent
with the morphological changes in astrocytes, mRNA levels for the astrocyte-specific
protein GFAP are elevated by TMT, and pretreatment with DEX shows no modulation
of this effect (102). This finding is consistent with a previous study by O’Callaghan et al.
(103) that demonstrated the inability of glucocorticoids to regulate the expression of
GFAP in rat brain following either a stab wound or systemic injection of TMT. Pretreat-
ment with DEX (10 mg/kg) significantly increases mRNA levels in the hippocampus
for ICAM, EB22, TNF-α, TNF-β, and IL-1α over increases seen with TMT alone. mRNA
levels of iNOS and A-20 are not changed under these conditions (102). Consistent with
previously reported findings (68), no elevations are seen in mRNA levels for IL-4, IL-2,
IL-6, or IFN-γ following TMT administration, and pretreatment with dexamethasone
did not alter this profile.

In an injury response of the brain, an elevation in GFAP mRNA is often accompanied
by an elevation in the mRNA for the astrocyte-associated serine proteinase inhibitor
EB22/5.3. Such proteinase inhibitors can be induced by oxidative damage, cytokines,
and inflammatory reactions and serve to neutralize proteolytic enzymes released from
inflammatory cells (104,105). EB22/5.3 mRNA levels are only slightly elevated by TMT,
and a low dose of DEX does not change this level of elevation; however, with 10 mg/kg
DEX, a significant elevation can be seen in the TMT-exposed hippocampus. A similar
pattern is seen for TNF-β, whereas TNF-α and IL-1α are elevated in all TMT-dosed con-
ditions, suggesting a specific association of EB22/5.3 with the cytokine TNF-β. mRNA
levels for ICAM-1, a receptor for the integrins LFA-1 and Mac-1 required for leukocyte
migration and extravasation (106–108) are altered by TMT exposure. ICAM-1 is elevated
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and Mac-1 is decreased. A low dose of DEX does not alter this response; however, the
higher dose of DEX elevated this response substantially (68). Within the central ner-
vous system, a number of cell types can express ICAM-1 (neurons, astrocytes, micro-
glia, and brain endothelial cells) and expression can be induced by TNF-α, IL-1α, and
IFN-γ (109–111). One interpretation of these data, from TMT-induced hippocampal
injury, is that DEX can interfere with the processing and production of the pro-inflam-
matory cytokine proteins. Available data suggests that many of the effects on cytokines
act through both transcriptional and posttranscriptional mechanisms (112). It has been
reported that inhibition of cytokine expression by glucocorticoids occurs at the tran-
scriptional level, resulting in an inhibition of cytokine mRNA expression and a parallel
decrease in cytokine secretion (113,114). Whereas these reports strongly suggest that GCS
act proximally by reducing cytokine availability via transcriptional repression and/or
destabilization of cytokine mRNA, other reports suggest that GCS do not alter cytokine
mRNA stability or affect cytokine-mediated cellular activation (115).

In addition to the general cytokine-mediated effects on tissue injury, glucocorticoid
receptor activation is attenuated by cytokines in immune and nonimmune tissue; DEX is
often unable to suppress microglial functions under pathological conditions. The response
seen with DEX could be related to the cytokine-induced downregulation of microglia
glucocorticoid receptor expression and mineralocorticoid receptor activation. The activ-
ity in the hippocampus of DEX and cytokines is possibly mediated via the glucocorti-
coid response element (GRE) that could account for the altered AP-1 binding evident
in both the DEX- and the TMT-treated hippocampus (116).

5.2.2. Genetic Mutant Models

5.2.2.1. OP/OP MOUSE

The osteopetrotic (op/op) mutant mouse is deficient in biologically active colony-
stimulating factor 1 (CSF-1) and has often been used in an attempt to understand the role
of microglia proliferation and phagocytosis in brain injury. CSF-1 stimulates the prolif-
eration and differentiation of monocytes and macrophages that have important trophic
and/or scavenger roles in the function of the tissues in which they reside. We used this
mutant mouse to examine the role of microglia in chemically induced trauma. The hypoth-
esis was that if the neuronal degeneration following TMT is dependent on a microglia
inflammatory response, a depletion of microglia would result in an attenuation of the
response. Following injection of TMT, normal mice display neuronal necrosis, neuro-
nal loss, astrocyte hypertrophy, and microglia activation. In op/op homozygous mice,
there is an increased vulnerability for neuronal necrosis, as demonstrated by a shift in
the dose response with a lack of microglia activation and astrocyte hypertrophy. TMT
injury induces elevations in mRNA levels for the host response genes; ICAM-1, EB22,
and GFAP. TNF-α mRNA levels are significantly elevated in microglia in both the non-
homozygous and op/op homozygous mice. In the op/op homozygous mouse, a drama-
tic increase is seen in both TNF-α and TNF-β that is significantly elevated over both
saline-dosed and nonhomozygous mice receiving TMT (72).

Chemokines are chemoattractant cytokines that play an important role in early events
of inflammation and brain injury. As early as 24 h post-TMT, mRNA levels of macro-
phage inflammatory protein (MIP)-1α and MIP-1β are significantly elevated in the hip-
pocampus of nonhomozygous mice. The op/op homozygous mice show a slight elevation
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in MIP-1α, as compared to the basal level in the homozygous mice. However, the level
of induction is significantly less than that seen with a TMT injection in the nonhomozy-
gous mice. Interferon-inducible protein (IP-10) and monocyte chemoattractant protein
(MCP-1) are elevated in the TMT-dosed op/op homozygous mice. These data suggest
a differential regulation of the chemokine pathway in the CSF-1-deficient mice and may
represent alterations in the astrocyte population and contribute to the altered functional
response of microglia.

5.2.2.2. CYTOKINE RECEPTOR KNOCKOUT MICE

There are two distinct TNF receptors of 55 and 75 kDa that play roles in the biologi-
cal actions of TNF; however, the 55-kDa receptor appears to be responsible for many
biological actions associated with cytotoxicity. Expression levels of TNF receptors are
under regulatory control by a wide array of endogenous factors, including cytokines (e.g.,
IL-1, IL-2, IL-6, IL-8, granulocyte macrophage colony stimulating factor [GM-CSF]),
protein kinases C and A, steroids, and calcium ionophores. These factors influence the
number of surface receptors for TNF and, consequently, play a role in the biological
response. For astrocytes, this can include β-amyloid, iNOS, and various cytokines (84).
Because TMT administration produces a dramatic elevation in TNF-α, it was hypoth-
esized that the activation of TNF receptors would be an initiating event in the neuro-
degenerative process. The elevation of IL-1 mRNA in both the in vivo and the in vitro
systems following TMT suggest a role for this pro-inflammatory cytokine in the signal-
ing process associated with neurodegeneration. Because it has been reported that IL-1
receptors are present on dentate granule cells, it could be hypothesized that the pattern
of neuronal death in the mouse following TMT is related to the elevation of IL-1 and
possible activation of the IL-1 receptor. In our attempts to address these various hypoth-
eses, we have examined both the neuropathology and the cytokine response in geneti-
cally altered mice. The outcome of these preliminary studies raise more questions than
they answer. In each of the knockout animal models TNF-α receptor I, TNF-α receptor
II, TNF-α receptor I/II, and IL-1 receptor, no significant modulation is evident in the
TMT-induced neuropathology. At the current time, there is little evidence of an altera-
tion in the prominent cytokine response. Although earlier studies suggested a critical role
for these cytokines in the neurodegenerative process, these preliminary data suggest a
more limited role for these cytokines in the actual manifestation of the damage.

5.2.2.3. APOE KNOCKOUT AND TRANSGENIC MICE

In the pathogenesis of Alzheimer’s disease (AD), there is evidence for both a neuro-
nal component and an “inflammatory” response (69). These inflammatory responses are
marked by astrocyte reactivity and microglia activation throughout the cortex (117). In
particular, activated microglia are found to be clustered near amyloid plaques (118–121)
that contain other components such as β-amyloid protein, thrombin, and apolipoprotein
E (ApoE) (122). These data have led to the supposition that microglia and their immune-
like secreted factors play a prominent role in the onset and progression of disease-related
neurodegeneration. A variety of factors and processes have been implicated in the initia-
tion and progression of AD pathology (for review, see refs. 103, 123, and 124). Such
factors include amyloid fragment deposition, reactive gliosis, α-1-antichymotrypsin, and
apolipoprotein E (ApoE).
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To examine possible differential susceptibility associated with the apolipoprotein
genotype we have used both APOE knockout mice, which have been reported to have an
increased sensitivity to brain injury (125–128), and knockouts containing the human
APOE allele 4 transgene. Animals received TMT (2 mg/kg body wt.) at either 21 d or
8 mo of age. Similar to what is seen in the CD-1 mice, within 24 h, TMT produces cell death
in hippocampal dentate granule neurons and mild astrogliosis in wild-type (C57BL6J),
APOE knockout, and APOE4 mice. At both ages, mRNA levels of GFAP are elevated
by TMT in all genotypes. In 21-d-old mice, TNF-α, IL-1α, MIP-1α, and TGF-β1 mRNA
levels are elevated in all genotypes (129). Although the patterns are similar in young
animals, when the animals reach 8 mo of age, genotype-specific differences can be
observed. In both wild-type and APOE4 mice, chemical injury produces an elevation
in mRNA levels for TNF-α, IL-1α, and MIP-1α. In the APOE knockout mice, the
normal chemical-induced elevation in TNF-α and IL-1α is not present and the induction
of MIP-1α is decreased. TMT produces a slight increase of TGF-β1 mRNA levels only
in wild-type mice, whereas no elevation is seen in APOE knockout or APOE4 mice (129).
These data suggest that there is an age- and APOE-genotype-dependent effect in both
microglia and neuronal response. They also suggest a regulatory role for ApoE in main-
taining a critical balance of various pro-inflammatory cytokines, as is demonstrated by
the differences in basal levels of TNF-β, TNF-α, MIP-1α, and TGF-β1 mRNA in the
older APOE knockout and the APOE4 mice. This shift seen with both APOE genotypes
may represent altered systems that are unable to properly respond to injury. This is sup-
ported by the ApoE-genotype-dependent influence of EB-22, TNF-α, and MIP-1α mRNA
levels in response to chemically induced injury.

6. SUMMARY
Acute exposure to the hippocampal neurotoxicant TMT produces localized neuro-

nal necrosis that is accompanied by both a microglia and an astrocyte response. Eleva-
tions in specific chemokines, pro-inflammatory cytokines, and host response genes are
temporally related to this process and show a dose dependency. Whereas glia are evi-
dent throughout the hippocampus, a distinct distribution exists for amoeboid microglia
in the region of neuronal necrosis. The lack of significant infiltrating cells into the brain
upon injury allows one to examine the reaction of the resident microglia in an intact
system as well as efficacy of therapeutic intervention. The tight temporal response to
TMT exposure will allow for the further study of a number of factors in brain injury and
to demonstrate impact within the framework of dose-response relationships. The spe-
cific pattern of neuronal damage and microglia reaction in the hippocampus makes this
an excellent model for examining the primary and interactive roles of cytokines and
associated signaling proteins as they relate to the process of neuronal cell death, cell loss,
and survival.
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1. ALZHEIMER’S DISEASE: AN INFLAMMATORY DISEASE?

There is clear evidence of inflammation in the degenerating Alzheimer’s disease (AD)
brain, however, it is not presently known whether inflammatory mechanisms are a cause
or consequence of this disease (Fig. 1) (1,2). The uncertainty stems from the fact that
inflammatory events and pathological hallmarks of AD (such as senile plaques [SPs] and
neurofibrillary tangles [NFTs]) occur in close temporal and physical proximity (3). For
example, it has been shown that the majority of mature senile plaques are surrounded
by reactive microglia that have the characteristics of antigen-presenting tissue macro-
phages, including HLA-DR surface markers, suggestive of an autoimmune response.
It has been proposed that this is a remedial circumstance in which microglia are attempt-
ing to clear the amyloid debris from the neuropil. However, experimental studies show
that suppression of microglia by treatment with ibuprofen (a nonsteroidal anti-inflamma-
tory drug [NSAID]) can actually diminish the presence of amyloid deposits in the brain
(4) and suggests a contradictive hypothesis. This latter hypothesis is further supported by
retrospective epidemiological studies that have found decreased incidence of AD in
populations who regularly take NSAIDs.

Although a lucid cause–effect relationship for inflammation and AD pathology is
not easily ascertained, a thorough cataloging of inflammatory indices continues so that
meaningful associations can eventually be derived. Thus far, the inflammatory mole-
cules found to be altered in AD include (1) upregulation of cytokines, such as interleu-
kin (IL)-1, IL-6, and tumor necrosis factor (TNF)-α, and -acute phase proteins, such as
α1-antichymotrypsin (ACT) and α2 macroglobulin (α2 MAC) (5); (2) the presence of an
active complement system in the AD brain (6) with generation of the lytic membrane
attack complex (7) and, presumably, a release of anaphylatoxins [which under certain con-
ditions, may be neuroprotectant (8)]; (3) an upregulation of cyclo-oxygenase-2 (COX)2,
an enzyme involved in inflammation and neuronal functions in the brain of AD (9).
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Several of these findings have been identified as having causative potential in AD
neuropathology. For example, in mice, it has been shown that overexpression of the
inflammatory cytokine IL-6 in the brain leads to neurodegeneration (10). As well, com-
plement components (11) can potentiate amyloid neurotoxicity in vitro, and neuronal
COX-2 overexpression can potentiate amyloid deposition (12). However, despite the
growing list of potential degenerative effects of inflammatory mediators whose expres-
sion is altered in the AD brain, the AD-specific role of these pro-inflammatory agents
remains elusive. Recent evidence suggests that polymorphisms in inflammatory genes
influence the risk of AD (13) and may potentially explain some of the existing compli-
cations in reconciling pathologic findings among different cases. It is for this reason
that it is essential not only to identify (early) biomarkers of brain inflammation but also
to derive profiles of the heterogeneity of these features in the populations under study. Elu-
cidation of the functional relationship of early molecular biomarkers to more advanced
degenerative changes will yield significant insight for future treatments of AD and pro-
vide potential selection criterion and covariant factors for clinical trials of anti-inflam-
matory drugs.

2. INFLAMMATION AND ALZHEIMER’S
DISEASE CLINICAL PROGRESSION

The inflammatory events present in AD are dynamic and evolve with the stimuli that
elicited their activation (Fig. 1). However, the above-mentioned inflammatory events
have only recently been observed to change with the clinical progression of AD. This
discovery was facilitated through the development of an accurate longitudinal assessment
of the progression of AD across populations. These assessments, the Clinical Dementia

Fig. 1. Potential role of inflammation as a function of the progression of Alzheimer’s disease
dementia. Relationship with the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) rating of AD neuropathology.
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Rating (CDR) scale and the consortium to establish a registry for AD (CERAD) (3,14),
employ systematic analyses of psychometric tests and postmortem impressions, respec-
tively, to assign a numeric value to individual cases that covers the spectrum of AD
clinical progression. The CDR scale encompasses cognitively normal (CDR 0.0), to
mild cognitive impairment (MCI)/questionable AD (CDR 0.5), mild to moderate demen-
tia (CDR 1–2), and severe dementia (CDR 5.0) cases, the CERAD evaluates patients on
a basis of SPs and NFTs on a scale of 1–5 (postmortem). Interestingly, pro-inflammatory
activities have been found to be evident in AD as early as the CDR 0.5 stage and become
increasingly evident as the disease progresses to later stages (14–16).

The CDR scale has provided researchers with the opportunity to correlate findings
from different patient populations and rapidly validate clinical impressions. For illus-
tration, it has been reported that there is a significant elevation in prostaglandin (PG)
E2 content in the cerebrospinal fluid of probable AD cases (15). This evidence was sub-
stantiated by reports showing that COX-2, which functions to convert arachidonic acid
to PG, is clearly upregulated in the hippocampus of AD cases. A more recent study uti-
lizing CDR-rated cases found that the expression of COX-2 is elevated as early as CDR
0.5, and significantly increases between CDR 0.5 and 1.0 cases (16). In light of previous
data, this study strongly suggested that COX-2-related activity may play a significant
role in the conversion from MCI to frank AD dementia. This is particularly interesting
considering the lack of biological markers that represent this most fundamental phase
of AD progression. Further, these data are supportive of a large body of epidemiologi-
cal data showing a protective effect for NSAIDs, a large number of which function by
blocking COX-2.

Other classical markers of inflammation such as cytokine expression and HLA-DR
immunoreactive microglia are also apparent in AD, but only in later, more severe phases
of the disease (CDR 5). These stages are also characterized by extensive oxidative damage
and widespread elevation of upstream and downstream caspases (49). Thus, based on a
collective evaluation of the progression of inflammation in AD as a function of CDR,
it may be the case that COX inhibitors or other NSAIDs will prove successful in early
stages of AD; however, conjunctive treatment with antioxidants and caspase inhibitors
may be more useful in later stages of the disease. The design of drugs that target inflam-
matory cascades specific to each stage of AD will allow us to more precisely address the
progression of this disease and optimize therapeutic efficacy.

3. THE NEED FOR CHARACTERIZING EARLY
INFLAMMATORY CASCADES IN ALZHEIMER’S DISEASE

Although a great deal of clinical and experimental data have been gathered on the
pathologic and inflammatory changes in AD, current clinical investigations of therapeu-
tics aimed at mitigating these changes are having difficulty. For example, a meta-anal-
ysis review of 17 epidemiological studies (17) suggests that anti-inflammatory treatments,
such as NSAIDs and steroids, may decrease the relative risk (RR) for AD by as much
as 50%, and a recent prospective study found that the RR for AD fell with increasing
duration of NSAID use (18)—indicating that 2 or more years of NSAID treatment resulted
in a 50% decrease in RR. However, in a 6-mo study of the NSAID indomethacin (100–
150 mg/d) patients showed only minor improvement on a battery of cognitive tests (19).
Further, this finding could not be reproduced in a study using NSAID compounds such
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as diclofenac–misoprostol (a high dropout rate prevented statistically significant results)
(20) or prednisone (21).

A potential confound responsible for these discrepancies may be that systematic char-
acterization of disease stage by methods such as CDR has only recently begun to receive
needed attention and that the mechanisms of action of the large and diverse class of
NSAID compounds currently available are not fully understood. However, of greater con-
sideration is that the preponderance of epidemiological studies are performed on patients
receiving NSAID treatment well before clinical manifestations of AD are observed. In
contrast, therapeutic studies are conducted on patients with illness that is severe enough
to exceed the clinical detection threshold (CDR 1–2). Thus, this latter case presents a
significantly different pathophysiologic environment than earlier presymptomatic stages
(CDR 0.5) (3) and, as mentioned previously, may require additional/different therapeu-
tic treatment.

Although the underlying profile of neuropathology and inflammation in AD has not
yet been fully elucidated, it is likely that late-stage AD will yield a far more complex
challenge for drug intervention, possibly with less potential for amelioration. Thus, it is
imperative that the influence of inflammatory activity in early AD or cases at high risk
to develop AD is understood, so that effective anti-inflammatory treatment strategies
can be developed for the prevention and/or attenuation neurodegeneration. As with any
disease, therapeutic–preventive intervention is most effective when administered early
in the disease’s progression (Fig. 1).

4. CYCLO-OXYGENASE: A TARGET
FOR NSAIDs IN ALZHEIMER’S DISEASE

Based on the early upregulation of COX-2 in neurons, prior to an elevation of the
cytokines interleukin (IL)-6 transforming growth factor (TGF)- β1 expression (14) (dis-
cussed in Section 1), it has been proposed that the increase in neuronal COX-2 seen dur-
ing the earliest detectable phase of AD dementia (mild dementia; CDR 1) lays a precedence
for later inflammatory neurodegeneration. This is further supported by a great deal of exist-
ing evidence that NSAIDs (most of which block COX) provide a protective effect for AD
and suggests that COX inhibition may be involved in the attenuation of neurodegen-
eration. Thus, there is currently enormous interest in clinical trials of NSAIDs in AD.

The mechanism of action of NSAIDs is not entirely clear, however, it is generally
believed that their effects are attributable to the competitive inhibition of COX cataly-
tic activity and the subsequent reduction of inflammatory PG production. COX exists
in two isoforms that are coded by distinct genes on different chromosomes (22–24).
There is an approx 50% homology between these enzymes, as well as similar catalytic
activities. However, the COX-1 and -2 isoforms are physiologically distinct. For example,
COX-2 is inducible in response to inflammatory signals such as cytokines and lipopoly-
saccharide and is downregulated by glucocorticoids. In contrast, COX-1 expression is gen-
erally constitutive. It appears that the COX-2 isoform is responsible for the mediation
of inflammatory activity, whereas COX-1 maintains housekeeping functions (includ-
ing gastric cytoprotection and platelet aggregation). Further, traditional NSAIDs are
nonselective COX inhibitors, but the effects of these compounds on inflammation are
believed to derive from the inhibition of COX-2 activity, whereas selective COX-1 inhi-
bition is implicated in gastrointestinal, renal, and platelet toxicity (25). Thus, the use of
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newly developed, selective COX-2 inhibitors in AD treatment may hold promise for anti-
inflammatory action and significantly reduce toxicity (25,26).

Major efforts are currently under way to determine whether COX inhibitors can indeed
help control the destructive progression of AD. However, there is a growing number of
candidate NSAIDs with widely divergent activities. In order to optimize drug selection
and clinical trial design, it is vital that NSAIDs are further characterized for their actions
and administered in a manner specific to each clinical phase of AD.

5. NOVEL ROLE(S) FOR NSAIDs IN AD

Several National Institute of Health (NIH)-supported trials are currently investigating
whether selective or nonselective NSAID COX inhibitors delay the onset of AD and/or
provide supplemental treatment for patients with confirmed AD diagnosis. Many indus-
try-sponsored trials of selective COX-2 inhibitors are also targeting individuals with
mild cognitive impairment.

Much of the research on NSAIDs in early AD supports the theory that the COX-inhib-
iting properties of these drugs contribute to their apparent efficacy in protecting against
AD (1). However, a recent study of transgenic mice and cell cultures (27) offers an alter-
native explanation. A study by Weggen et al. found that nonselective, rather than selec-
tive, COX-2 inhibitors slow the production of the fibril-forming β-amyloid (Aβ)1–42,
even in the absence of COX-2 and COX-1 gene expression. Aβ peptides (Aβ1–42, Aβ1–40,
and Aβ1–38, among others) are composite elements of amyloid plaques that are produced
in excess during AD and are believed to be central to AD pathogenesis. It is supposed
that the higher production of Aβ1–42, compared to Aβ1–40, and Aβ1–38, throughout the
progression of AD could be seminal to amyloid (Aβ) plaque formation. Thus, the data
presented by Weggen et al. suggest that NSAIDs, in addition to their anti-inflammatory
activities, may also function by targeting Aβ peptide production. However, it is of note
that these findings were demonstrated to be COX-independent with only one highly
distinct NSAID (sulindac) at very high, and perhaps toxic, concentrations (48). If a mech-
anism for this novel explanation can be identified, a new class of NSAID compounds for
the treatment of AD may emerge.

6. COX-2: A NOVEL TARGET FOR ANTIAMYLOIDOSIS STRATEGIES

In a recent study from our laboratories, we found evidence for a direct link between
COX-2 expression in the brain and AD-type amyloidosis in vivo (12). In this study, mice
expressing neuronal human (h)COX-2 were backcrossed with the APPswe/PS1-A246E
mouse model of AD-type neuropathology. Consistent with previous studies showing a
relationship between COX-2 expression and amyloidosis in AD (10,16,28–30),
we found that neuronal hCOX-2 expression induced a significant potentiation of amy-
loid burden in the brain of 24-mo-old mice (12). Using mass spectrometry proteomic
technology, we found that coincidental with increased amyloidosis, a significant eleva-
tion of Aβ1–38, Aβ1–40, and Aβ1–42 in the brains of COX-2/APPswe/PS1-A246E animals
occurred. These data suggest a novel and direct role for COX-2 in amyloid deposition
(Fig. 2) and indicate that under disease conditions, COX-2 activities may be an ele-
mental therapeutic target. Moreover, it argues for further study of the involvement of
COX in AD pathogenesis. Thus, as discussed, future studies investigating the pharma-
cological relevance of NSAIDs to amyloidosis and the role of COX are necessary in
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order to further clarify the potential efficacy of COX-inhibiting drugs as therapeutic
treatments for AD.

7. COX-2 AND CELL CYCLE ACTIVITIES:
IMPLICATIONS FOR AD INFLAMMATORY NEURODEGENERATION

Recently, components of the cell division cycle have been examined for potential
involvement in AD neuropathology. In support of these investigations, a study from our
laboratory found that expression of the cell division cycle component CDK4 and COX-2 in
hippocampal neurons were coregulated during the clinical progression of AD dementia.

The four phases that comprise the cell division cycle include G1 (growth), S (DNA
synthesis and replication), G2 (growth for cell division), and M (mitosis). The main reg-
ulators of the progression of the cell cycle are the cyclin/cyclin-dependent kinase (CDK)
complexes. The sequential expression/activation of these proteins not only orchestrates
the transition from one phase to the next, but can also serve as a marker of different
stages of the cell cycle (31). The transition of resting cells from the G0 to G1 phase is
controlled by the cyclin D1/CDK4,6 complexes. Activation of these complexes is trig-
gered by mitogenic growth factors and inhibited by the CDK4,6 inhibitor protein (p)18.

An important target substrate for the cyclinD1/CDK4,6 complex is the tumor suppres-
sor retinoblastoma protein (pRb), which is phosphorylated by activated cyclinD1/Cdk4,6.
Recent evidence shows that pRB can also be phosphorylated in response to amyloid
(Aβ)-mediated neurotoxicity (32). Hyperphosphorylated pRb is then released from the
transcription factor complex E2F and can, subsequently, activate genes required for
S-phase transition. We hypothesize that COX-2, which can be induced by aggregated
Aβ peptides (9), may facilitate transition of resting neurons from the G0 phase into G1

Fig. 2. Potential role of COX-2 in AD amyloid plaque generation.
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phase by decreasing the expression of the CDK4,6 inhibitor p18 (33). This activity may
then possibly lead to an unsuccessful attempt to re-enter the cell cycle and, subsequently,
influence caspase activity and neuronal death.

 To explore this hypothesis, we used DNA microarray technology to screen select brain
regions susceptible to AD-type neuropathology in transgenic hCOX-2/APPswe/PS1-A246E
(discussed in Section 6). We found that COX-2 overexpression in these mice resulted in
decreased mRNA expression of the CDK4,6 inhibitor p18 when compared to APPswe/
PS1-A246E transgenic mice. Interestingly, this hCOX-2-mediated decrease of p18
expression was found to be reversible by treatment with the NSAID nimesulide (a pref-
erential COX-2 inhibitor) in the feed of the mice (33). This further substantiated our
hypothesis that COX-2 may facilitate the re-entry of neurons into the cell cycle and pro-
posed yet another potential therapeutic activity for NSAIDs in AD.

Currently, little is known about the role of p18 and other CDK4,6 inhibitors in the
brain. However, given the obvious involvement of COX-2 in the expression of the cell
division cycle components in neurons and the evidence demonstrating modulation of
these responses by NSAID treatment, these studies clearly warrant further examination
of cell division cycle activities in AD.

8. THE ROLE OF COX-2 IN ALZHEIMER’S DISEASE NEUROPATHOLOGY:
A CELL CYCLE CONNECTION?

The search for factors responsible for the formation of NFTs and amyloid plaque
pathology has yielded support for the hypothesis that the cell cycle may play an impor-
tant role in AD neurodegeneration. For example, there is significant accumulation of
mitogenic growth factors (e.g., epidermal growth factor) in amyloid plaques, suggest-
ing that a trigger for re-entry of neurons into the cell cycle may be upregulated in AD.
Interestingly, COX-2, whose expression is also regulated by growth factors and tumor
promoters (34), may represent an important link between amyloid pathology and the
cell cycle.

With regard to neurofibrillary pathology, it has been reported that COX-2 expression
is preferentially elevated in NFT-positive neurons in AD (29) and other neurodegener-
ative disorders (35). There is also in vitro evidence that the cell division cycle molec-
ule CDK 5 actively phosphorylates the microtuble binding protein tau and induces
AD-type NFT formation (36). Although destabilization of microtubules and coinciden-
tal activation of kinases that are able to phosphorylate tau are features of cell division,
we hypothesize that COX-2 by promoting cell cycle activities (described in Section 7)
might also participate in abnormal tau phosphorylation and further influence the clini-
cal progression of AD. This hypothesis is consistent with evidence showing that COX
inhibitors may also arrest the progression of cell division (37).

9. Aβββββ VACCINATION IMMUNOTHERAPY IN ALZHEIMER’S DISEASE

As there is currently no cure or effective treatment for AD, the search for novel ther-
apeutics to combat the disorder is receiving massive attention from both industry and
academia. The most recent therapeutic intervention to show great promise was the Elan
Corporation and American Home Products (Elan) Aβ vaccination immunotherapy. Inves-
tigators at Elan studying neuropathologic changes in a murine model of AD found that
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immunization with β-amyloid (Aβ) peptides could evoke an antibody response that pre-
vented amyloidosis and ameliorated the behavioral impairment characteristic of this
model (38–41). Unfortunately, it was reported in January 2002 that the inflammation
associated with this treatment, although tolerable in animals, exceeded expected poten-
tial and was detrimental to AD-affected humans. In March 2002, Elan indicated that a
number of subjects had developed cerebral inflammation. Upon this observation, the
trial was suspended and patients were immediately treated with anti-inflammatory drugs
that succeeded in taming the inflammatory contraindication. However, these events have
subsequently resulted in the termination of Aβ vaccination clinical trials.

The mechanism of action proposed for this therapy was determined from several
studies of murine models of AD-type neuropathology. Investigators found that both
passive (intraperitoneal injection of prederived Aβ antibodies) and active (ip injection
of Aβ peptides) immunization with Aβ could evoke similar responses. Treatment was
determined to function by activating pro-inflammatory microglial cells through immuno-
globulin Fc receptor signaling, which facilitated clearance and degradation of Aβ plaques
(38,41)—presenting for the first time a potentially beneficial role for features of inflam-
mation in AD. These studies are undoubtedly the most significant leap in understand-
ing the role of Aβ in AD neuropathology over the past decade. However, the induction
of pro-inflammatory cascades [e.g., microglial cytokine synthesis and generation of
free radicals (42)], is little understood, and has been implicated in neuronal injury (43).
Additionally, as discussed throughout this chapter, inflammatory phenomena are char-
acteristic of the pathology of AD. Thus, there are significant concerns about the pro-
inflammatory consequences of Aβ immunization (for discussion, see ref. 2).

Although the current protocol for Aβ immunization will no longer be used in humans,
the data generated have established the dangers of this therapy, and also suggested that
precautionary procedures, such as coadministration of anti-inflammatory drugs, may
not be a straightforward alternative. For example, if the induction of specific cytokines
or other unknown microglial proinflammatory factors are integral to microglial scaveng-
ing of Aβ plaques, the use of anti-inflammatory drugs that interfere with microglial cyto-
kine activity may aberrantly impact immunization-based Aβ plaque clearance. Alter-
natively, more selective drugs that attenuate inflammatory responses not integral to
microglial function may prove to be effective.

Unfortunately, given the abrupt and unexpected failure of this therapy, we can neither
verify positive (cognitive) nor deny additional negative consequences of this treatment
in humans to justify further study. Further, given the irreversible nature of vaccination
of the immune system for a self-protein, it remains difficult to predict whether this treat-
ment will have additional problems in the long term. However, we believe that further
and more extensive laboratory investigation of the actions of this treatment and, potenti-
ally, alternative modes for eliciting similar modulation of amyloid pathology will undoubt-
edly bring us closer to successfully treating AD dementia.

10. NSAID STUDIES IN ALZHEIMER’S DISEASE

In light of the multifarious nature of the data supporting the use of NSAID compounds
for the treatment of AD, it is without question that these compounds will continue to be
evaluated exhaustively. However, because a subset of these compounds is implicated
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in iatrogenic illness, toxicity remains a major roadblock for the study of anti-inflamma-
tory dosages of traditional NSAIDs in AD.

The Alzheimer’s Disease Cooperative Study (ADCS) has opted to study two NSAID-
type regimens that are expected to have substantially less toxic side effects than the
indomethacin and diclofenac regimens previously reported. The first is a new selective
COX-2 inhibitor called rofecoxib. As discussed earlier, COX-2 may be the target of
action of NSAIDs in the AD brain, and because COX-2 inhibitors appear to carry a
reduced risk of serious gastrointestinal toxicity, rofecoxib is a favorable candidate for
therapeutic trials. The second active drug regimen is low-dose naproxen (200 mg twice
daily). Naproxen is a nonselective COX inhibitor and, therefore, carries the risk of tox-
icity at full dose, similar to indomethacin and diclofenac. However, if, in fact, COX-1
is an important target for NSAID action in AD, naproxen may be prove to be more effec-
tive than a selective COX-2 inhibitor because of its actions on both isoforms. It is impor-
tant to note that 200 mg/d is the over-the-counter analgesic dose for this drug, which is
substantially less than the typically prescribed anti-inflammatory dose and may prove
insufficient for altering AD progression. Nevertheless, short-term studies suggest that
this regimen is reasonably well tolerated in the elderly (44) and several epidemiologic
studies suggest that casual use of NSAIDs obtained over-the-counter is sufficiently neu-
roprotective (45). Further, in rodent studies (46), it has been found that systemic admin-
istration of naproxen suppresses COX activity in the brain (47) (indicating effective brain
penetration), further supporting the study of a low-dose regimen (48).

In conclusion, elucidating the role of inflammatory processes has undoubtedly pro-
vided an impetus for further development of anti-inflammatory therapies for AD. How-
ever, there is a critical need to improve the diagnosis of patients in the earliest stages of
the disease so that drug therapies can be administered as early as possible and optimize
their efficacy.
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Inflammatory Mechanisms in Parkinson’s Disease
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1. INTRODUCTION

Although other neurotransmitter systems may also be involved, the primary pathol-
ogy underlying Parkinson’s disease (PD) is damage to and loss of pigmented dopamine
(DA) neurons in the lateral and ventral substantia nigra pars compacta (SN). Whether
inflammation causes, contributes to, or is a minor consequence of DA degeneration in
PD remains undetermined, but there is clear evidence that it occurs, including numer-
ous reports of focal gliosis, which forms extensive SN scars in severe cases of neuron
damage (1–4), as well as increases in classic markers of inflammatory attack.

2. MOLECULAR MEDIATORS OF PARKINSON’S
DISEASE INFLAMMATION

At the molecular level, a wide range of inflammatory mediators has been implicated
in PD pathophysiology. For example, complement proteins C1–C9 and their respective
mRNAs are upregulated in PD compared to normal elderly SN (reviewed in ref. 5). The
proteins are not merely present, but they are fully activated for inflammatory actions,
as indicated by the presence of anaphylatoxin and opsonizing split products (5,6). Our
preliminary data also show that microglia in the PD SN express much more CD11B,
the receptor for the pivotal complement opsonins C3b/iC3b, than do human elderly
control microglia (Fig. 1). The source for complement activation in PD is uncertain. PD
serum antibodies, when injected into rodent SN, cause a significantly greater loss of DA
neurons than control serum antibodies (7), a result that is presumably mediated by anti-
body-dependent complement activation (8). Alternatively, multiple antibody-independent
activators of complement have been demonstrated (9–12), and some of these (e.g., naked
DNA, neurofilaments) (11,12) would be expected to be present as the detritus from
prior DA losses in the PD SN. Whatever its source, complement activation can be one of
the most toxic mechanisms in the inflammatory arsenal and is fully capable of damaging
not only targeted cells but also “innocent bystander” cells (13). Indeed, it has been esti-
mated that if regulation by complement inhibitors such as CD59 were rendered inopera-
tive, spontaneous activation of complement present in the circulation would be sufficient
to lyse virtually every cell in the body in a matter of minutes (S. Meri and U. Helsinki,
personal communication).
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The triad of classic pro-inflammatory cytokines, interleukin-1 (IL-1) (14–16), IL-6 (14),
and tumor necrosis factor-α (TNF-α) (14,16–18), is reportedly increased in PD SN, as is
the transcription factor NF-κB (19), which helps regulate IL-1, IL-6, and TNF-α expres-
sion. IL-6 is also increased in the striatum of mice treated with MPTP (1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine), an animal model of PD (20). Human elderly microglia
express these cytokines in vitro (21) and in PD SN (15). TNF-α-immunoreactive micro-
glia are particularly prominent around intact and deteriorating SN DA neurons in PD,
but are not detected in normal elderly SN (15). Type 1 TNF-α receptors are found on
human SN DA neurons (18). Activation of the TNF-α signal transduction pathway in cul-
tured mesencephalic neurons results in NF-κB translocation, production of oxygen free
radicals, and apoptosis of the cells (19). In addition to the SN, IL-1β, IL-6, and TNF-α
concentrations are elevated in PD cerebrospinal fluid (CSF) (14,22,23), caudate, and
putamen (14). These molecules amplify and sustain inflammatory responses, and are
generally considered to be pathogenic elements in numerous inflammatory disorders
such as rheumatoid arthritis and inflammatory bowel syndrome. Interferon (INF)-γ,
which can modulate glial major histocompatibility complex (MHC) expression (24), mid-
kine, a chemokine mediating chemotaxis and activation of inflammatory cells, and chro-
mogranin A, another activator (25), are elevated in PD SN.

Increased lipid peroxidation and oxidative stress are widely reported in the PD SN
(26–34). Although there are many possible sources for these pathophysiologic processes,
including mitochondrial dysfunction, it is worth remembering that reactive oxygen
and nitrogen species constitute a primary means of attack for inflammatory cells (i.e.,
the respiratory burst). Nitric oxide (NO) reacts with superoxide to form peroxynitrite,
a potent oxidant (35), and glial increases in NO expression are believed to have detri-
mental consequences for compromised neurons (36–39). NO-dependent neuronal (40)
and oligodendrocyte (37) injury has been demonstrated in culture, and inhibition of
inducible nitric oxide synthase (iNOS) improves neuronal survival in mixed primary
rodent (41) and human fetal (40) cortical cultures. Elevated iNOS expression has also
been reported in brain microvessels (42) and neurons bearing neurofibrillary tangles
(49) in Alzheimer’s disease (AD), and in amoeboid microglia in demyelinating multi-
ple sclerosis lesions (37,43,44). Increased iNOS immunoreactivity is observed in ame-

Fig. 1. Relationships of activated microglia (CD11b antibody with black reaction product)
and dopamine neurons (tyrosine hydroxylase antibody with brown reaction product) in normal
elderly control (A) and PD (B) substantia nigra. Control nigra shows only weak immunoreactiv-
ity for activated microglia, whereas immunoreactivity is profuse in the PD nigra. Moreover, in
the PD nigra activated microglia cluster around and on (arrows) deteriorating dopamine neurons.



Imflammatory Mechanisms in Parkinson’s Disease 393

boid microgia in PD but not control SN (4). Because melanogenesis in DA SN neurons
may lead to production of reactive oxygen intermediates, it has been suggested that these
cells may be especially vulnerable to oxidative stress (reviewed in ref. 33).

Prostaglandins are another set of inflammatory mediators that have been extensively
investigated for their potential role in neurodegenerative disorders such as PD. These
molecules are synthesized from arachidonic acid by cyclo-oxygenase (COX), of which
there are two types. COX-I is a predominantly constitutive isoform that is involved
both in inflammation and cellular homeostasis (45), whereas COX-2 is an inducible iso-
form that is upregulated by inflammatory cytokines, mitogens, and reactive oxygen inter-
mediates (46–48). Inhibition of COX in rodent brain protects against ischemic damage
(49,50), kianic acid-induced seizures, and neurotoxicity (51). Cytotoxic effects of COX
are thought to be mediated through reactive oxygen species generated by peroxidase
conversion of prostaglandin (PG)-G, to PGH (50). Reactive astrocytes express COX-2
following damage (52,53), and astrocytes cultured from rodent cortex, cerebellum, and
spinal cord synthesize and release PGD2, PGE2, prostacyclin, thromboxane A2, and PGF2
(54). Neuronal COX-1 and COX-2 immunoreactivity is observed in human elderly SN
(4,55), with no apparent difference in staining when control and PD samples are com-
pared. Likewise, neuronal COX-2 staining remains unchanged after cerebellar kianic
acid (52) or hippocampal bacillus Calmette–Guerin (56) lesions. By contrast, COX-1
and COX-2 immunoreactivity of reactive astrocytes and activated microglia increases
in affected areas under neurodegenerative conditions (52,55), including PD SN (55).

3. CELLULAR MEDIATORS OF PARKINSON’S DISEASE INFLAMMATION

At the cellular level, activated glia, particularly activated microglia, have been widely
implicated as cellular effectors of brain inflammation in a number of neurodegenerative
disorders, including PD (reviewed in ref. 5). Degenerating PD DA neurons are initially
covered by astrocyte processes and surrounded by ramified microglia (4). Subsequently,
astrocyte processes withdraw from the degrading neuronal somata and amoeboid micro-
glia accumulate within the astrocyte envelope (4). The amoeboid morphology is one that
is taken on by microglia when they become highly activated under inflammatory condi-
tions. Notably, the SN is reported to have one of the highest concentrations of microglia
in the brain (57).

The change of glia from resting to activated states could be doubly pathologic, because,
under normal conditions, resting astrocytes and microglia subserve important support
functions for neurons. In culture, for example, medium conditioned either by rodent
astrocytes (58,59) or microglia (60) supports DA neuron survival. These beneficial
functions can even extend, in part, to brain injury. For example, neurotrophic factors
are synthesized by astrocytes cultured from rodent hemiparkinsonian-lesioned brain
(61), and activated microglia express neurotrophic factors and induce DA sprouting in
the injured rodent striatum (62). Hirsch et al. (15) report that DA vulnerability in SN
pars compacta, ventral tegmental area, and the catecholaminergic A8 cell group varies
inversely with the number of astrocytes normally present in each, implying that the more
astrocytes, the more protection of DA neurons (15). Glial-derived neurotrophic factor
(GDNF) administration has protective effects against 6-hydroxydopamine (6-OHDA)
SN lesions at pharmacologic and behavioral levels (reviewed in ref. 63). Transforming
growth factor-β1 (TGF-β1) and TGF-β2 levels are increased in the PD striatum and CSF
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(64–66), consistent with attempts to quench inflammation and to induce new neuritic
growth.

Many of the normal trophic functions of glia may be lost or overwhelmed when the
cells become chronically activated in progressive neurodegenerative disorders, for there
is abundant evidence that in such disorders, activated glia play destructive roles by direct
and indirect inflammatory attack (67–73). For example, virtually all of the inflammatory
mediators that have been shown to be upregulated in PD SN can be produced by glia,
especially activated microglia (21; reviewed in refs. 5 and 73). Activated microglia also
express Fc receptors, CD4 antigen, and MHC classes I and II antigens (3,74–77). Both
astrocytes and microglia in culture can generate the calcium-independent, readily in-
ducible form of nitrogen oxide synthase (iNOS) (40,78–80). In turn, iNOS is upregu-
lated following exposure to various cytokines (81), many of which are elevated in PD
SN. Knott and colleagues (55) have characterized the cellular sources of iNOS in human
elderly control and PD SN, first demonstrating that process-bearing iNOS immunoreac-
tive cells in both conditions colocalized either with a glial fibrillary acidic protein (GFAP)
marker for astrocytes or an EBM II marker for microglia. In control SN, the percentage
of iNOS-immunopositive astrocytes and microglia was less than 10–20% of the glial pop-
ulation. In PD SN gliotic foci, however, amoeboid microglia surrounding fragmented
neurons were found to be the major iNOS-immunoreactive cell type. Virtually all these
cells were positive for iNOS, as previously shown by Hunot et al. (82). In contrast, the
astrocyte contribution to total glial iNOS was small, consistent with findings in culture that
microglia produce more NO per cell than astrocytes (36).

Smeyne et al. (83) used novel chimeric murine SN cultures to show that C57Bl/6J and
SWR/J neurons were significantly more sensitive to the effects of MPTP when cocultured
with C57Bl/6J glia than SWR/J glia, suggesting to the authors that glia are a critical
cell type in the genesis of experimental parkinsonism. Lipopolysaccharide (LPS) activa-
tion of astrocytes reportedly causes extracellular accumulation of hydrogen peroxide,
glutamate, and NO (84), and enhances neurotoxicity to MPTP (85).

4. INFLAMMATORY MECHANISMS IN ANIMAL MODELS
OF PARKINSON’S DISEASE

At the whole animal level, MPTP treatment has been shown to result in a wide range
of inflammatory responses (86), including enhanced production of IL-6 (20), lipid per-
oxidation (31,32), generation of reactive oxygen intermediates (31,87), activation of
microglia (88,89) and astrocytes (90–94), upregulation of endothelial ICAM (90), acti-
vation of the c-Jun N-terminal kinase (JNK) pathway (95–97), and infiltration by CD4+
and CD8+ lymphocytes (90). Conversely, specific COX-1 and COX-2 inhibitors (98),
aspirin (99), and sodium salicylate (99,100) have been found to block MPTP-mediated DA
depletion and motor deficits. 6-OHDA lesions of the SN also result in cytokine upreg-
ulation (101), lipid peroxidation (34,102), generation of reactive oxygen species (103),
and microglial activation/proliferation (104).

Perhaps one of the most compelling studies of PD SN inflammation is the demonstra-
tion that a single injection of LPS into rodent SN activates microglia/macrophages and
induces selective death of SN DA neurons and depletion of DA and its metabolites with-
out significant damage to serotonergic, cholinergic, or GABAergic neurons or their neu-
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rotransmitter products. The loss of DA function is still detectable 1 yr postinjection (105).
Lu et al. (106) injected LPS just above the rodent SN and observed widespread SN glial
activation followed by death of SN neurons. The importance of these findings and those
on amelioration of PD symptoms by anti-inflammatory drugs cannot be overemphasized,
as they suggest that PD inflammation is pathogenic rather than a mere detritus-clearing
process. Moreover, these studies demonstrate that inflammation selectively targets the
DA system, a specificity that is not encountered in any other neurodegenerative disorder.

5. MECHANISMS FOR INFLAMMATORY ATTACK ON DA NEURONS

From this brief review, it is clear at multiple levels of analysis that inflammation
targets DA neurons in the PD SN. Four relatively global possibilities might be consid-
ered in attempts to account for this phenomenon. The first and most obvious is simple
detritus removal; that is, when cells of the body sustain damage and die, innate inflamma-
tory responses arise to remove the detritus. The brain is no exception, as has been amply
documented in a number of neurodegenerative disorders. Because DA neurons are spe-
cifically vulnerable in PD, inflammatory mechanisms may naturally be directed toward
DA neurons or their remnants. Although this view relegates PD SN inflammation to an
effect of the specific vulnerability of PD DA neurons, rather than a cause of such vulner-
ability, it may still have substantial pathogenic relevance for two reasons. First, the inflam-
matory mechanisms that are invoked to remove detritus may sometimes cause secondary
bystander damage. This is typically not a problem in organ systems where new cells can
rapidly replace those that have been inadvertently damaged by the inflammatory response,
but it is a difficult problem for the nervous system. Second, novel interactions of inflam-
matory mediators with pathologic elements of various neurodegenerative disorders have
been observed. Nearly a dozen pro-inflammatory molecules in AD, for example, have
been found to bind amyloid β peptide (Aβ) and to alter its tertiary structure, its metab-
olism, or both (reviewed in ref. 73). In multiple sclerosis, certain components of myelin
have been reported to activate complement in an antibody-independent fashion (107).
Thus, the initiation of innate inflammatory mechanisms at sites of neuron damage in
the context of detritus removal can be seen to carry with it the inherent risk of causing
further damage through “innocent bystander” mechanisms and through unexpected inter-
ractions of inflammatory molecules with pathologic elements characteristic of the neuro-
degenerative disorder. These problems may be further compounded by the fact that the
activation of glia from their resting states deprives neurons of nurturing or protective fac-
tors generated by the resting glia.

A second possible explanation for the selective inflammatory attack on SN DA neurons
in PD is that PD SN DA neurons may possess some novel attribute that invites the
attack. Such a mechanism is strongly suggested by the finding that a single injection of
the inflammatory stimulant LPS into rodent SN results in loss of DA markers but not
markers for other SN neurotransmitters (105). Moreover, LPS stimulation in rodent SN
appears to cause pronounced astrocytic reactivity and microglial activation that colocal-
izes with DA neurons (105,106), consistent with the glial responses observed in the PD
SN (4,5). Although it is possible that LPS directly damages DA neurons and therefore
stimulates inflammatory attack in the context of detritus removal, we have not seen any
direct toxicity of LPS on neurons in our cell culture models, nor do we know of any reports
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of direct LPS neurotoxicity in the literature. A more parsimonious explanation for the
collective findings from animal models is that DA neurons possess or secrete some
novel factor or factors that invites inflammatory attack by activated microglia and/or
reactive astrocytes.

A novel attribute mechanism may also extend to PD glia; that is, there may be some
novel, inherent difference in PD SN astrocytes and/or microglia that leads them to attack
DA neurons under conditions where normal elderly glia would not do so. Superficially,
one might suspect that this attribute(s) would arise only after the astrocytes have become
reactive and/or the microglia have become activated; otherwise, damage to DA neurons
would begin at birth (when glia are presumably unactivated) and continue throughout
life. However, PD can strike as early as the twenties and the activation state of glia in PD
patients prior to the onset of clinical symptoms is not known. Moreover, because resting
microglia and astrocytes are well established to play important supportive roles for neu-
rons in the normal brain, it could be that some constitutive defect in normal PD SN glia
makes them less able to nurture DA neurons. To our knowledge, none of these possibil-
ities has been previously explored.

A fourth possible mechanism for selective inflammatory damage to PD SN DA neu-
rons is that various inflammatory toxins are generated in the PD SN without specific
targets, but DA neurons are more vulnerable to these toxins than other cells (108). In this
view, the inflammatory attack itself is not selective; rather, selectivity is the byproduct
of a heightened sensitivity to inflammatory attack on the part of DA neurons. For exam-
ple, melanogenesis in SN DA neurons may increase their susceptibility to oxidative stress
(33). Alternatively, rodent SN DA neurons are not pigmented, yet they are still selec-
tively lost after stimulation of inflammation by LPS (105,106). Special vulnerability
of DA neurons to inflammation may also not adequately explain glial distributions in the
PD SN. Inflammatory attack in the PD SN must be mounted by glia, either through secre-
tion of toxic intermediates or by direct cell–cell interactions, both of which require prox-
imity for selective operation. PD SN glia do indeed specifically cluster around DA neurons,
but not other SN neurotransmitter phenotype neurons, a selective chemotaxis that is
unexplained by the hypothesis of heightened DA vulnerability to inflammatory attack.
Even if DA neurons are ultimately more susceptible, some novel attribute of DA neurons
must draw activated glia specifically to them before their hypothetical heightened vulner-
ability to attack becomes a factor. These and other scenarios to explain the relationship
between PD inflammation and PD DA loss warrant substantial further research.

6. COMPARISON OF PARKINSON’S DISEASE
AND ALZHEIMER’S DISEASE INFLAMMATION

The molecules, cell types, and mechanisms that mediate inflammation in PD and AD
appear to be highly similar, with the main difference being that AD inflammation research
has been ongoing for many more years, permitting an even more expansive list of players.
Complement, cytokines, chemokines, inflammation-related growth factors, inflamma-
tion-related transcription factors, microglia, and astrocytes have all been implicated in
both disorders (for a complete review in AD, see ref. 73). The underlying cause of the
symptoms of PD and AD is neuron and neurite loss, both of which occur over a disease
course that can last a decade or more and which have pathologic antecedents that arise
many years prior to the onset of clinical signs. Just as the basic principles that charac-
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terize peripheral inflammatory attack can typically be applied to inflammation in AD, so,
also, many of the lessons learned in AD may help inform research into PD inflammation,
and vice versa.

What perhaps distinguishes PD and AD inflammation most are their initiating stimuli
and eventual targets. In AD, Aβ deposits and neurofibrillary tangles represent chronic,
highly insoluble, β-pleated, abnormal protein aggregates—classic qualities for stimulat-
ing inflammation. Consistent with this, the inflammatory molecules and cells in AD
brain virtually always find their highest concentrations or reactivity associated with
Aβ and tangles. Clusters of MHCII immunoreactive microglia within Aβ deposits, for
example, were the first indication that inflammation might be occurring in AD (109,
110), and the full range of classical pathway complement molecules can be visualized
in adjacent sections of a single Aβ plaque (112). Neighboring neurites are most likely
attacked as innocent bystanders in AD, with little known specificity for the neuron types
that are damaged. By contrast, PD inflammation appears to specifically target DA neu-
rons. Although Lewy bodies do constitute abnormal, relatively inert aggregates in PD,
a glial and inflammatory focus clearly extends to SN DA neurons that do not exhibit
overt Lewy body inclusions.

7. SUMMARY AND CONCLUSIONS

There is now compelling evidence at molecular, cellular, and whole animal levels
that inflammation plays at least some pathophysiologic role in PD. This would not be
inconsistent with many of the putative etiologies of PD such as repeated head trauma,
central nervous system viral infections, and even environmental toxins such as MPTP,
all of which have been shown to have inflammation as one of their final common denom-
inators. Given recent results from animal models of PD, it may soon be time to enter-
tain clinical studies with anti-inflammatory drugs to delay the onset or, as an adjunct to
existing symptomatic treatments, slow the progression of PD.
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1. INTRODUCTION

Disturbances in mitochondrial energy metabolism, oxidative stress, and microglial
activation, among others, are common to neurodegenerative disorders (1). Recently,
accumulating data indicate the possible involvement of the immune system in the patho-
genesis of neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s dis-
ease, multiple sclerosis, amylotrophic autoimmune scelerosis (ALS), and so on (2–5).
In some cases, neuronal cell death induces inflammatory responses, and in other cases,
inflammation itself results in neuronal cell death. 3-Nitropropionic acid (3-NP), a mito-
chondria toxin that irreversibly inhibits succinate dehydrogenase (SDH), induces an acute
encephalopathy targeting primarily the striatum whose symptom is similar to those of Hunt-
ington’s disease. 3-NP encephalopathy is characterized by striatum-specific lesions,
inflammatory responses, and gender-related difference in vulnerability (6–11). Thus, the
3-NP model of Huntington’s disease seems to be a good model for studying the interre-
lation between inflammation and neurodegeneration. In this chapter, neuroinflamma-
tory components of the 3-NP model of striatal neurodegenaration will be discussed.

2. BEHAVIORAL SYMPTOM IN 3-NP INTOXICATION

An acute encephalopathy after ingestion of mildewed sugar cane was observed from
1972 to 1989 in China (12–14). Mildewed sugar contains Arthrinium fungus that has
aliphatic nitrotoxin (3-NP) (Fig. 1). People who accidentally ingested 3-NP manifested
signs of an acute encephalopathy (headache, convulsions, opisthotonus, dystonia, somno-
lence, coma). Among 884 cases of the encephalopathy, 88 died and bilateral necrosis
of the basal ganglia was detected in these victims (14).

Animal models of 3-NP intoxication demonstrate a similar selective lesion in the
striatum as well as motor symptoms resembling those of Huntington’s disease. There is
a species difference in vulnerability to 3-NP. Rats are susceptible (LD50: 25–26 mg/kg),
but mice are quite resistant to the toxin (15). A single administration of 3-NP (20 mg/
kg, sc) to adult rats induces no abnormal behavior except a reduction in motor activity,
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but the second administration of same dose on the second day induces motor symptoms
(catalepsy, lip smacking, abnormal gait, paddling, opisthotonus, rolling, somnolence, dys-
pnea, coma) in about one-third of animals (8). The female siblings or young rats are rather
resistant to the intoxicaton (9). Chronic intoxication with 3-NP also induces striatal-spe-
cific lesions accompanying abnormal choreiform movement and asthenia in lower limbs
but without acute motor symptoms. Inflammatory or immune responses are also evident
in the chronic model (6,16,17).

3. STRIATAL LESIONS

3.1. Magnetic Resonance Imaging

Following the second administration of 3-NP (20 mg/kg, sc), no marked changes were
detected in the T1-weighted magnetic resonance image (MRI). However, during the 3–5
h after the second administration, the signal intensity of the T2-weighted image of both
striata was higher in 3-NP-treated animals than that of controls. The diffusion-weighted
image demonstrated more distinct hyperintensity in both striata for 3-NP-treated animals,
suggesting striatal edema (8).

3.2. Extravasation of IgG

When the dysfunction of the blood-brain barrier (BBB) was monitored by the extra-
vasation of immunoglobulin G (Ig G), no IgG immunoreactivity was detected in sections
made 24 h after the single administration of 3-NP. However, 2–3 h after the second admin-
istration of 3-NP, small immunoreactive deposits were detected in the lateral half of the
striatum, particularly around vessels (Fig. 2A–C). During the 5–8 h after the second admin-
istration, the IgG immunoreactivity became stronger and extended to almost the entire
striatum (except the medial end) (Fig. 3B) and the IgG immunoreaction was also detected
in hippocampal CA1 to CA3 and the thalamus (8).

3.3. Astrocytic Cell Death

 When the histological damages were investigated using immunocytochemistry and
TUNEL, during 2–3 h after the second administration of 3-NP, GFAP immunoreactive
astrocytes were not visible in the center of the striatum (Figs. 2D and 3C), but they were
present in normal fashion in other areas. MAP2 immunoreactive soma and dendrites

Fig. 1. Chemical structure of 3-NP and the action point of 3-NP as a mitochondria toxin that
irreversibly inhibites succinate dehydrogenase.
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Fig. 2. Striatal extravasation of IgG at 3 h after the second administration of 3-NP (20 mg/
kg, sc). (A) IgG immunoreactive dots distributed in bilateral striata especially in centrolateral
part; (B) IgG immunostaining figured out small branches of the lSTR artery, suggesting the inva-
sion of IgG under the endothelial sheet. The extravasation of IgG has already started (arrow-
heads). (C) Higher magnification of (A). (D) At this moment, GFAP-positive astrocytes are already
lost in the parenchyma of the striatum but remained among the fiber bundles. (A–C) IgG immu-
nostaining; (D) GFAP immunostaining. (From ref. 11.)

were present in apparently a normal amounts in all areas of the brain, including the stria-
tum. TUNEL staining was negative in all areas of the brain at this early stage. However,
1 wk later, TUNEL-positive cells were visible around the lesions in the striatum and in
the CA1 pyramidal cell layer but not in others (8).

Ultrastructural analysis revealed a more precise mechanism of cell damages in the
striatum (Fig. 4). One hour after the second administration of 3-NP, a marked edema in
astrocytic soma and end-feet, endothelial cells, and pericytes was observed (Fig. 4C).
Mitochondria in these structures became enlarged and spherical, lost their cristae, and,
finally, ruptured. Myelin sheaths became rough and irregular; however, synaptic struc-
tures were less damaged. On the other hand, no detectable ultrastructural abnormalities
were found in endothelial cells nor astrocytes in sections from the cortex (Fig. 4D,E).
Similar but milder deficits in astrocytic end-feet but not in endothelial cells were detected
in hippocampal CA1 after the third administration of 3-NP (Fig. 4F). In short, 3-NP
intoxication results in severe damages in striatal artery (endothelial cells and astrocytic
end-feet), milder damages in arteries of hippocampal CA1, and no damages in cortical
arteries (8).



408 Hida, Baba, and Nishino

4. STRIATAL-SPECIFIC LESIONS

As discussed earlier, an acute strong intoxication with 3-NP induces BBB dysfunction
in the striatum, in hippocampal CA1–CA3, and in the thalamus. However, an acute
milder or chronic 3-NP intoxication results in striatum-specific lesions. Why does sys-
temically administered 3-NP result in striatum-specific lesions? The specificity would
be a composite of various vulnerabilities specific to the striatum.

4.1. Glutamate Excitotoxicity

The striatum is the only region where massive glutamatergic inputs and massive dopa-
minergic inputs converge. Glutamate and dopamine are important neurotransmitters in the
brain, but once released concomitantly in excess, they act as potent neurotoxins (18,19).

Striatum-specific lesions have been identified in chronic 3-NP intoxication models
(14,16,20,21). Medium-sized spiny neurons are more vulnerable to the toxin than aspiny
NADPH-diaphorase-positive neurons or large cholinergic neurons. It is proposed that
a subtle impairment of energy metabolism results in slow (secondary) excitotoxicity of
neurons (16,20,22,23). Prior ablation of the unilateral dorsal cerebral cortex had a little
effect on the size of strital damage, but prior ablation of a wide area of the lateral cerebral
cortex, resulting in the ablation of glutamatergic input to the lateral striatum, suppressed

Fig. 3. Hematoxylin and eosin (H&E)-stained and immunostained sections from an animal
for 1 wk without displaying any behavioral abnormalities. (A) H&E staining revealed striatum
selective lesions with invasion of densely stained cells (neutrophils); (B) IgG extravasation;
(C) loss of GFAP-positive astrocytes in the center and gliosis on the margin of the striatal lesion.
(A) H&E staining; (B) IgG immunostaining; (C) GFAP immunostaining. (From ref. 11.)
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striatal damages induced by 3-NP (11). It is reported that the expression of prostate apop-
tosis response-4 (Par-4), containing both a death domain and leucine zipper domain,
that has been linked to apoptosis by various insults has been increased rapidly following
administration of 3-NP. Par-4 acts upstream of caspase-3 activation in the cell death
mechanism (24). Recently, it has been reported that 3-NP intoxication produces a long-
term potentiation (LTP) of the NMDA-mediated synaptic excitation in striatal spiny
neurons, and the LTP involves increased intracellular calcium and activation of mito-
gen-activated protein (MAP) kinase and extracellular-regulated kinase (ERK) and is
critically dependent on endogenous dopamine acting via D2 receptors (25).

Fig. 4. Electron micrographs showing ultrastructural damage around capillaries in the stria-
tum (A,B,C), cortex (D,E) and CA1 (F) after 3-NP administration. (A) control rat; (B) 24 h
after the first injection of 3-NP; no damage of endothelial cells, astrocytic end-feet, or neigh-
boring structures was observed; (C) 1 h after the second injection. Extensive damage of astro-
cytic end–feet, endothelial cells and pericytes was seen. Mitochondria became enlarged, lost
cristae, and ruptured. Less damage in neurons, myelin and synapses was observed. (D,E) One
hour after the second and third injections, respectively. Astrocytic end-feet were normal and no
damage was detected. (F) One hour after the third injection. Astrocytic end-feet and pericytes
were moderately swollen but mitochondria were still retained by the cells. Bars = 1 µm. (From
ref. 8.)
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Thus, abundant data suggest that the glutamatergic excitotoxicity is the most plausi-
ble explanation underlying 3-NP-induced striatal neuronal death. However, other studies
have yielded variable results on the protection of glutamate antagonists against the toxic
effects of 3-NP (26–28).

4.2. Dopamine Toxicity

The striatum is most heavily innervated by dopaminergic inputs. Coactivation of D1
and D2 receptors results in activation of phosphlipase A2 (29) and leads to arachidonic
acid formation and subsequent cascade, resulting in the production of prostaglandins
and radicals (30). Oxygen radicals are also produced by oxidation of dopamine (18).
Depletion of dopaminergic inputs to the striatum attenuates striatal cell death follow-
ing global ischemia (31). Striatal lesions caused by 3-NP appear mainly in the centro-
lateral but not the medial part of the striatum, where D2 receptors are densely distributed
(32). These observations prompted us to consider the involvement of dopaminergic toxic-
ity in 3-NP-induced selective striatal damages.

Treatment of rats with a D2 agonist (quinpirole, 5 mg/kg) 15 min before each admin-
istration of 3-NP results in a decrease in incidence of motor symptoms, whereas pre-
treatment with a D2 antagonist (sulpiride, 80 mg/kg) results in an increase of motor
symptoms. Damages in astrocytic end-feet, which cover cerebral vessels to establish the
BBB, were attenuated and the extravasation of IgG was attenuated by the pretreatment
with quinpirole.

The pattern of expression of D1 and D2 receptors varies among output neurons of
the striatum (33–35). D2 receptors on dendrites and axon terminals of dopaminergic neu-
rons play a key role in the autoregulation of dopamine activity and dopamine release
(35). D2 receptors on corticostriatal terminals are involved in presynaptic inhibition of
glutamate release (36,37). Thus, the decrease in incidence of motor symptoms and the
attenuation of IgG extravasation following quinpirole treatment would be related to the
suppression of dopamine overflow or overexcitation, whereas the potentiation by sul-
piride could be explained by the enhancement of excitation. A moderate increase of dop-
amine and metabolites in striatal dialysates was detected for several hours following a
single administration of 3-NP although no behavioral disturbances were detected. How-
ever, following the second administration, dopamine and metabolites increased within
a few hours and accompanied motor symptoms. Thus, the increase in dopamine con-
centration and its turnover closely parallels behavioral disturbances (8).

4.3. Vulnerability of the Lateral Striatal Artery

Striatal lesions induced by 3-NP are located at the centrolateral part of the striatum
and distal from the medial end of the structure. As mentioned earlier, the centrolateral
part of the striatum is innervated by abundant glutamatergic as well as dopaminergic
inputs. However, we must also consider that this area of the striatum is fed by the lateral
striatal artery (lSTR-A). At the earliest stage of the striatal damage, when no signifi-
cant damages are yet found in neurons and glias, small deposits of IgG appear just around
capillaries and small branches of the lSTR-A. This means that dysfunction of the BBB of
the lSTR-A marks a critical period for the striatal damage induced by 3-NP (11,38,39).

The lSTR-A arises from the middle cerebral artery and feeds the centrolateral part
of the striatum. It has a high intraluminal pressure and a large diameter with a rather thin
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wall; thus, the resting tension on the wall of this artery is always high (Laplace law).
Moreover, the lSTR-A often has acute angled or rectangled branches, which are hardly
observed in other areas of the brain except the hippocampus and ventral pons (9). In
such branching areas, the blood flow would be slowed down, and a nonsteady turbulent
flow would be expected, perhaps exposing the endothelial cells to stress. Thus, the
lSTR-A may be exposed to a stressful condition even at the resting state. Accordingly, in
a stressful state such as at 3-NP intoxication, ischemia, hypertension, and so forth, it is
possible that the endothelial cells of the lSTR-A would be damaged most easily.

The lSTR-A, a perforate artery, is called an apoplexy artery that often causes functional
disturbance leading to cerebral bleeding (putaminal bleeding) or lacunar infarction in
human. The incidence of cerebral bleeding is highest with this artery and exhibits a
significant gender difference (11).

5. INFLAMMATORY COMPONENT

Amyloid angiopathy with vascular damage and inflammatory changes are hallmarks
in the brain of Alzheimer’s disease victims. In an experiment using the mesenteric
artery, it has been found that the vascular actions of β-amyloid are distinct from the neu-
rotoxic properties of the peptide and were prevented by the free-radical scavenging
enzyme (SOD) (40). In this model, circulating β-amyloid interacts with receptor sites
on endothelial cells and leukocytes, resulting in the generation of reactive oxygen spe-
cies (ROS). Then, the superoxide radicals would interact with NO to generate peroxy-
nitrite, which leads to peroxidation and membrane degeneration, resulting in an increase
in the BBB permeability (40). In the cerebral vessel, induction of NO and cytokines
alters the permeability of the BBB, increases the expression of intracellular adhesion mole-
cule (ICAM)-1 and LFA-1, and induces another adhesion molecule vascular cell adhe-
sion molecule [VCAM]-1) on endothelial cells and glial cells (41).

Nitric oxide is normally metabolized to nitrate and nitrite; thus, the measurement of
NOx (nitrate and nitrite) level will provide clues on the approximate rate of NO metab-
olism. When the extracellular concentration of NOx is measured using in vivo micro-
dialysis in 3-NP-administered animals, it has been found that the NOx level is higher
in the striatum than in other parts of the brain (thalamus or cerebellum) at both basal
(before 3-NP administration) and trailing (recovery phase after 3-NP administration)
levels. Drug-responsive animals (rats that exhibited motor symptom following the sec-
ond administration of 3-NP) had a higher striatal NOx level than non-drug-responsive
animals (rats that had no motor symptoms following the second administration of 3-NP)
(42,43). A parallel study from our laboratory revealed that an overexpression in eNOS
message following the second administration of 3-NP was unique to the striatum and
was not detected in other regions, suggesting selective derangement of the lSTR-A by
3-NP (10). These data suggest that a high turnover in NO metabolism would underlie the
striatal specific damages by 3-NP. NO is a biological messenger and neurotransmitter,
but excessive NO is capable of disrupting the BBB permeability (44).

A similar result has been reported in two other neuropathological animal models.
Free-radical production in vascular endothelial cells and inflammatory responses in peri-
vascular microglia accompany the selective neuronal death induced by thiamine defici-
ency (44). Thiamine deficiency increases ferritin immunoreactivity in the wall of capillaries
and larger vessels within the areas of neuronal damage and BBB breakdown but not in
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nonvulnerable areas. These data support the hypothesis that in thiamine deficiency,
vascular factors constitute a critical part of a cascade of events leading to increases in BBB
permeability to non-neuronal proteins and iron, leading to inflammation and oxidative
stress. In the MPTP model of Parkinson’s disease, microglial and astroglial reactions
have been found around impaired neurons. Recently, an immune reaction including lym-
phocytic infiltration in the substantia nigra and striatum and an elevated MHC class I and
II antigens expression on microglia were reported. In this model, ICAM-1 expression
increased on the endothelial cells and appeared on microglia in the injured regions. Treat-
ment with dexamethasone inhibited these immune responses and neuronal impairment,
suggesting that an immune mechanism may contribute to the neuronal damage follow-
ing MPTP administration (45).

As was described earlier, the dysfunction of the BBB in the centrolateral part of the
striatum is a unique feature of the 3-NP intoxication model. Complements and other bio-
logically active substances enter the central nervous system (CNS) from the plasma when
the BBB is damaged (46), but, in many instances and particularly in neurodegeneration,
complement proteins and activation products are found in the CNS despite the presence
of an apparently intact BBB (47,48). These findings lead to the proposal that local bio-
synthesis of complements may occur within the CNS and that local production of comple-
ments is a driving force in neurodegenerative diseases (49–52). In the CNS, both micro-
glias, which are macrophage derived and most abundantly located in the substantia nigra
(53), and astrocytes, the major glial cell in the CNS, have the capacity to produce some
complements. In an inflamed CNS, astrocytes may produce all of the components neces-
sary for the generation of a complete lytic complement system (49).

The neuroprotective properties of cyclosporin A, an immunosuppressant, are medi-
ated by its ability to prevent mitochondrial permeability transition during exposure to
a high level of calcium or oxidative stress. Under conditions, in which cyclosporin A
can gain access to striatal neurons through disruption of the BBB, significant neuropro-
tection from 3-NP toxicity was observed (54).

In our previous studies, an expression of iNOS, which corresponded with IgG extrava-
sation, was detected, and an expression of complements and complement receptors (C3bR
and C4bR) was also detected in the centrolateral striatum of 3-NP-intoxicated animals
(6–8). Pretreatment with N-nitro-L-arginine methyl ester (L-NAME) along with each
administration of 3-NP did not improve the behavioral disturbances but attenuated the
extravasation of IgG as well as iNOS immunoreactivity. Pretreatment with aminoguan-
idine or FK506 attenuated the behavioral symptoms, extravasation of IgG and expression
of iNOS immunoreactivity, and reduced the striatal damages (7). Thus, in the pathophys-
iology of the 3-NP intoxication (striatum-specific lesions), NO production, eNOS/iNOS
expression and involvement of immune/complement system are strongly suggested.

6. SUMMARY

Systemic administration of 3-NP induces striatum-selective lesions and motor symp-
toms similar to those of Huntington’s disease. The striatal-selective lesions would be a
composite of striatum specific vulnerabilities: glutamatergic excitotoxicity, dopaminer-
gic toxicity, vulnerability of the lSTR-A, and inflammatory/immune response (Table 1).
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Thus, the 3-NP-intoxication model might offer useful clues for understanding the inflam-
matory aspects and the role of the immune/complement system in the pathophysiology
of brain insults.
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Experimental Autoimmune Encephalomyelitis

Hans-Peter Hartung and Bernd C. Kieseier

1. INTRODUCTION

Much of our present understanding of the pathogenesis in multiple sclerosis (MS)
and other disorders of the central nervous system (CNS) is based on information gained
through studying experimental animal models. Whereas the investigation of human tis-
sue samples—obtained by biopsies or postmortem—can provide only a focused view at
one given time-point in the disease process of which the precise pathobiological history
cannot be ascertained, such animal models offer an excellent tool to study the pathogen-
esis and evolution of the entire course of the disease.

Experimental autoimmune (allergic) encephalomyelitis (EAE) is one of the most inten-
sively studied models in immunology and has contributed profoundly to our understand-
ing of autoimmunity in general and helped to clarify basic aspects of neuroimmunology,
such as immune surveillance in the nervous system, physiological regulation of inflam-
mation, and effector mechanisms of neural damage.

Histomorphologically, EAE is characterized by inflammation, demyelination, and
axonal damage, and therefore is used widely as an animal model for MS (1).

2. HISTORICAL ASPECTS OF EXPERIMENTAL
AUTOIMMUNE ENCEPHALOMYELITIS

Experimental autoimmune encephalomyelitis was first described in 1933 by Rivers
and co-workers, who induced inflammatory demyelinating lesions after active immuni-
zation with brain tissue in monkeys and rabbits (2). In the following 50 yr basic biolog-
ical concepts and detailed pathological analysis of this model disease were established
and this disorder was assigned to the class of cell-mediated immune reactions, primarily
driven by CD4+ Th1 lymphocytes (3). During this time, it also became obvious that macro-
phages found within the lesion do not just represent intrinsic CNS phagocytes or micro-
glia cells responding to tissue destruction by cleaning up debris; in fact, macrophages
were identified as primary cells of tissue destruction, an observation constituting a fun-
damental shift in the understanding of cellular immunobiology of the central nervous
system at that time.

In the mid- and late 1950s, the discovery of single homogenous proteins of myelin as
effective encephalitogens was initiated (4,5). In the following 40 yr, various encephalito-
genic proteins have been identified. Moreover, the in vitro generation of T-cell lines



346 Hartung and Kieseier

against individual proteins and their peptides as specific epitopes in the induction of the
disease paved the way to the identification of putative autoantigens. It also became obvi-
ous that the distribution and character of lesions vary with different encephalitogens (6).

Genetic studies in EAE started in the early 1970s and identified major histocompati-
bility complex (MHC) class II as a major susceptibility gene locus. However, the gene-
tic determinants of immune regulation still remain elusive at present.

The 1980s and 1990s were dominated by detailed analysis of cell subtypes and immune
mediators, such as cytokines, complement components, or antibodies, in the pathogen-
esis of the disorder (7). On the one hand, these studies revealed the complexity of immune
mechanisms relevant to the course of the disease in greater detail; on the other hand,
the increased understanding of cell-specific responses during the disease course and the
discovery of regulatory capacities of Th2 type cytokines opened, at least theoretically,
new avenues for specific therapeutic intervention (8,9).

During the last 15 yr the availability of transgenic and gene knockout animals facili-
tated the possibility to obtain deeper insights into the specific immunopathogenic functions
of distinct immune mediators. However, the initial euphoria that deletion or overexpres-
sion of a specific gene of interest could answer many remaining questions on functional
aspects in the pathogenesis of inflammatory demyelination has already given way to a
more critical view of such animal models.

3. ACUTE EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS

Experimental autoimmune encephalomyelitis can be reliably elicited in a number of
different species by immunization with either CNS tissue or CNS myelin in complete
Freund’s adjuvant (10). This type of model is termed actively induced or active EAE
because an active immune response in the recipient animal is required to cause the disease.

Alternatively, EAE can be induced by the transfer of large numbers of primed T-lym-
phocytes from actively immunized animals to the untreated recipient (11). This transfer
of lymphoid cells from an immune donor to a normal syngeneic recipient is termed “adop-
tive transfer.” Such cell transfers must take place between genetically identical donors
and recipients, such as members of the same inbred strain of rodents, so that the donor
lymphocytes are not rejected by the recipient. In the context of inflammatory demyelina-
tion of the CNS, this model disease is termed “adoptive transfer EAE (AT-EAE)” and
it provides conclusive proof of the pivotal role of T-lymphocytes in this group of dis-
orders (see Fig. 1).

The striking advantage in studying animal models is the synchronous course of a dis-
ease that can be examined at various time-points. This advantage becomes even more
valuable in the evaluation of new therapeutic strategies (12). Whereas in clinical trials
hundreds of patients need to be included in order to provide statistically significant effects,
experimental therapies can be evaluated in the inbread rodent models with only some 6–12
animals per treatment group, depending on the antigen and strain of rodent used, the
mode of immunization, and the respective treatment (13).

The full neurological picture of EAE requires formation of round-cell infiltrates that
are composed of autoreactive activated T-cells, nonspecifically recruited CD4+ T-lym-
phocytes, and activated macrophages (14). Depletion of macrophages in susceptible
rodents interferes with the induction of EAE by active immunization of T-cell transfer
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(15). Furthermore, EAE variants with a fulminant course are characterized by a high
content of activated macrophages in the CNS infiltrates, whereas those with mild disease
have infiltrates with remarkably few activated macrophages (6).

3.1. EAE in Lewis Rats

Lewis rat EAE is a monophasic disease. After immunization, weight loss represents
one of the earliest markers of the disease, followed by neurological deficits, which can
be quantitated on predefined scales. In AT-EAE, maximum disease severity is normally
found 3–4 d after the intravenous injection of encephalitogenic T-lymphocytes. In actively
induced EAE disease onset usually is detectable around d 10, with maximum clinical
severity around d 12–13 after myelin injection. The clinical course of the disease runs
more synchronously in the adoptive-transfer model compared to the actively induced
disease, thus even lower numbers of animals are required in AT-EAE.

As indicated earlier, clinical disease severity correlates with the number of infiltrat-
ing mononuclear cells in the spinal cord and brainstem. During the recovery phase of
the disease increased numbers of apoptotic T-lymphocytes are detectable, a mechanism

Fig. 1. Experimental autoimmune encephalomyelitis can actively induced by immunization
with CNS myelin or myelin components, such as myelin basic protein (MBP), myelin oligoden-
drocyte glycoprotein (MOG), proteolipid protein (PLP), and complete Freund’s adjuvant (CFA).
At the peak of clinical disease lymphoid cells can be obtained and, after generation of encepha-
litogenic T-cell lines and restimulation, induce the disease in a normal syngeneic recipient, a
model termed AT-EAE.
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apparently important in containing the immune reaction within the inflamed CNS (reviewed
in ref. 16). The limitation of Lewis rat EAE as a model for the pathogenesis of MS is (1)
the lack of spontaneous relapses and (2) the absence of primarily demyelinating lesions.

The monophasic course of this model disease can be overcome by immunopharma-
cological modulation. For example, by application of low-dose cyclosporine A, relapses
of active EAE in Lewis rats can be achieved. However, such additional immunomod-
ulation makes it difficult to evaluate specific effects of therapeutic strategies tested in
this model. Animal models with chronic relapsing EAE have been established in mice
and represent an alternative to relapsing EAE in Lewis rats at present.

In contrast to MS, the histopathology of myelin basic protein (MBP)-induced EAE in
Lewis rats, either by the protein itself or by specific T-cell lines, is characterized by inflam-
mation and axonal degeneration in the spinal cord. Demyelination, however, a character-
istic finding of MS pathology, is only observable when cotransfer of antibodies specific
for myelin-oligodendrocyte glycoprotein (MOG), together with encephalitogenic T-cells,
is performed (17). This model underlines the important role of antibodies in the patho-
genesis of inflammatory demyelination (see Fig. 2).

3.2. Encephalitogenic T-Lymphocytes

Encephalitogenic T-cell lines can be obtained from immune organs or CNS infiltrates,
as described in previously established protocols (18). Encephalitogenic T-cell lines were

Fig. 2. Distribution of candidate auto-antigens within the myelin-sheath. Whereas myelin
associated glycoprotein (MAG) and myelin-oligodendrocyte glycoprotein (MOG) are expressed
on the surface of the myelin sheaths, other myelin proteins, such as proteolipid protein (PLP)
and myelin basic protein (MBP) are found within compact myelin.
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commonly assumed to be CD4+ Th cells and, as such, would recognize target autoantigens
in the context of MHC class II proteins. However, in recent reports, the encephalitogenic
potential of myelin-specific CD8+ T-lymphocytes was demonstrated. With these cells,
severe CNS autoimmunity was inducible in mice, indicating that CD8+ T-cells might
also function as effector cells in the pathogenesis of inflammatory demyelination of the
CNS (19,20). Moreover, neurons are susceptible to perforin-mediated T-cell cytotox-
icity, and CD8+ T-lymphocytes can cause local transsection of axons, a major disabling
factor in MS (21,22). On the other hand, in previous studies, immunization against MBP
in the absence of CD8+ T-cells resulted in an enhanced encephalitogenic response in
mouse EAE (23). Also, transgenic mice lacking CD8+ T-lymphocytes suffer from increased
severity of relapse, although the disease course appeared to be milder (24). Thus, the
precise role of CD8+ T-lymphocytes in the pathogenesis of inflammatory CNS demyeli-
nation is not elaborated; however, it becomes obvious that the immunologically relevant
T-cell component in EAE and MS is not only CD4+.

The range of disease-associated T-cell receptor (TCR) variable regions used by enceph-
alitogenic T-lymphocytes has been found to be limited in different rodent strains. This
finding raised hopes of developing TCR-specific immunotherapies. However, during
recent years, it became obvious that TCR usage is much more heterogeneous than ori-
ginally suspected (25); thus, the concept of targeting specific TCRs has been abandoned
by most research groups.

Encephalitogenic T-cells are able to transfer EAE to naive syngeneic recipient ani-
mals (11). However, these myelin-specific T-lymphocytes need to be activated before
transfer, because the same cells are harmless in the resting state. On the other hand,
encephalitogenic T-cells can also be isolated from completely naive, nonimmunized ani-
mals (and humans). It has been demonstrated that MBP-specific T-lymphocytes from
naive Lewis rats exhibit the same functional and structural properties as T-cell lines
from preimmunized animals (26). These observations strongly support the concept that
potentially autoaggressive T-cell clones are part of the physiological immune repertoire.

Taken together, these observations underline the crucial role of T-lymphocytes in the
pathogenesis of inflammatory demyelinating disorders of the CNS (27,28).

3.3. The Relevance of Different Antigens

The present literature suggests that most brain-derived proteins are capable to elicit
a T-cell-mediated immune response and, as such, could function as targets for enceph-
alitogenic T-lymphocytes. It has been demonstrated that T-cells respond against a large
variety of myelin antigens, such as MBP (4), proteolipid protein (PLP) (5), MOG (29),
and myelin-associated glycoprotein (MAG) (6). However, also T-cell responses against
non-CNS-specific antigens, such as S100 (30) or the astrocytic glial fibrillary acidic pro-
tein (GFAP) (6), have been shown to be effective in inducing an inflammatory reaction
within the CNS (see Table 1 and Fig. 2). The histopathology of these various diseases
induced by T-lymphocytes targeting different antigens is surprisingly similar. They are
all characterized by perivascular infiltrates, consisting of T-cells and activated macro-
phages. Differences can be seen in the distribution pattern within the central and periph-
eral nervous system (see Table 2). Even within the CNS, the topography apparently depends
on the availability and distribution of the antigen (31).
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Interestingly, T-cell responses mounted against compact myelin proteins, such as
MBP or PLP, precipitate inflammatory lesions primarily in areas of thick myelin (e.g.,
the spinal cord or medulla oblongata). In contrast, antigens localized to the oligodendro-
cyte membrane, such as MOG or MAG, elicit predominantly T-cell responses in areas
of thin myelin sheaths (e.g., the forebrain or the cerebellum). T-cells directed against S100
precipitate lesions in the cerebral cortex, a localization only rarely seen after transfer
of myelin-specific T-cells (see Table 3).

Table 1
Candidate Autoantigens

Percent of total
CNS myelin protein  myelin protein

Proteolipid protein (PLP) 50
Myelin basic protein (MBP) 30
Myelin-associated glycoprotein (MAG) 1
Myelin-oligodendrocyte glycoprotein (MOG) 1
Nonmyelin-specific antigens

S100
Astrocytic glial fibrillary acidic protein (GFAP)

Table 2
Characteristics of Antigen-Induced EAE

Animal model   Similarities to MS     Differences to MS

Lewis rat
Active EAE T-Cell inflammation, Monophasic, axonal
(CNS Myelin, MBP, MOG, PLP) minor Ab reponse damage, secondary

demyelination
AT-EAE T-Cell inflammation Axonal damage
    (MBP, S100)
Active EAE T-Cell inflammation, Only transient
    + Cotransfer Anti-MOG-AbS demyelination demyelination

Congenic Lewis (DA, BN)
Active EAE (MOG) Relapsing–remitting Relapses increase in

course, similar    severity
histopathology

Murine EAE (SJL, PL/J, C57/BI6)
Active EAE (MBP, MOG, PLP) Relapsing–remitting Animals severly affected

and chronic course, from non-specific
demyelination, systemic disease
axonal damage

Note: Ab = antibody; DA = dark agouti; BN = Brown Norway.
Source: Adapted from ref. 13.
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4. CHRONIC EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS

Whereas the immunopathogenesis of acute monophasic EAE is well characterized,
many more questions remain regarding factors that operate in the induction of relapses
or chronic disease. Most animal species and strains are resistant to the reinduction of
EAE. However, certain strains, such as SJL-J or PJ mice, react with new inflammatory
episodes after each antigenic challenge (32). Moreover, after a single transfer of MBP-
reactive T-lymphocytes, these animals develop a spontaneous chronic relapsing disease.
In this transfer model, the encephalitogenic reaction shifts from the originally transferred
MBP-reactive T-cells to an immune response against other cryptic MBP determinants
or even PLP (33,34). The precise mechanisms underlying this shift in antigenicity still
remain elusive.

In active EAE, chronic disease can be induced in a large variety of different animal
species. The persistence of the antigen within the CNS is important in maintaining chro-
nicity. This can be achieved by initial sensitization only or repeated antigen challenge
during the course of the disease. The precise immunomechanism resulting in relapse and
chronicity remain speculative at present. Whether changes in the local cytokine pattern
might result in active disease or remission in chronic EAE in analogy to acute EAE (35)
still needs to be assessed.

5. OTHER EAE MODELS

5.1. Virus-Induced Inflammatory Demyelination

A large number of different viruses have been used in animals to induce inflammatory
demyelination of the CNS. However, their pathogenetic complexity renders them prob-

Table 3
Distribution of Inflammatory Reaction Within the Nervous System in AT-EAE

Antigen

Topography MBP MOG MAG S100 GFAP

CO +/– +/– +/– ++ –
CSO +/– + + ++ –
ON +/– ++ +/– –
MES +/– +/– +/– ++ +
CWM + ++ + +/– +/–
MO ++ + +/– ++ +
SC +++ + +/– ++ +
PNS + – +/– ++ +/–
Retina – – – + –
Uvea – – – + –

Note: CO = cerebral cortex; CSO = centrum semiovale; ON = optic nerve; MES = mesencephalon;
CWM = cerebellar white matter; MO = medulla oblongata; SC = spinal cord; PNS = peripheral nervous
system.

Source: Adapted from ref. 23.



352 Hartung and Kieseier

lematic as models for MS. In order to produce an inflammatory and demyelinating lesion,
the virus has to be neurotropic, persist in the CNS, and elicit a pathogenic antiviral
immune response. In susceptible animals, such as SJL or DBA/1 mice, persistent infec-
tion with Theiler’s murine encephalomyelitis viruses (TMEV) leads to chronic progres-
sive, immune-mediated demyelination of the CNS. In this model, disease induction of
autoimmunity through epitope spreading has recently been demonstrated (36). The patho-
morphology in TMEV infection and MS is similar, although chronic demyelination in
TMEV is induced in the absence of antimyelin responses by B-cells. This model has
been employed to study therapeutic strategies in remyelination (37).

5.2. Experimental Autoimmune Encephalomyelitis in Primates

To mimic more closely human MS and to overcome the species barrier between rodents
and men, nonhuman primate models were developed. The fundamental principles obtained
in rodent EAE could be confirmed in the primate model and histopathological analysis of
lesions revealed strong similarities between primate EAE and human MS (38). As such,
this model represents an excellent tool to explore novel therapeutic strategies for inflam-
matory demyelination of the CNS.

5.3. Gene Control in EAE

Experimental autoimmune encephalomyelitis does not only offer insights into the
pathomechanisms of inflammatory demyelination, it also might help to define specific
genes regulating pathogenetic pathways of autoimmune neuroinflammation. In the ani-
mal model, genetic heterogeneity can be minimized using inbred strains. To study MHC
and non-MHC regulatory mechanisms congenic inbred strains in which either the non-
MHC background genome is kept constant and the MHC haplotypes are varied or vice
versa, are used (39). Studies in these models revealed that various aspects of inflamma-
tory responses are regulated independently of non-MHC genes and that the proneness
to mount inflammatory responses in the CNS only partially overlaps with the suscepti-
bility for EAE (39).

Another approach to identify alterations in gene expression profiles in EAE is the
application of the microarray technique. Screening of inflamed CNS tissue with oligo-
nucleotide microarrays revealed 213 out of around 11,000 different genes to be regulated
differentially and defined at least 51 genes with chromosomal location as putative can-
didate genes for susceptibility to EAE (40). Such studies can be used to identify poten-
tial new candidates in the pathogenesis of MS that clearly need to be validated.

6. EAE IN TRANSGENIC ANIMALS

Progress in molecular biology generated a large number of transgenic mouse models
in which specific genes are overexpressed or deleted (knockout). These models made
it possible to study the physiological and pathogenetic role of distinct immune molecules in
vivo. Especially proinflammatory cytokines, such as tumor necrosis factor (TNF)-α,
lymphotoxin, and interferon (IFN)-γ have recently been the focus of several extensive
studies (41).
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However, these studies generated controversial results. For example, it could be
demonstrated that selective overexpression of TNF-α in the CNS can lead to a sponta-
neous inflammatory demyelinating disease (42) or, as shown in a different model, can
augment, in the absence of spontaneous CNS pathology, the process of inflammatory
demyelination after induction of EAE (43). In contrast, deletion of the TNF gene did not
alter the development of EAE (44,45). Paradoxically, other groups could demonstrate
that upon immunization with MOG, TNF-deficient mice develop severe inflammatory
demyelination of the CNS. Interestingly, treatment with TNF in both TNF-deficient
and TNF-overexpressing mice reduced disease severity, pointing to potential anti-inflam-
matory properties of this cytokine (46). Although TNF-α, as well as other molecules, has
been incriminated as an important effector molecule in the pathogenesis of inflammatory
demyelination, studies in transgenic animals clearly demonstrate that such molecules
are not exclusively essential for initiating the lesions of EAE. Several possible explana-
tions can be offered for these apparent discrepancies. First, the effect of the genetic manip-
ulation on the development and cellular function of the animal is not always completely
understood. Thus, a close evaluation of the animals over their entire life-span is neces-
sary to exclude developmental changes that might alter cellular responsiveness in these
organisms. Second, the immune system is highly redundant, thus gene-targeted deletion
of functional molecules consequently induces compensatory upregulation of molecules
with similar functions and properties. The role of such compensatory mechanisms has
to be assessed to analyze which effector mechanisms act in parallel during the evolution
of inflammatory demyelination. This is of critical importance because any therapeutic
intervention targeting single-effector pathways might have only limited efficacy if such
subsidiary mechanisms are at work. Conditional knockout models might be helpful to
overcome this problem and to increase our current understanding (47).

7. EAE AS A MODEL FOR DESIGNING NOVEL THERAPIES

Experimental models not only provide deeper insights into the relevant pathomech-
anisms involved in the disease (see Fig. 3), but they also represent tools to evaluate the
safety and efficacy of novel therapeutic strategies (12,48).

Acute EAE is an excellent model to study the effect of anti-inflammatory strategies,
because the clinical course of the disease as well as type and severity of the inflammatory
reaction can be clearly documented.

However, such approaches do not address all pathogenetically relevant aspects of MS.
Progression of the disease is not only the result of an acute inflammatory reaction. As
such, acute EAE provides only limited information if a long-term treatment for MS needs
to be evaluated.

Chronic EAE, in contrast, follows a clinical course more similar to human MS. Course
and outcome are, however, rather unpredictable, and hence large numbers of animals
are required to reliably assess clinical efficacy of a novel therapeutic approach.

Finally, based on experience during recent years, caution is warranted when translat-
ing results obtained from experimental studies in EAE to MS. EAE-based therapeutic
strategies have been found ineffective or detrimental in clinical trials in MS. Examples
are therapeutic approaches with soluble TNF-receptor, IFN-γ in MS, or oral tolerization
with myelin.
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Fig. 3. Synoptic view of the immune response in immune mediated demyelination of the central nervous system; most of these mechanisms have been iden-
tified or clarified in the animal model experimental autoimmune encephalomyelitis. Autoreactive T-cells (T) recognize a specific autoantigen presented by
MHC class II molecules and the simultaneous delivery of costimulatory signals (CD28, B7-1) on the cell surface of antigen-presenting cells (APC), such as
macrophages (Mφ), in the systemic immune compartment. Activated T-lymphocytes can cross the blood brain barrier (BBB) in order to enter the CNS. The
mechanisms of transendothelial migration is mediated by the complex interplay of cellular adhesion molecules (CAMs), chemokines, and matrix
metalloproteinases (MMPs). Within the CNS T-cells activate microglia cells/Mφ to enhanced phagocytic activity, production of cytokines, such as IFN-γ,
TNF-α, various interleukins (IL), and the release of toxic mediators, such as nitric oxide (NO), propagating demyelination, and axonal loss. Autoantibodies
(Abs) crossing the BBB or locally produced by B-cells or mast cells (B*) contribute to this process. Autoantigens activate the complement cascade resulting
in the formation of the membrane-attack complex (C5b-9) and subsequent lysis of target structures.
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1. INTRODUCTION

Multiple sclerosis (MS) is a common chronic inflammatory demyelinating disorder
of the central nervous system (CNS) (1,2) that is heterogeneous with respect to its clin-
ical course, response to therapy, radiology, structural pathology, and immunopathogen-
esis. The factors that contribute to this heterogeneity are largely unknown, although it
is likely a complex trait with genetic and environmental components. MS is a disease of
young people with a median age of onset of 28 yr, and affects approx 0.1% of the popu-
lation in temperate climates. The disorder is the most common cause of nontraumatic
disability in young adults, with 50% of patients requiring a cane to walk 15 yr after dis-
ease onset (3).

Approximately 85% of patients present with relapsing-remitting disease (RRMS),
in which neurological symptoms and signs develop over several days, plateau, and then
usually improve over days to weeks (4). Inflammatory infiltrates and demyelination in
the brain and spinal cord white matter usually accompany these clinical exacerbations.
Periods of clinical quiescence (remissions) typically occur between these exacerbations;
however, remissions vary in length and are rarely permanent. The remaining 15% of
patients continuously progress from disease onset without associated relapses. This dis-
ease course is defined as “primary progressive” (PPMS). In PPMS patients, the disease
usually begins after the age of 40, males and females are equally affected, and the prog-
nosis is often worse. Approximately two-thirds of patients with RRMS eventually undergo
a similar fate, as relapse frequency decreases over time and progressive neurological
dysfunction ensues, signaling the development of secondary progressive disease (SPMS)
(3). Some patients who convert to a secondary progressive course continue to experi-
ence superimposed relapses.

The cause of MS and its genetic basis are not yet defined. The pathological hallmark
of MS is the demyelinated plaque in the CNS white matter with relative axonal sparing
and glial scar formation (5,6). These lesions are scattered throughout the CNS with a pre-
dilection for the optic nerves, brainstem, spinal cord, and periventricular white matter.
Traditionally, MS has been considered an autoimmune disorder consisting of myelin auto-
reactive T-cells that drive an inflammatory process, leading to secondary macrophage
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recruitment and subsequent myelin and oligodendrocyte destruction. However, recent
detailed studies on a large collections of MS lesions have indicated that structural features
of the plaques are extremely variable and the events involved in the immunopathogene-
sis of MS may be more complicated (7–9). This is not surprising given the inherent hetero-
geneity observed with respect to the clinical, radiographic, genetic, and morphological
features of this disease.

2. THE SPECTRUM OF HUMAN INFLAMMATORY
DEMYELINATING DISEASES

The classical clinico-pathological pattern of chronic MS represents only one mem-
ber of a family of closely related inflammatory demyelinating leukoencephalitides that
include acute MS (Marburg variant) Balo’s concentric sclerosis, acute disseminated
encephalomyelitis (ADEM), and neuromyelitis optica (Devic’s disease). The literature
on the classification of these syndromes is often confusing. Some studies emphasize
specific clinical or pathologic features to distinguish between these syndromes. How-
ever, there are examples of transitional cases that defy a specific terminology. For exam-
ple, the typical concentric lesions of Balo’s concentric sclerosis can be found adjacent to
more typical MS plaques. In addition, some patients have lesions with histologic features
of both ADEM and MS. Although the clinical and pathological characteristics of these
diseases are diverse, the presence of transitional forms suggests a spectrum of inflamma-
tory diseases that may share a pathogenic relationship.

2.1. Marburg Variant of MS

Acute MS was recognized as a subtype of the disease by Otto Marburg in 1906 (10).
Clinically, this entity is characterized by rapid progression and an exceptionally severe
course, which typically ends in death within a year from presentation. The course is gener-
ally monophasic and relentlessly progressive, with death usually secondary to brainstem
involvement. Although for most patients this is the presenting episode of demyelination,
there are a several recorded cases of well-documented MS that subsequently progressed
to a fulminant terminal stage.

Pathologically, the lesions are more destructive than typical MS or ADEM lesions and
are characterized by massive macrophage infiltration, acute axonal injury, and necro-
sis. Multiple small lesions may be disseminated throughout the brain and spinal cord
and may coalesce to form large confluent white matter plaques. In some cases, there is
widespread diffuse demyelination throughout the white matter. Despite the destructive
nature of these lesions, small areas of remyelination are often observed.

One study suggests that this acute form of MS may be associated with immature mye-
lin basic protein (11). An autopsy study on a single case of Marburg’s disease documented
pronounced posttranslational changes that converted mature myelin basic protein to an
extensively citrullinated and poorly phosphorylated immature form. These changes were
thought to render myelin more susceptible to breakdown.

More recent neuropathological studies suggest that these fulminant destructive lesions
are associated with deposition of immunoglobulins (mainly IgG) and pronounced com-
plement activation at sites of active myelin destruction. These observations suggest an
important role for demyelinating antibodies (8,12,13).
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2.2. Balo’s Concentric Sclerosis

Balo’s concentric sclerosis is another acute variant of MS that is distinguished by its
unique pattern of pathology. Similar to the Marburg variant, the clinical course is typi-
cally fulminant with an acute monophasic progressive course over weeks to months
that often ends in death within 1 yr. Death is usually the result of cerebral herniation or
pneumonia. Occasionally, the course may be subacute and there are rare reports of long-
term survival. Age of onset is between 20 and 50 yr, and patients often present with
predominantly cerebral symptoms, including headache, disturbances in consciousness,
aphasia, cognitive decline, psychiatric symptoms, seizures, and signs of raised intracra-
nial pressure.

The pathology of Balo’s concentric sclerosis reveals areas of focal necrosis of white
matter with mass effect and often spares the cerebellum, brainstem, optic chiasm, and
spinal cord. The essential features are large demyelinated plaques that show peculiar
alternating rims of myelin preservation and loss, giving the lesions the macroscopic
and microscopic structure of onion bulbs. The cause for the peculiar alternating pattern
is still a matter of debate. Several investigators argue that Balo’s concentric sclerosis is
a rare variant of MS, because transitional forms have been observed where the presence
of both concentric lesions and MS plaques are found within the same patient. The distinc-
tion between Balo’s sclerosis and the Marburg variant of MS is vague because Marburg’s
original case of fulminant MS from 1906 had pathological features resembling Balo’s
sclerosis. These observations underscore the difficulty in classifying the acute leuko-
encephalitides.

2.3. Perivenous Encephalomyelitis

Several syndromes can be grouped under the term “perivenous encephalomyelitis.”
These include acute disseminated encephalomyelitis (ADEM), postinfectious encepha-
lomyelitis, postvaccinial encephalomyelitis, and the more severe hyperacute syndrome
acute hemorrhagic leukoencephalomyelitis (AHLE) (14,15).

Acute disseminated encephalomyelitis is generally a monophasic disorder that typi-
cally begins within 6 d to 6 wk following an antigenic challenge. At least 70% of patients
report a precipitating event (infection or vaccine) during the prior few weeks. How-
ever, the only epidemiologically and pathologically proven association is with the rabies
vaccination. ADEM has also been described following the administration of antisera
and some drugs.

Acute disseminated encephalomyelitis can occur at any age, but is more common in
childhood. The clinical course is rapidly progressive, leading to focal or multifocal neuro-
logic deficits. A prodrome of headache, low-grade fever, myalgias, and malaise often
precedes the onset of ADEM by a few days. Headache, fever, seizures, myelopathy, optic
neuritis, and brainstem or cerebellar disturbances are common. Drowsiness and lethargy
are frequent and may progress to coma. The overall mortality in ADEM is 10–25%.
Although ADEM is considered a monophasic disorder, there are rare cases of this dis-
order relapsing up to 18 mo following an infection. Occasionally ADEM evolves over
a few months and there may be a second clinical deterioration or subacute progression
over a period of time. In these cases, distinction from MS is difficult (15).
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The pathology of ADEM reveals inflammation, predominantly in the Virchow Robin
spaces and diffuse, often symmetric perivenular demyelination (14). In the more severe
cases of AHLE, the inflammatory reaction is associated with perivascular hemorrhages,
fibrin deposits, and severe brain edema. The limited extent and pattern of demyelination
help distinguish ADEM from MS lesions. However, as in the other acute leukoenceph-
alitides, there are also transitional cases with histologic features of both ADEM and MS,
suggesting that these conditions may represent a continuous spectrum of inflammatory
demyelinating disease.

Initial theories speculated that ADEM represented a delayed but direct invasion of the
nervous system by virus or by reactivation of latent virus in the central nervous system
(CNS). However, the pathology is unlike typical viral encephalitides, and viral antigens
or particles have not been identified in the lesions. It is generally believed that ADEM
represents a transient autoimmune response toward myelin or other self-antigens, pos-
sibly via the mechanism of molecular mimicry or the activation of autoreactive T-cell
clones in a nonspecific manner. This is based on observations that the neurologic syn-
drome was obtained in patients vaccinated with Semple rabies vaccine that had been
grown in rabbit spinal cord. In addition, ADEM closely resembles experimental allergic
encephalomyelitis (EAE), which is produced by injection of rodents with brain homo-
genate and myelin basic protein (MBP). Lymphocytic reactivity toward MBP has been
identified in blood and cerebrospinal fluid (CSF) from patients with ADEM, but its
absence in others indicates a role for other antigens. Because ADEM shows extensive
inflammation in the absence of significant demyelination, it suggests that there may be
a need for additional demyelinating amplification factors in order to develop the demye-
linated MS plaque.

2.4. Neuromyelitis Optica (Devic’s Disease)

Neuromyelitis optica (NMO) was originally considered a monophasic syndrome con-
sisting of acute, severe transverse myelitis and bilateral simultaneous optic neuritis in
close temporal association, leading to paraplegia and blindness (16). However, both
monophasic and relapsing variants have been described. The most recent and compre-
hensive retrospective review defined NMO as a monophasic or relapsing disorder char-
acterized by severe transverse myelitis associated with either unilateral or bilateral optic
neuritis (17). Typically, symptoms of optic neuritis and myelitis develop over hours to
days and are often preceded by headache, nausea, somnolence, fever, or malaise. Most
patients develop bilateral optic neuritis (>80%). Patients with NMO can follow one of
several possible courses. Approximately 35% have a monophasic illness, 55% develop
relapses restricted to the optic nerves and spinal cord, and, rarely, patients may have a
relentlessly progressive course to death. Occasional rare individuals who satisfy clinical
criteria for NMO pursue a clinical course consistent with MS. NMO occurs in patients
ranging from 1 to 73 yr of age, with the monophasic form occurring more commonly in
younger patients (mean age = 27 yr). There is no sex predilection in the monophasic syn-
drome; however, relapsing NMO is more frequent in women (F:M, 3.8:1). Most reports
of NMO involving predominantly adult patients emphasize the poor prognosis. Patients
with relapsing NMO typically have very aggressive disease with frequent and severe
exacerbations and a poor prognosis. However, many patients with a monophasic course
may recover remarkably, with little to no residual neurologic deficit.
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The pathogenic mechanisms that result in selective localization of inflammatory demye-
linating lesions to the optic nerves and spinal cord are unknown. Serologic and clinical
evidence of B-cell autoimmunity has been observed in a high proportion of patients with
NMO. Pathologically, active NMO lesions are characterized by extensive demyelination
across multiple spinal cord levels, associated with cavitation, necrosis, and acute axonal
pathology (spheroids), in both gray and white matter. There is a pronounced loss of oligo-
dendrocytes within the lesions. The inflammatory infiltrates in active lesions are charac-
terized by extensive macrophage infiltration associated with large numbers of perivascular
granulocytes and eosinophils and rare CD3+ and CD8+ T-cells. There is a pronounced
perivascular deposition of immunoglobulins (mainly IgM) and complement C9neo anti-
gen in active lesions associated with prominent vascular fibrosis and hyalinization in
both active and inactive lesions. The extent of complement activation, eosinophilic infil-
tration, and vascular fibrosis supports a role for humoral immunity in the pathogenesis of
NMO (18). The relationship between NMO and chronic MS is controversial.

3. THE MS PLAQUE

The basic pathologic feature unique to MS is the presence of multifocal demyelinated
plaques. These focal areas of myelin destruction occur on a background of an inflamma-
tory reaction consisting predominantly of macrophages and T-lymphocytes. MS lesions
can be characterized as active or inactive. Macrophage activation and phagocytosis of
myelin proteins in the lesions are reliable indicators of ongoing demyelinating activity
(19–21). Active lesions are heavily infiltrated by macrophages containing myelin debris,
which are often closely associated with the disintegrating myelin sheath.

The chronic inactive MS plaque is a sharply circumscribed hypocellular plaque with
no evidence of active myelin breakdown. Fibrillary gliosis is prominent, axonal density
is often markedly reduced, variable inflammation may be present, and remyelination is
typically sparse. Mature oligodendrocytes are markedly diminished or absent from chronic
inactive lesions.

4. INFLAMMATION IN MULTIPLE SCLEROSIS

Although the pathological hallmark of the MS lesion is focal demyelination, these
focal areas of myelin destruction occur on a background of an inflammatory reaction
consisting of T-lymphocytes, a few B-lymphocytes and plasma cells, and extensive macro-
phage/microglial activation (22). This pathology is similar to that found in experimental
autoimmune encephalomyelitis (EAE), an animal model of MS, which can be induced
in susceptible animals by active sensitization with CNS tissue, myelin, myelin proteins,
or by the transfer of auto-reactive T-cells (23). The inflammatory reaction in MS is asso-
ciated with the upregulation of a variety of Th1 cytokines, including interleukin (IL)-2,
interferon (IFN)-γ, and tumor necrosis factor (TNF)-α. In addition, the pattern of che-
mokine expression is also compatible with a Th1-mediated process (24–26). However,
the pathogenesis of MS lesions is more complex, compared to that of a pure Th1-medi-
ated CNS autoimmune disease. Evidence is accumulating that cells other than the classi-
cal Th1 T-cells may contribute to the inflammatory process in autoimmune diseases (27).
CD8+ class I restricted T-cells outnumber CD4+ T-cells in MS lesions and they are clon-
ally expanded in MS lesions (28). Axonal destruction in MS lesions correlates better
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with CD8+ T-cells and macrophages rather than CD4+ T-cells (29). There is also evidence
that Th2 cells can participate in pathologic autoimmune processes. Antibodies to both
myelin-oligodendrocyte glycoprotein (MOG) and MBP have been demonstrated in MS
lesions and in the serum of MS patients (13,30), and circulating Th2 cells could drive
this antibody formation (31). The exact pathogenic role of the inflammatory response in
MS is not clear. Neuropathologic studies reveal that inflammatory cells are not always
present in areas of active demyelination and persistent inflammation is a frequent and
typical feature of chronic inactive MS lesions (31a). Finally, recent observations on the
local production of neurotrophic factors by leukocytes may indicate an important role for
inflammation in the repair of MS lesions (32). Nonetheless, the emphasis on the inflam-
matory aspects of the MS lesion continues to be the major impetus for therapeutic strat-
egies to date, despite yielding disappointing results.

Although inflammatory mechanisms seem to be an important aspect contributing to
tissue injury in MS, whether it is a primary or secondary event in lesion formation is still
not clear. Furthermore, the degree to which demyelination and axonal injury are a direct
consequence of inflammation remains unclear.

4.1. Mechanisms of T-Cell Entry into the CNS; Pathogeneic Relevance to MS

A limited trafficking of antigen nonspecific T-cells occurs across an intact blood-
brain barrier (BBB) via the interaction of adhesion molecules expressed on the surface
of lymphocytes and integrins present on the endothelial surface of blood vessels. Roll-
ing, adherence, and diapedesis of T-lymphocytes are mediated by VCAM-1/VLA-4 and
ICAM-1/LFA-1 interactions. Genetic and environmental factors (i.e., viral infection, bac-
terial lipopolysaccharides, superantigens, reactive metabolites, or metabolic stress) may
facilitate the entry of potentially pathogenetic autoreactive T-cells and antibodies into
the CNS via BBB disruption (2). In the CNS, local factors may also upregulate the
expression of endothelial adhesion molecules (ICAM-1, VCAM-1, E-selectin), which
further enhance the movement of pathogenetic cells into the CNS (2). Circulating levels
of ICAM-1 and VCAM-1 are elevated in RRMS (33).

Once autoreactive T-cells have entered the CNS, matrix metalloproteinases (MMPs),
especially MMP9, are thought to contribute to degrading extracellular matrix macro-
molecules (34). In addition, MMPs are involved in other functions including proteoly-
sis of myelin components, regulating cytokine production (i.e., TNF-α), and may play
a role in regulating apoptotic cell death by disrupting cell–matrix contacts with the sub-
sequent loss of integrin signaling (35). MMPs and tissue inhibitors of MMPs (TIMPs)
are present in the serum and CSF of MS patients and expressed in plaques (36,37). Serum
MMP9 levels may be higher in RRMS patients and may correlate with brain MRI markers
of inflammation (38). Beta-interferons, which reduce relapse rate and severity, are potent
MMP9 inhibitors (39) and may limit T-cell infiltration and cytokine production (40).

Within the CNS, pro-inflammatory cytokines activate resident and hematogenous macro-
phages. Recruitment and attraction of these cells occurs via integrins and chemokines
and is believed to contribute to tissue injury and demyelination. Selective expression of
individual chemokines may influence the cellular composition of inflammatory lesions
because chemokine receptors are associated with either Th1 or Th2 responses. Th1 pro-
inflammatory cells may be associated with CCR5 (receptors for chemokines RANTES,
microphage-inflammatory protein [MIP]-1α and MIP-1B) and CXCR3 (receptors for
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IP-10 and MIG), whereas Th2 inflammatory cells may shift toward the display of CCR 3
(receptors for MCP-3, MCP-4, and RANTES) and CCR8 (41). In MS, CCR5 and CXCR3
are overexpressed in peripheral and lesional T-lymphocytes (42), and the CSF may con-
tain elevated levels of the chemokines IP-10, RANTES, and MIG (24).

4.2. The Role of Demyelinating Amplification Factors in MS Pathogenesis

In most experimental animal models (rats, pigs, primates), T-cell-mediated immune
responses against brain antigens result in brain inflammation, but only limited demye-
lination. This resembles the pathology of acute disseminated encephalomyelitis in which
perivascular inflammation dominates, with minimal if any perivenular demyelination.
These observations suggest that additional pathogenetic factors are necessary in order to
produce the widespread demyelination classically seen in MS. These factors may include
demyelinating antibodies, cytokines and other soluble mediators, cytotoxic T-cells, reac-
tive oxygen and nitrogen species, excitotoxic mechanisms, or primary oligodendrocyte
injury (43).

4.2.1. B-Cells and Antibodies in MS
Despite the emphasis on T-cells in MS, over the last several years there has been grow-

ing interest in the potential importance of B-cells and antibodies in MS pathogenesis
(44). Although B-cells are often found in chronic MS plaques, some acute lesions have
demonstrated a predominance of B-cells (6). The potential demyelinating ability of anti-
bodies in culture has also been demonstrated, as has the identification of autoantibodies
against myelin antigens in MS lesions, CSF, and blood. Receptor-mediated phagocyto-
sis of myelin by macrophages has been demonstrated both in culture and within MS lesions
(45,46). In addition, pure inflammatory T-cell-mediated EAE can be transformed into a
massively demyelinating disease when specific antibodies directed against MOG anti-
gen expressed on the surface of the myelin sheath are administered simultaneously (47).
In this model, T-cell-mediated brain inflammation results in the local activation of macro-
phages and microglia, with disruption of the blood-brain barrier (BBB). This facilitates
the entry of circulating demyelinating antibodies and complement components to enter
the CNS and to destroy myelin either via complement activation or via an antibody-
dependent cellular cytotoxicity reaction (ADCC). These experimental lesions are char-
acterized by the local precipitation of the lytic terminal complement complex on the
surface of myelin sheaths and oligodendrocytes. The deposition of complement compo-
nents, including C1q, C3d, C5-9, as well as the terminal lytic component C9neo, has also
been demonstrated within active MS lesions (8,12). Oligodendrocytes are also known to
be particularly susceptible to attack by complement components (48). Recent studies by
Raine et al. on MS tissue and the marmoset model of EAE have also suggested the pos-
sible involvement of anti-MOG antibodies in contributing to myelin destruction (13,49).
Finally, the beneficial clinical response of plasmapheresis in some MS patients follow-
ing a fulminant MS exacerbation further supports a potential role for humoral immunity in
MS pathogenesis (50).

4.2.2. Cytokines
Cytokines are soluble molecules whose functions include mediating “pro-inflamma-

tory” and “anti-inflammatory” effects upon the immune system. Studies on changes in
serum and CSF cytokines and on cytokine expression in MS lesions suggest they may
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play an essential role in the pathophysiology of this disease. An extensive profile of cyto-
kine protein and mRNA expression has been described in MS lesions (51,52), including
IL-1, -2, -4, -6, and –10, INF-γ, TNF-α, transforming growth factor (TGF), perforin, and
lymphotoxin. A positive correlation between some of these pro-inflammatory cytokines
and MS disease activity has also been reported. Lymphotoxin, TNF-α, and perforin (53)
are known to be oligodendrogliotoxic, as is the Fas pathway (54) and IFN-γ. Several
cytokine transgenic experimental models have been generated which produce sponta-
neous demyelination (TNF-α, IFN-γ, IL-3) (55,56). Finally, cytokines may directly act on
CNS tissue to induce functional deficit. This has especially has shown for the effect of
nitric oxide on axons.

4.2.3. Cytotoxic T-Cells
Several lines of evidence suggest that MHC class I-restricted CD8+ T-cell responses

may play a role in MS pathogenesis. CD8+ lymphocytes are present in MS lesions and,
in fact, numerically predominate in many lesions. Clonal expansion of CD8+ T-cells has
been shown in multiple sclerosis (28). Oligodendrocytes express MHC class I antigens
when stimulated by IFN-γ and, therefore, could be potential targets of a CD8+ class I
MHC-mediated cytotoxic response (57). Recent studies have demonstrated that self-
peptides derived from human myelin proteins can induce autoreactive CD8+ cytotoxic
T-lymphocyte responses which produce TNF-α and IFN-γ (58). Little is known so far
on the functional role of cytotoxic, MHC class I-restricted T-lymphocytes in inflam-
matory brain lesions. Previous studies suggested a major regulatory role, because block-
ade by specific antibodies (59) or genetic deletion of CD8+ T-cells (60) was associated
with poor recovery from EAE and an increased incidence of relapses of the disease. Fur-
thermore, TCR peptide-specific CD8+ T-cells were able to selectively destroy MBP-reac-
tive encephalitogenic CD4+ T-cells in vitro and suppress EAE (61). Two recent reports
directly addressed the potential role of self-reactive class I-restricted T-cells as effector
cells in brain lesions. Passive transfer of MBP-specific CD8+ T-cell clones into irradi-
ated recipients, simultaneously treated with IL-2, induced brain inflammation with exten-
sive vascular damage and unselective perivascular ischemic tissue damage (62). In another
study (63), recipient animals developed severe inflammatory and destructive lesions in
the CNS following passive transfer of an enriched population of MOG-reactive CD8+ T-
cells. These studies suggest a potential important role for CD8+ T-cells in mediating
tissue injury in MS and may become an attractive target for new therapeutic strategies.

Oligodendrocytes can also be destroyed in vitro directly by activated CD4+ lympho-
cytes independent of TNF-α, possibly via the interaction of Fas antigen with Fas ligand
(54,64). Soluble products from T-cells such as perforin could also mediate oligodendro-
cyte cytotoxicity, via the formation of pores in the target cell resulting in cell death via
necrosis (65). The target antigen for cytotoxic T-cell reactions in MS lesions is unknown;
however, some studies suggest that stress proteins expressed in MS lesions may be one
potential target.

4.2.4. Direct Oligodendrocyte Injury

Certain neurotropic viruses are known to infect oligodendrocytes (66). Numerous stud-
ies demonstrating the presence of viral antigens or nucleotide sequences have been reported
in MS lesions. Although no specific virus has been implicated in the cause of MS, sev-
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eral case reports document brain virus infections leading to a pathology mimicking MS
(67,68). Furthermore, human herpesvirus 6 (HHV-6) antigen expression was reported to
localize to oligodendrocytes in MS tissue, suggesting a potential pathogenic role for this
virus (69). However, a direct causal link remains to be confirmed.

4.2.5. Other Potential Mediators of Tissue Destruction in MS Lesions

Reactive oxygen and nitrogen species are known potent oligodendrogliotoxic mole-
cules produced by activated macrophages and thought to cause cell injury via necrosis
and lysis rather than apoptosis. Increased levels of NO metabolites have been reported
in the CSF and serum of MS patients (70), and reactive oxygen and nitrogen intermedi-
ates (ROI/RNI) have been demonstrated within active MS lesions (71). Excitotoxic mecha-
nisms have also been postulated to contribute to tissue injury in MS secondary to abnormal
glutamate mechanisms (72).

5. OLIGODENDROCYTE PATHOLOGY IN MS

The interaction between oligodendroglial cells and the immune system triggers mul-
tiple distinct molecular and cellular processes that may be relevant to MS pathogen-
esis. It is therefore unlikely that the oligodendrocyte is strictly destroyed as a secondary
consequence to primary myelin injury. The mechanisms of oligodendrocyte death in
MS have not been fully elucidated. Three primary potential mechanisms have been
considered and they include necrosis, apoptosis, and dying-back oligodendrogliopathy.
Necrosis is the result of acute cellular injury and is characterized by disruption of the
plasma membrane, organelle and cytoplasmic swelling, and random DNA cleavage.
Apoptosis, on the other hand, is the result of controlled autodigestion of the cell lead-
ing to cytoskeletal disruption, cell shrinkage, and membrane blebbing, with nuclear con-
densation and endonuclease fragmentation leading to the formation of apoptotic bodies
and the loss of mitochondrial function. Several MS pathological studies have demon-
strated the presence of apoptotic cells bearing myelin markers at nearly all stages of the
disease (7,8,73); however, other studies have failed to confirm these observations. Fur-
thermore, other potential candidates in MS pathogenesis are thought to result in necro-
sis of oligodendrocytes (74–76). Although the same etiological factor may lead to either
apoptosis or necrosis, it is important to try to distinguish between the two processes,
because the strategies for treating them may be entirely different. The destruction of oligo-
dendrocytes may be prevented by the administration of growth factors such as insulin-
like growth factor (IGF) and ciliary neurotrophic factor (CNTF), which has been shown
to protect oligodendrocytes from natural or TNF-α-induced apoptosis, but not from com-
plement or nitric oxide induced necrosis (77).

Another potential mechanism of oligodendrocyte damage in MS is the concept of a
dying-back process. This was first introduced as a mechanism of cell damage in experi-
mental models of axonal degeneration induced by a variety of toxic and metabolic insults.
Dying-back neuropathies are a group of clinical and experimental conditions charac-
terized by the inability of the cell body to support the metabolic processes necessary to
maintain the distal axon. This results in degeneration of the distal processes before degen-
eration of the cell body. In 1981, Ludwin suggested that a similar dying-back process
occurred in oligodendrocytes in the experimental model of cuprizone toxicity (78). In
this model, degeneration of the distal, periaxonal oligodendrocyte processes was observed
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initially, followed by demyelination and oligodendrocyte loss. More recently, similar
ultrastructural changes were described in brain biopsies from MS lesions (79). Similar
morphologic alterations in the distal, periaxonal oligodendrocyte processes were noted
at the edge of demyelinating lesions of Theiler’s murine encephalomyelitis (TMEV)-
infected mice, a viral animal model of multiple sclerosis (80). This dying-back oligo-
dendrogliopathy was associated with widespread demyelination and clinical deficit.

Pathological studies of MS lesions have reported a variable degree of oligodendro-
cyte preservation in actively demyelinating lesions (80a). A detailed analysis of oligoden-
drocyte density relative to demyelinating activity in a series of 113 MS cases demonstrated
2 principal patterns of oligodendrocyte pathology in MS lesions (7). In the first pattern,
oligodendrocytes were variably reduced during active stages of myelin destruction, but
reappeared within inactive or remyelinating areas. The other pattern was characterized
by extensive destruction of myelinating cells at active sites of demyelination in the absence
of progenitor cell recruitment in inactive plaque areas. In these cases, remyelination was
sparse or absent. The profound heterogeneity in extent and topography of oligodendro-
cyte destruction in active demyelinating lesions suggested that in subsets of MS patients,
myelin, mature oligodendrocytes, and, possibly, oligodendrocyte progenitors were dif-
ferentially affected. These observations suggested that different mechanisms of myelin
and/or oligodendrocyte injury may be operating in individual MS patients and may influ-
ence the likelihood of effective remyelination with the MS lesion.

6. REMYELINATION IN MULTIPLE SCLEROSIS

Neuropathologic studies of MS lesions have clearly demonstrated the presence of
remyelination. Although lesions remyelination in chronic MS is incomplete and gen-
erally restricted to the edge of the demyelinated plaques, examination of plaques from
acute and early MS lesions may show extensive remyelination and are referred to as
“shadow plaques.” These shadow plaques are sharply demarcated areas of myelin pallor
and gliosis. Although, initially, these plaques were considered incompletely demyeli-
nated areas, subsequent studies confirmed that these represented complete remyelination
of a previously demyelinated plaque. The ultrastructural characteristic of these remye-
linated areas are uniformly thin myelin sheaths in relation to their axon diameter.

Remyelination during the early stages of some MS lesions can be extensive (79,81,
82), and may occur simultaneously with ongoing demyelination. During these early stages
of myelin sheath formation, there may be a pronounced inflammatory infiltrate present
within the lesions. Remyelinated lesions may also become targets of new demyelinating
attacks (83). These studies suggest there is an ongoing dynamic interaction between patho-
genic and reparative factors within the evolving MS lesion.

The extent of remyelination appears to depend on the availability of oligodendrocytes
or their progenitor cells in the lesions (82,84,85). However, the presence of cells in very
early stages of oligodendrocyte development have been identified in completely demye-
linated plaques devoid of mature oligodendrocytes (80a). Furthermore, a recent study
suggests that premyelinating oligodendrocytes may be present in chronic MS lesions,
suggesting that remyelination at these late states may not be limited by an absence of oligo-
dendrocyte progenitors, but rather that damaged axons may not be receptive to remyeli-
nation signals (86). To what extent these cells can be stimulated to divide, repopulate the
lesions, and initiate remyelination must still be demonstrated.
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7. AXON PATHOLOGY IN MS

Axonal damage in MS lesions has already been recognized more than 100 yr ago (87).
Axonal damage can be determined histopathologically by the extent of axonal loss rela-
tive to the normal white matter. In addition, acute axonal damage can be detected by
immunohistochemistry for the amyloid precursor protein (APP) (88–91). APP is found
in neurons and undergoes anterograde axonal transport. In case of an axonal transection,
the transport is interrupted and APP accumulates in the proximal axonal ends. As a con-
sequence, so-called APP-positive spheroids are formed that persist for less than 30 d. A
variety of different histopathological studies exist that investigated acute axonal damage
in multiple sclerosis (29,92–94), and suggest that axonal injury may underlie permanent
neurological deficits in MS patients (94). Magnetic resonance spectroscopy (MRS) of
MS plaques revealed a correlation of disability and reduced levels of N-acetylaspartate
(NAA) (95), which is a biochemical marker found exclusively in neurons and their
processes (96). Also, the volume of hypointense lesions (“black holes”) in T1-weighted
magnetic resonance imaging (MRI) and the extent of brain atrophy, both putative mark-
ers of axonal damage, correlated with the degree of disability (97–100). In histopatho-
logical studies, a significant reduction of axon density was found in MS lesions (101).
An average axonal loss of 59–82% was observed in demyelinated and remyelinated MS
plaques compared to the periplaque white matter (102). The acute axonal damage deter-
mined by APP staining or axonal spheroids was investigated in acute (92,93), early (29),
and late chronic (93) MS cases. From these studies, it is well known that axonal damage
is an early event during development of MS plaques and that the highest degree of acute
axonal damage is associated with active demyelination (29,92,93). In chronic disease
stages, acute axonal pathology is much less prominent (92). Damage to axons may occur
partly independent of active demyelination and there is a slow burning axonal destruc-
tion ongoing, especially in lesions that are completely demyelinated. Reports of as much
as 50% axonal loss in the corpus callosum outside of macroscopic MS lesions suggests
that extensive loss of axons in the normal-appearing white matter (NAWM) may be the
result of the effects of axonal transsection of lesions the actions of diffusable neurotoxic
factors from lesions (103). A recent detailed analysis of the NAWM of a patient with
acute MS also described axonal changes in detail (104).

The pathogenesis of axon destruction is unknown. An association was found between
the numbers of CD8 positive cells and the extent of axon damage (29). A CD8–MHC
class I-mediated pathway of axon destruction has also been suggested from experimen-
tal studies (105). Nitric oxide is another candidate molecule mediating functional and
structural axon damage (106). Axons can also be directly damaged by a cellular (107) or
antibody-mediated (108,109) inflammatory reaction. The genetic background of axonal
susceptibility to damage may be affected by a gene that prevents axon degeneration in
the mouse mutant WLDs (110–112). This gene encodes for a chimeric protein that is not
yet characterized in detail (113,114).

8. IMMUNOPATHOLOGIC HETEROGENEITY IN MS

In addition to the heterogeneity observed in the structural aspects of MS lesions, there
is an important degree of interindividual variability in the immunopathological features
of MS lesions. In a large study of actively demyelinating MS lesions (based on 51 biopsies
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and 32 autopsies), quite diverse patterns of myelin destruction were observed (8). The
majority of active MS plaques were characterized by the precipitation of immunoglobu-
lins and complement components at sites of active myelin breakdown. These lesions
resembled the model of MOG-induced autoimmune encephalomyelitis. However not all
cases of MS followed this pathway. The other cases demonstrated signs suggestive of a
primary oligodendrocyte dystrophy. This was reflected either by a disproportionate
loss of myelin-associated glycoprotein (MAG) and oligodendrocyte apoptosis or degen-
eration of oligodendrocytes in a small rim of periplaque white matter adjacent to active
sites of demyelination. The patterns of demyelination were heterogeneous between
patients, but homogenous within multiple active plaques from the same patients. There-
fore, it is possible that different pathogenic mechanisms of demyelination may operate
in different subgroups of MS patients.

9. MRI AND MS

Magnetic resonance imaging is not only used for the diagnosis of MS, but has become
increasingly important in order to monitor disease activity, establish prognostic param-
eters, and find the radiological correlate of key morphological features of the MS lesion
such as inflammation, demyelination, remyelination, or axonal loss (115–117). There is
a poor relationship between MR measures and clinical findings, and T2-weighted images,
in particular, lack pathologic specificity. General radiological markers include total
lesion load (T1 or T2), T1 hypointense lesion load and gadolinium enhancement. Although
it has generally been accepted that breakdown of the blood-brain barrier is the initial
event in lesion formation, a detailed and careful diffusion MRI study suggested the oppo-
site, namely that subtle changes in the NAWM may precede and perhaps trigger the for-
mation of demyelinated plaques (119). These different pathways of lesion formation
may have their substrate in the heterogenous pathology of MS plaques observed in recent
pathological studies (8,9).

Axon pathology in MS is considered an important feature of MS plaques and may
represent the substrate of disability (94). T1 hypointense lesions are thought to repre-
sent axonal damage in MS lesions and to correlate with clinical disability (119). A com-
parative pathologic–radiologic study in postmortem autopsy cases showed that MTR
and T1 contrast ratio significantly correlated with axonal density in the lesions (120).
These hypointense T1 lesions revealed significantly lower concentrations of NAA in
proton magnetic resonance spectroscopy (MRS) (121). NAA is regarded as a biochemi-
cal marker of axon integrity and, therefore, considered the most reliable current marker
for monitoring axonal pathology in vivo (122). Finally, axonal damage may eventually
lead to loss of brain tissue and brain atrophy, a potential new surrogate marker of MS
(123). Whether there is a specific radiologic correlate for remyelination is questionable.
A recent experimental study observed an increase in MTR during demyelination and remye-
lination, suggesting that a candidate marker for this process may be available (124).

10. CONCLUSIONS

Since Charcot’s original description in 1868, detailed analysis of the MS lesion has
led to increased understanding of the complex and potentially diverse immunopatho-
logical processes that may be involved in lesion pathogenesis. The MS lesion, the hall-
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mark of which is demyelination, remains the target for therapy. Although clinical defi-
cits are dependent in part on demyelination, axonal injury is likely a major cause of irre-
versible neurologic damage. The degree to which demyelination and axonal injury are
a direct consequence of inflammation is still uncertain. Although current therapies have
been directed toward modulation of inflammatory components, future therapies will
require novel approaches that inhibit demyelination, prevent neuronal death, protect
axons, and promote repair. Variability in the pathological features of the MS lesion has
been previously recognized, but was largely thought to reflect the varying intensity of the
inflammatory process. Recent studies, however, suggest an interindividual pathologic
heterogeneity in the patterns of inflammation, demyelination, oligodendrocyte damage,
axonal injury, and remyelination in different subgroups of MS patients. Four distinct
immunopathological patterns have been identified, with all active lesions from a single
MS patient demonstrating the same pattern of damage. These observations suggest that
alternate pathogenic mechanisms of tissue injury may underlie what previously was con-
sidered a single disease, and raise the possibility that different therapeutic strategies may
be required for different MS patients. A major challenge now is to confirm these observa-
tions and to identify paraclinical markers that reliably predict specific pathological fea-
tures of the MS lesion. Determining to what extent heterogenous therapeutic responses
in MS patients may be the result of distinct immunopathological subtypes of the disease
may ultimately lead to individualized and more effective therapies for MS.
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1. THE CONCEPT OF NEUROINFLAMMATION

Microglia are normally quiescent, mesoderm-derived brain macrophages and are the
resident immunocompetent cells of the central nervous system (CNS). In conditions of
intact blood-brain barrier when blood-borne cells are largely absent, microglia, together
with perivascular cells, are the first line of the brain’s immune defense system. Any even
subtle or subacute neuronal insult/damage induces an activation of resting microglial
cells. Activated microglia produce a widespread variety of pro-inflammatory mole-
cules, change their morphology, and, if cell death occurs, finally mature into full-blown
macrophages (1).

Rapid local activation of microglia can occur without the lymphocytic infiltrations
characteristic of classical inflammatory brain disease, such as in multiple sclerosis. This
observation has lead to the concept of “neuroinflammation” in a variety of primarily non-
inflammatory neurological condition, including neurodegenerative diseases, such as Alz-
heimer’s disease and Parkinson’s disease (2), metabolic encephalopathies, such as hepatic
encephalopathy, and processes involving neuronal remodeling and plasticity after brain
or peripheral nerve injury (3,4).

Here, we briefly outline the rational for employing positron emission tomography (PET)
using the ligand [11C](R)-PK11195, which binds with relative cellular selectivity to acti-
vated microglia in order (1) to detect in vivo neuroinflammatory changes occurring in
a variety of brain diseases and at different disease stages and (2) to monitor the progres-
sion of neuroinflammation as generic in vivo marker of “disease activity.” The use of [11C]
(R)-PK11195 PET is described as a systematic attempt at measuring the emerging phe-
nomenology tissue pathology itself—as opposed to measuring, for example, the loss
of neuronal function or structure. Although methodological issues, such sensitivity or
absolute quantification of the specific ligand, may remain, [11C](R)-PK11195 PET pro-
vides a first proof of principle for the clinical utility of imaging glial cells in vivo and
its potential toward establishing a cell-biology-based in vivo neuropathology.

2. THE PK11195 BINDING SITE
AND ITS CELLULAR SOURCE IN THE BRAIN

PK11195 [1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline car-
boxamide] is a specific ligand for the “peripheral benzodiazepine binding site” (PBBS),
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which is particularly abundant on cells of mononuclear phagocyte lineage. Labeled with
carbon-11, PK11195 can be used as a ligand for PET studies (5–7). The name of PBBS
reflects the fact that certain benzodiazepines, such as diazepam, bind this receptor, which
is distinct from the central benzodiazepine receptor associated with γ-aminobutyric acid
(GABA)-regulated channels. The PBBS is a heteromeric complex that appears to be largely,
although not exclusively, localized in the outer membrane of mitochondria (8–10). The
gene for the PBBS is remarkably well preserved across species, implying an important
housekeeping function. A role in the steroidogenesis and regulation of immunological
response has been observed (11).

In normal brain parenchyma, PBBS expression is low or absent, except for some con-
stitutive expression in certain areas, such as those without blood-brain barrier (BBB)
or high synaptic turnover. In brain diseases with disrupted blood-brain barrier, expres-
sion of PBBS colocalizes with infiltrating hematogenous cells (5,12). In conditions of
intact BBB, the PK11195 binding is the result of the de novo expression of PBBS in glial
cells. Although astrocytes clearly express the PBBS at high levels when grown in cell
culture, their contribution to the overall in vivo binding in tissue pathology is unclear
(13). Numerous experimental models have shown that autoradiographically detected
PK11195-binding colocalizes better with the temporo-spatial profile of microglial acti-
vation than that of reactive astrocytes (12,14–17). Histological data obtained from
multiple sclerosis and experimental autoimmune encephalomyelitis tissue using high-
resolution microautoradiography {with the R-enantiomer [3H](R)-PK11195 PET (7)},
combined with immunohistochemical cell identification (18) has shown that increased
binding of [3H](R)-PK11195 is found on infiltrating blood-borne cells and activated
microglia but not on reactive astrocytes. Remaining discrepancies to localization data
using a polyclonal antibody may (19) may hint to differences between the sites or PBBS
subunits recognized by immunostaining and those to which (R)-PK11195 binds on tis-
sue sections and in vivo. For the purpose of interpreting [11C](R)-PK11195 PET, how-
ever, there is no indication for any significant contribution to the signal by astrocytes.
In vivo findings from [11C](R)-PK11195 PET study performed in stable (i.e., few seizures)
epilepsy patients with hippocampal sclerosis, a condition characterized by marked astro-
gliosis, showed no increases of [11C](R)-PK11195 binding, supporting the view that the
in vivo [11C](R)-PK11195 signal is preferentially, if not exclusively, the result of the
presence of activated microglia (20).

3. IMAGING NEUROINFLAMMATION IN BRAIN DISEASES
INVOLVING A DISTRIBUTED NEURAL NETWORK

In vitro experiments of microautoradiography using [3H]PK11195 after peripheral
axotomy has demonstrated that activated [3H]PK11195-binding microglial cells are
also found remote from the primary lesion in regions that are connected via retrograde
and anterograde neuronal projections (21). Axotomy of the facial nerve results in an acti-
vation of microglial cells in the facial nucleus as a response to the retrograde neuronal
reaction. Likewise, axotomy of the sciatic nerve induces an anterograde microglial acti-
vation in the ipsilateral nucleus gracilis, the nucleus receiving the ipsilaterally projecting
fibers ascending from the dorsal root ganglion. Similarly, an experimental focal ischemic
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lesion in the rat motor cortex leads to an increased [3H]PK11195, binding not only at
the site of the primary lesion but also secondarily in the ipsilateral thalamus reflecting
damage to the cortico-thalamic projections (22). In vivo, significantly increased [11C](R)-
PK11195 signals in the thalamus secondary to pathology elsewhere have been observed
in patients with cerebrovascular cortical stroke (3).

Optic neuritis in patients with multiple sclerosis is a white matter tract pathology asso-
ciated with anterograde glial reactions in the projection areas of the optic nerves (i.e.,
the lateral geniculate bodies). In this condition of optic tract pathology, increased [11C](R)-
PK11195 binding was found in the lateral geniculate bodies, an observation that can
clinically be related to the loss of vision (18). Because volumetric T1-weighted (with and
without gadolinium enhancement) and T2-weighted magnetic resonance images (MRIs)
did not reveal disruption of the blood-brain barrier or obvious structural abnormalities in
the lateral geniculate bodies, the increased [11C](R)-PK11195 binding is, indeed, indica-
tive of a subtle microglial activation secondary to the degeneration of the optic tract.

Secondary neuroinflammatory reactions along fiber tracts may also occur throughout
an entire neuronal circuitry. Such distributed and projected neuroinflammation along
neuronal networks can be seen subacutely in patients with herpes simplex encephalitis.
We studied clinically stable patients with unilateral or asymmetric herpes simplex enceph-
alitis between x and y months after disease onset and conducted serial follow-up scans
([11C](R)-PK11195 PET and volumetric MRIs over a period of 2 yr (23). Increased [11C](R)-
PK11195 signals in the cerebral regions most damaged overlapped with those areas that
subsequently developed the most marked atrophic changes. Additionally, microglial acti-
vation was found widely distributed beyond the recognizable structural damage. In fact,
[11C](R)-PK11195 binding was increased also in regions contralateral to the affected site
and in areas spared from structural damage but connected to the lesioned areas through
white matter tracts. For example, in one patient, increased [11C](R)-PK11195 binding was
present in structurally normal-appearing regions all belonging to the right limbic cir-
cuitry and along the superior longitudinal fasciculus and right angular gyrus. That latter
observation appeared particularly relevant, because this patient presented with a peculiar
cognitive deficit characterized by a decreased ability to recognize facial emotions, a task
in which right angular gyrus seems critically involved (24). These findings illustrate
that focal damage can lead to a widespread microglial activation along an entire neural
network (limbic structures and associated areas) and that the pattern of glial activation
thus closely reflects neuronal function or deficit.

Activated microglia are also seen in the basal ganglia and brainstem nuclei of patients
with idiopathic Parkinson’s disease (PD) and multiple system atrophy (MSA) (25,26).
Increased [11C](R)-PK11195 binding in the substantia nigra and the globus pallidus (27)
has been measured in PD patients (Fig. 1) whereas MSA patients show more widespread
increases in [11C](R)-PK11195 binding, including nigra, pons, pallidum, caudate, puta-
men, and dorsolateral prefrontal cortex (28) (Fig. 2). These studies also reveal marked in-
group variations with a certain degree of overlap between the cases of typical and atypical
parkinsonism. Although imaging of activated microglia with [11C](R)-PK11195 PET does
not serve to override an a priori clinical classification, it provides a generic measurement
of disease location and progression that may help to understand the heterogeneity in the
clinical presentation of patients with parkinsonian or other neurodegenerative disorders.
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4. IMAGING NEUROINFLAMMATION IN BRAIN DISEASES
INVOLVING A LARGE-SCALE NEURAL NETWORK

Normal brain aging is clinically associated with a subtle cognitive decline character-
ized by a nonspecific pattern of impairment of higher cognitive functions involving
mainly the attention. It has been hypothesized that the neuronal substrate of such cogni-
tive impairment is a diffuse derangement of networks leading to a reduce ability on focus
the neural activity on the task (disconnectivity theory) (29). The neuropathological cor-
relates are a widespread mild loss of cortical neurons and dendritic and synaptic compen-
satory changes. We have studied microglial activation in “normal” brain aging in 14
healthy cognitively intact subjects between the ages of 32 and 80 yr by means of mag-
netic resonance imaging (MRI) and [11C](R)-PK11195 PET scans (30). An age-related
increase of [11C](R)-PK11195 binding was found only in the thalamus but not in corti-
cal areas (Fig. 3A). The absence of increased [11C](R)-PK11195 binding in the aging
cerebral cortex might be the result of a lack of sensitivity of [11C](R)-PK11195 PET for
the detection of the very low-grade and, consequently, subthreshold cortical pathology
in normal aging brains. However, in the thalamus, the high density of direct corticothal-
amic projections converging into the thalamus appears to lead to a cumulative signal
that essentially represents a regional amplification of the widespread but subthreshold
cortical pathology.

The process of neurodegeneration in Alzheimer’s disease (AD) is associated with
local glial responses. Activated microglial cells have been found in the core and around
the amyloid plaques in brains of AD patients. Some studies have implied an active role

Fig. 1. Binding potential maps of PD patients coregistered to the individual MRI. Increased
binding can be seen especially in the nigral and brainstem area. The binding potential maps has
been masked for extracerebral binding in the scull.
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Fig. 2. Binding potential map for a MSA patient: (A,D) T1 volumetric MRI in transverse and and coronal sections; (B) binding potential
map in transverse section; (C,E) coregistered binding potential maps to MR sections. The intensity scale is callibrated for binding potential
values from 0 to 1. The binding potential map has been masked for extracerebral binding. Increased [11C](R)-PK11195-binding can be seen
in the nigra, putamen, pallidum, and pons.
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Fig. 3. [11C](R)-PK11195-binding-potential maps in transverse sections of the brain of a
normal elderly subject (A) and an Alzheimer’s disease (AD) patient (B) with mild dementia. [11C]
(R)-PK11195 PET images were coreregistered to the individual MRI images. Increased [11C]
(R)-PK11195 binding was detected in the amygdala (top arrow) and in the inferior lateral (bottom
arrow) and mesial temporal lobe in the AD patient but not in the brain of the elderly control.
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of microglia in the mediation of amyloid toxicity and subsequent secondary tissue dam-
age via the release of cytokines and cytotoxic molecules (31). This observation had led
to the hypothesis that a chronic, self-perpetuating neuroinflammatory stimulation of
microglia in AD pathology is an important pathogenetic mechanism. Consequently, the
suppression of the brain’s inflammatory immune reaction to neuronal degeneration (e.g.,
by the use of nonsteroidal anti-inflammatory therapy) may reduce the risk of developing
AD and slow the progression of disease (32).

In our [11C](R)-PK11195 PET study performed in a group of AD patients with mild to
moderate disease, increased signals were measured in the temporal cortex (particularly
the fusiform, the prahippocampal, and the inferior temporal gyri), the inferior parietal
cortex, the posterior cingulated, and the amygdala (33). (Fig. 3B) The findings agree
well with the known spatial and histopathological distribution of AD pathology (34).
In addition, we were able do demonstrate that areas with high [11C](R)-PK11195 signals
subsequently underwent the most marked atrophic changes within the following year,
as shown by longitudinal serial volumetric MRI scans. This suggests that an in vivo mea-
sure of activated microglia provides an indirect index of disease activity. There is also
first indications that in patients with minimal cognitive impairment (defined as isolated
objective memory impairment and not yet demented) [11C](R)-PK11195 PET may help
to detect active neuroinflammatory pathology in specific areas, such as the inferior
temporal cortex before conversion into clinically manifest dementia (33). The patient
with minimal cognitive impairment included in our study showed an increased [11C](R)-
PK11195 binding in subregions of the temporal lobe similar to those found in AD patients
but not in the inferior parietal lobe. Interestingly, the areas with high [11C](R)-PK11195
binding underwent marked atrophic changes 23 mo after the PET scanning although
the cognitive performance remained stable over the same period of time. This finding sup-
ports the view that pathological process can remain unrecognized for several years before
reaching the threshold of clinical manifestation.
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