


Central  Nervous  System Diseases 



Contemporary  Neuroscience 

Central  Nervous System Diseases: Innovative  Animal  Modelsfrom Lab to  Clinic, 
edited by Dwaine F. Emerich, Reginald L. Dean, 111, 
and Paul R. Sanberg, 2000 

berg, Hito Nishino, and Cesario V. Borlongan, 1999 

Maarten E. A. Reith, 1997 

edited by Paul R. Sanberg, Klaus-Peter Ossenkopp, and  Martin Kavaliers, 
1996 

Neurotherapeutics: Emerging Strategies, edited by Linda M. Pullan and Jitendra 
Patel, 1996 

Neuron-Glia Interrelations During  Phylogeny: 11. Plasticity 
and Regeneration, edited by Antonia Vernadakis 
and Betty I. Roots,  1995 

Neuron-Glia  Interrelations  During  Phylogeny: 1. Phylogeny 
and Ontogeny $Glial Cells, edited by Antonia Vernadakis 
and Betty I. Roots,  1995 

The Biology @Neuropeptide Y and Related Peptides, edited 
by William F. Colmers and Claes Wahlestedt, 1993 

Psychoactive Drugs: Tolerance and Sensitization, edited 
by A. J. Goudie and M.  W. Emmett-Oglesby, 1989 

Experimental Psychopharmacology, edited by Andrew J. Greenshaw  and Colin 
T. Dourish, 1987 

Developmental Neurobiology qf the Autonomic  Nervous  System, edited by Phyllis 
M. Gootman, 1986 

The  Auditory  Midbrain, edited by Lindsay Aitkin, 1985 
Neurobiology $ the Trace Elements, edited by Ivor E. Dreosti 

and Richard M. Smith 
Vol. 1: Trace Element Neurobiology and Deficiencies, 1983 
Vol. 2: Neurotoxicology and Neuropharmacology, 1983 

Mitochodrial Inhibitors and Neurodegenerative Disorders, edited by Paul R. San- 

Neurotransmitter Transporters: Structure,  Function, and Regulation, edited by 

Motor Activity and Movement Disorders:  Research  Issues and Applications, 



Central Nervous 
System  Diseases 

Innovative  Animal  Models from 
Lab to Clinic 

Edited by 

Dwaine E Emerich, PhD 
Director of Neuroscience, Alkermes, Inc., Cambridge, MA 

Reginald Le Dean, 111, MS 
Department of Neuroscience, Alkermes, Inc.,  Cambridge,  MA 

Paul Re Sanberg, PhD, DSC 
Univeristy of South Florida  College of Medicine, Tampa, FL 

Humana Press % Totowa, New Jersey 



0 2000 Humana Press Inc. 
999 Riverview  Drive, Suite 208 
Totowa, New Jersey 07512 

All rights reserved. No part of this book may be reproduced, stored in a retrieval system, or transmitted in 
any form or by any means,  electronic,  mechanical, photocopying, microfilming,  recording, or otherwise 
without written permission from  the  Publisher. 

All authored papers, comments,  opinions,  conclusions, or recommendations are those of the  authorW, and 
do not necessarily  reflect the views of the publisher. 

This publication is  printed on acid-free paper. @ 
ANSI 239.48-1984 (American  Standards  Institute)  Permanence of Paper  for  Printed 
Library  Materials. 

Cover illustration: “Dark field photomicrograph  through the forebrain of a rat  dual  stained for tyrosine 
hydroxylase  and acetylcholinesterase” was  provided by  Jeffrey Kordower, PHD, Director,  Research Center 
for Brain  Repair,  and  Professor of Neurological  Sciences,  Rush  Presbyterian 
Medical Center, Chicago, IL 

Cover design:  Patricia  Cleary. 

For additional copies, pricing for bulk purchases, and/or information about other Humana titles, contact 
Humana at the above address or at  any of the following numbers: Tel.:  973-256-1699;  Fax:  973-256-8341;  E- 
mail: humana@humanapr.com 

Photocopy Authorization Policy: 
Authorization to photocopy items for internal or personal use, or the internal or personal use of specific 
clients, is granted by Humana Press Inc., provided that the base fee of  US $10.00 per copy, plus US  $00.25 per 
page, is paid directly to the Copyright Clearance Center at 222 Rosewood  Drive, Danvers, MA  01923. For 
those organizations that have been granted a photocopy license  from the CCC,  a separate system of payment 
has been arranged and  is acceptable to  Humana Press Inc. The  fee code for users of the Transactional Report- 
ing Service  is: [0-89603-724-X/00 $10.00 + $00.251. 

Printed in the United States of America. 10 9 8 7 6 5 4  3  2 1 

Library of Congress Cataloging in Publication  Data 

Main entry  under title: 

Central nervous system diseases: innovative animal models from  lab  to  clinic / edited by 
Dwaine F. Emerich,  Reginald L. Dean 111, Paul R. Sanberg. 

P. cm. -- (Contemporary neuroscience) 
Includes index. 
ISBN  0-89603-724-X (alk. paper) 
1. Central nervous system-Diseases-Animal  models. I. Emerich,  Dwaine F.  11. 

Dean,  Reginald L.  111. Sanberg, Paul R. IV. Series. 
[DNLM 1. Alzheimer  Disease-physiopathology. 2. Aging-physiology. 3. 
Huntington’s Disease-physiopathology. 4. Models,  Biological. 5. Parkinson Disease- 
physiopathology. W T  155  C397  20001 
RC361.C44 2000 

DNLM/DLC  99-25833 
for Library of Congress CIP 

616.8’0427-dc21 

mailto:humana@humanapr.com


To Nicole  Deanna  Sanberg, my daughter and inspiration 



This Page Intentionally Left Blank



Preface 

Our  continued  understanding of the  pathophysiological  underpin- 
nings of CNS diseases  as well as the  development of new treatments for neu- 
rological  disorders  is  intimately  linked  to  the  development of 
appropriate  animal models. Developing animal models is exceedingly diffi- 
cult  and  borrows from developments  in  fields  as  diverse as behavioral  neu- 
roscience,  biochemistry,  anatomy,  pharmacology, and molecular biology. The 
contributions contained in Central Nervous  System Diseases: Innovative Animal 
Modelsfiom Lab to  Clinic represent  the  efforts from some of the  leading scien- 
tists  and clinicians making use of the  innovations occurring in animal model 
development today.  Given the  number of researchers currently active in  this 
and  related fields, it would be inappropriate to suggest  that  the  full  range of 
activities were fully reflected in  this single volume. Instead,  experimental 
approaches  have been chosen to illustrate  rapidly  developing  experimental 
and  therapeutic themes. 

The  chapters do not provide  detailed  experimental  protocols.  Rather the 
authors have  been  encouraged  to  critically  examine the models  available  today 
and provide a detailed  examination of their  advantages, but equally as impor- 
tant,  their  limitations. With this backdrop, the contributions  focus  heavily  on 
the use of animal  models as a means of developing  therapies  for human dis- 
eases. In cases  where  the  animal  models  have  played important roles in devel- 
oping currently  approved drugs, the authors describe the contributions of the 
models to that process. In cases  where  new and innovative  treatments  remain  in 
preclinical  evaluations, the role that currently  available  models are playing  in 
that process is also  examined. In this way, the reader  can  appreciate the roles 
that animal  models  have  played  in  the  past,  the  role  they  play  today, and the 
roles that they  might  play  in  the future as  technological  advances  occur  across 
scientific  disciplines.  The  goal of this  volume is to  provide,  in  one  source,  impor- 
tant practical  information  that  will  prove  invaluable  to  both  experienced  research- 
ers and students. 

Central Nervous System Diseases: 1nnovativeAnimal Modelsfiom Lab to Clinic 
is organized into five  sections.  The  first  three  sections  concentrate on models 
used in three of the most  commonly studied areas.  The  first  section  contains 
seven chapters detailing  developments  in  aging and Alzheimer’s  disease.  The 
second  section provides six chapters illustrating developments in animal mod- 
els of Parkinson’s  disease.  The  third  section provides five chapters describing 
current developments  in  the  animal  models of Huntington’s  disease.  Within  each 
of these  first  three  sections,  the  initial  chapters  describe  techniques  that  rely  heavily 
on  behavioral  analyses,  followed  by  chapters  discussing  models  developed  from 
infusions of neurotoxins,  and  finally  models  that  have grown from developments 
in molecular  biology.  The fourth section  contains  three  chapters  describing  model 
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developments for  more  acute  neurological  conditions  including  traumatic brain 
injury and stroke. Finally, the  fifth  section provides t h e  examples that concen- 
trate on the  contributions that animal  models  are  making to the  development of 
some of the  more  exciting and innovative  therapeutic  agents. 

It  is hoped that this volume will  foster  the continued refinement and ra- 
tionalization of using animal models  to help treat some of the most important 
neurological  diseases in humans. 

Dwaine E Emerich 
Reginald L. Dean, IIII 

Paul R.  Sanberg 
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1 
The  Cholinergic  Hypothesis  a  Generation  Later 

Perspectives  Gained on the  Use and  Integration of Animal  Models 

Raymond T. Bartus 

1. INTRODUCTION 
It has  been roughly 20 yr since the empirical foundation supporting the cholinergic 

hypothesis was first established. This evidence was generated by multiple laboratories 
and clinics, working simultaneously on parallel fronts. Stated in its most simple form, 
the cholinergic hypothesis contends that: (1) a significant dysfunction of central cho- 
linergic neurons occurs in Alzheimer’s disease (AD), with analogous, but much less 
severe, changes also occurring in aged  humans and animals; (2) this cholinergic dys- 
function contributes significantly to the cognitive impairments seen in the earlier stages 
of AD and advanced stages of  normal aging; and (3) pharmacological enhancement of 
cholinergic activity can  measurably improve the cognitive function of these patients. 
Since its inception, the cholinergic hypothesis has generated considerable attention 
and controversy. For example, the initial article formally articulating the hypothesis 
( I )  ranks fourth among all neuroscience publications of the past 15 yr, in terms of 
number of citations (2) and yet the hypothesis has also generated a continuing stream 
of debate and criticism that continues to this day  (e.g., see discussion of  many  key 
points in 3-7). 

In addition to stimulating discussion and experimentation, the cholinergic hypoth- 
esis has also uniquely distinguished itself in several important ways. First, the cholin- 
ergic hypothesis is the only approach that has thus far yielded approvable drugs for 
treating AD. Of course, the ability to generate meaningful treatments is the quintessen- 
tial feature of any practical hypothesis that attempts to explain a medical problem. 
After years of latent but steady activity, the cholinergic hypothesis has finally begun to 
produce tangible benefits in this important area. Two cholinesterase inhibitors have 
already been approved by the FDA for treating AD and the approval of still other 
inhibitors is believed by  many to  be imminent (8,9). 

In addition, in contrast to the large role that serendipity played in the initial develop- 
ment  of treatments for nearly every other central nervous system (CNS) indication 
(e.g., depression, schizophrenia, anxiety, Parkinson’s disease), the cholinergic hypoth- 
esis provided a rational framework for developing therapies for AD. The framework 
was derived from the successful integration of data from biochemistry, pharmacology, 
novel animal models, and clinical studies. In addition, in contrast to most other new 
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4 Bartus 

therapeutic areas today, the animal models employed by the cholinergic hypothesis 
have been  heavily dependent on behavioral paradigms, which  in turn were developed 
from a rich  history of basic neuroscience research. 

Although the relatively modest symptomatic improvement achieved thus far, as well 
as the existence of nonresponders, may temper some people’s enthusiasm for this 
approach, several counterpoints offer reason for optimism. Certainly, the currently 
approved drugs should be viewed as merely starting points.  As discussed later in this 
chapter, there are many reasons to anticipate that even more efficacious cholinergic 
therapies will become available in the future. In addition, when one considers how far 
the field has evolved since the time that work  began on the cholinergic hypothesis, the 
progress achieved is truly impressive. For example, prior to the cholinergic hypothesis, 
no consensus yet existed for the primary symptoms of  AD, or even its diagnostic crite- 
ria (10-12). Indeed, the concept that selective deficits in memory occur with advanced 
age was still poorly accepted at that time (13-16), and it was still controversial to 
suggest that drugs might be used to improve something as complex, conceptually 
narrow,  and  poorly understood as age-related memory deficits or AD symptoms. Cer- 
tainly, earlier attempts to improve the symptoms of  AD (using vasodilators, psycho- 
stimulants, and other nonspecific approaches) showed no genuine efficacy (17-19). 
Finally, the idea of using animals to help study these problems was controversial, at 
best, and even heretical to some, for holdovers from earlier schools of thought (20,211 
still argued  that it was anthropomorphic to  use the term  “memory”  when describing 
animal behavior  (e.g., see 15). Thus, how could one imagine using animals to model 
aspects of human memory, especially involving deficits associated with human- 
specific diseases? Work directed toward the cholinergic hypothesis, including the ani- 
mal  models employed, not only contributed to the conceptualization and support of the 
hypothesis and its initial treatments but also to the general evolution of the neuro- 
sciences, and the specialized field of  AD.  In part because of this effort, enthusiasm for 
pharmacological treatment of  AD and other neurodegenerative diseases now runs high, 
and the use of selective animal models for neurodegenerative diseases is no longer 
considered controversial. 

This chapter reviews the evolution in thinking that occurred as the cholinergic 
hypothesis was developed, and the lessons learned along the way.  In particular, special 
attention is given to the central role that animal models played in the endeavor and the 
contemporary issues that have since emerged concerning the continued use of animal 
models to study neurodegenerative diseases. By  using the benefit  of hindsight to illus- 
trate and discuss when models proved useful and predictive and when  they did not, it is 
hoped that the continued development and use of animal models for AD and  many 
other neurodegenerative diseases will be facilitated. 

2. A BRIEF  LOOK  BACKWARDS:  THE  SUCCESSFUL  INTEGRATION 
OF ANIMAL MODELS AND CLINICAL  RESEARCH 
One of the more uniquely positive aspects of the cholinergic hypothesis is the vari- 

ety of approaches that contributed to its support.  How this occurred and the issues that 
emerged during this time offer perspectives that remain relevant to today’s efforts to 
develop models, insight, and treatments for many  of the neurodegenerative diseases. 
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The early foundation supporting the cholinergic hypothesis came primarily from 
four distinct and initially independent areas of study: animal pharmacology, biochem- 
istry, clinical research, and the more fundamental neurosciences (see 22 for more thor- 
ough review). By the  late 1970s and early 1980s, these efforts had become well 
integrated, with findings in one area clearly influencing the thinking and research in 
others. 

2.1. Early  Contributions from Pharmacology  Modeling 
The initial suggestion that central cholinergic neurons might play  an important role 

in the specific type of memory loss associated with  advanced age was suggested by 
Drachman and Leavitt (23). While anticholinergics had  been  known for years to pro- 
duce amnestic syndromes in different circumstances (24,25),  Drachman and Leavitt 
noted that relatively low doses of scopolamine could produce a pattern of cognitive 
deficits that generally paralleled those seen in (nondemented) elderly volunteers. Soon 
after that seminal article, a series of publications using nonhuman primates strength- 
ened the association of central cholinergic blockade to the pattern of memory loss seen 
in  old  age. The articles on  nonhuman primate demonstrated that the deficit achieved 
with scopolamine closely matched the most robust and consistent cognitive deficit to 
occur naturally in aged  monkeys whereas similar blockade of peripheral cholinergic 
receptors and other central neurotransmitter receptors was  not able to do so (reviewed 
in 26).  As discussed later, these studies led directly to the first successful demonstra- 
tion that age-related  memory losses could be pharmacologically reduced, using the 
anticholinesterase physostigmine in  aged  monkeys (27,28). During this same period of 
time, others demonstrated that the cognitive profile induced by cholinergic blockage 
also mimicked some of the cognitive deficits of  AD patients (29,301, while the deficit 
in  aged primates, in turn, was shown to be operationally and conceptually similar to the 
severe recent episodic memory impairments that occur in AD patients (13,31) (see 
Fig. 1). Since these early studies, numerous preclinical and clinical laboratories have 
continued to compare the pattern of behavioral deficits produced by pharmacological 
blockade of cholinergic receptors with those occumng naturally with age and AD. 
Considerable controversy continues to stimulate discussion regarding the extent to 
which the pharmacological effects mimic those occurring naturally with age or demen- 
tia and whether cholinergic blockade provides a useful model for rational drug testing 
(432-34). (There is no simple answer to the question and these issues are discussed in 
detail later in this chapter.) 

2.2. Integration of Neurochemistry and Neuropathology 

At about the same time that the initial pharmacologic studies were in full swing (i.e., 
the mid- 1970s), three laboratories nearly simultaneously reported that the brains of  AD 
patients exhibited a significant loss of choline acetyl transferase (ChAT) activity. 
Bowen et al. (35) first reported the decrease and found that it was correlated with the 
cognitive impairments of  AD patients. Later that same year and early the next,  Davies 
et al.  and Perry et al.  noted similarly severe decreases in ChAT activity (36,37). What 
remained unclear was  how, or indeed whether, the decrease in ChAT activity played 
any role in the cognitive symptoms of  AD. It was  widely  known that ChAT is not rate 
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Fig. 1. Top: Performance of young (5-7 yr), middle aged (10-15 yr), and aged monkeys 
(>18 yr) on an automated nine-choice, subject-paced task of recent episodic memory (delayed 
response). The subject was required to initiate the trial by placing its face into the window, 
which turned on a light on one of the nine panels. A one-way viewing screen (lowered in 
picture to permit response, but raised during stimulus viewing and retention) prohibited the 
subject from responding to the stimulus until the proper time (i.e., end of “retention interval”). 
During the retention interval, the panel of lights was visually isolated from the monkey by the 
one-way screen. Note that at the short delay intervals (which were randomly interspersed), 
little or no age-related differences existed. However, as a longer time interval was inserted 
between when the stimulus was viewed and when it could be responded to (thus placing 
increasingly greater demands on recent memory), a progressively greater, age-related deficit 
was seen. In the control condition (“Cont”), the stimulus remained on during the entire trial 
(therefore requiring no recent, episodic memory). An additional series of control experiments 
( I  6) demonstrated that potential age-related differences in motivation, psychomotor coordina- 
tion, sensory ability, attention, etc. could not easily account for the deficits, confirming that a 
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limiting for acetylcholine synthesis and that adequate acetylcholine synthesis could be 
maintained with losses of 90% of this enzyme (38,39). Thus, on the surface, the signifi- 
cant, 60-70%, loss of ChAT did not necessarily imply any loss of cholinergic function, 
let alone a specific relationship to the memory impairments associated with AD (just as 
prior observations of significant losses of markers for norepinephrine and dopamine in 
AD brains (40-43) did not establish a role for these neurotransmitters in the cognitive 
losses of AD). However, the prior animal and human pharmacological evidence had 
established an important relationship between impaired cholinergic function and the 
conceptual and operational features of the cognitive deficits of early AD and advanced 
age. This knowledge, heavily dependent on data from animal models, therefore sup- 
ported the empirical foundation that suggested that the loss of ChAT activity and the 
memory impairments in AD may not be merely coincidental. 

When a significant loss of basal forebrain cholinergic neurons was soon after 
observed in AD brains (44,45), an explanation was provided for how a reduction of 
ChAT activity might lead to cholinergic impairments (i.e., because the decrease actu- 
ally reflected a serious and somewhat selective loss of ChAT-producing cholinergic 
neurons). This finding also helped further integrate the existing data from biochemical, 
pharmacological, and behavioral studies which, in turn, led to additional animal and 
human studies employing anticholinergic drugs as well as animal studies using lesions 
of basal forebrain cholinergic neurons to model some of the neurobehavioral deficien- 
cies of AD. These approaches, however, remain controversial to this day, and are also 
the topic of discussion later in this chapter. 

Biochemical determinations in aged rodent brain tissue also provided some evidence 
of cholinergic deficiencies (e.g., see 46, but inconsistencies in these effects and the 
relatively subtle changes reported for both muscarinic receptors and cholinergic 
enzymes left open the question of how much physical change in the cholinergic system 
actually occurs in normal aging brains. On the other hand, neurophysiological record- 
ings of hippocampal pyramidal neurons following iontophoretic application of acetyl- 
choline and glutamage demonstrated a robust and somewhat selective loss of 
cholinergic responsiveness in memory-impaired aged rats (47,48). These data sug- 
gested that deficiencies in intracellular signaling of cholinoreceptive neurons are a 

Fig. 1. (continued) significant age-related impairment in recent episodic memory ability 
was responsible for the poor performance in the aged monkeys. (Data adapted from Bartus, 
1980 [60/.) Bottom: Performance of young volunteers (18-24 yr) vs healthy elderly volun- 
teers, early AD patients, and advanced AD patients (all 57-85 yr) on a recent episodic memory 
task modeled after a nonhuman primate task (above) but designed to reflect activities of daily 
living. Subjects were asked to remember which room of a 25-room house, presented on a video 
monitor, had a light on in the window (now off). During the delay interval the subjects were 
required to perform a reaction time task. Note that similar (albeit modest) deficits occur in 
elderly volunteers, with progressively greater deficits observed in the mild to moderate and 
severe AD patients, respectively (similar to those observed in aged monkeys). At the 0-s delay, 
only the performance of the advanced AD subjects significantly differed from that of the other 
three groups. By 30 s post-stimulus, performance level was significantly different among all 
four groups. (Modified with permission from Flicker, 1984 [13].) 
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Fig. 2. Top: Performance of aged monkeys on a recent episodic memory task (i.e., a subject- 
paced, nine-choice delayed response task shown in Fig. 1) following injections of either phys- 
ostigmine or vehicle. The duration of the retention interval was adjusted for each monkey so 
that its performance was about 60% (i.e., well above chance performance of 11%, but well 
below perfection). These  data represent a “retest” challenge of the most effective dose of phy- 
sostigmine, per individual monkey, determined by prior multiple dose-range testing in each 
monkey. Two out of eight monkeys showed no improvement under any dose tested and there- 
fore are not included here. Note  that all but one of the monkeys again showed a positive response 
to the dose previously shown to be individually effective, while that one exception did so at the 
next highest dose level. Note also the wide individual variation (order of magnitude difference) 
in the most effective dose-a phenomenon initially reported in monkeys (27,28), replicated 
very soon after in AD patients (51) and since reported numerous times (see text, p. 9). Yet most 
clinical trials attempting to demonstrate efficacy of cholinomimetics do not attempt to accom- 
modate wide individual dose variations into the protocol design. C,  Mean of multiple control 
tests with vertical bar representing p < .01 confidence limits for all vehicle test days. (Data 
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major  problem in aged brain that likely contributes to the memory losses-a hypoth- 
esis recently reiterated to explain more recent data in  aged subjects (49). 

2.3. Early  Development of Cholinergic  Treatment  Approaches 
The initial, empirical evidence that drugs could improve age-related cognitive defi- 

cits was achieved using  an animal model  (28,50). This experiment was  performed in 
aged  nonhuman primates using the cholinesterase inhibitor physostigmine to improve 
recent episodic memory deficits. In addition to demonstrating significantly improved 
memory performance following administration of physostigmine, this article made two 
other observations that still seem relevant today. First, significant variability existed in 
the response of individual monkeys  to cholinergic drug treatment, with some subjects 
apparently unresponsive at any dose tested. Second, even among the positive treatment 
responders, significant variability in the most effective dose was seen between  mon- 
keys (e.g., see Fig. 2). Shortly after, similar results were reported when physostigmine 
was  given  to  Alzheimer’s patients (511, including increased interpatient variability 
reminiscent of the response in aged  nonhuman primates. This study in AD patients was 
one of a series of pioneering clinical experiments by Davis and colleagues investigat- 
ing the effects of pharmacological enhancement of cholinergic activity in a variety of 
clinical conditions (e.g.,  AD, depression, schizophrenia), including tests on memory 
with young, healthy volunteers (52,53). These initial positive effects of physostigmine 
in nonhuman primates and AD patients were soon replicated and extended (54-60). In 
aged  monkeys a series of studies showed that while other cholinergic drugs (such as 
tacrine and muscarinic agonists) could similarly improve memory performance, a vari- 
ety of other agents that stimulate noncholinergic neurotransmitter receptors (e.g., 
dopamine,  y-aminobutyric acid, a-adrenergic) were ineffective (reviewed in 61). Build- 
ing on these data, and the broader foundation laid by the cholinergic hypothesis, oral 
tetrahydroaminoacridine (tacrine, THA, or CognexB) was tested in a small group of 
AD patients (62) and shown to improve their symptoms. These results were later repli- 
cated in a multicenter trial (63) and in 1993 tacrine was approved by the FDA as the 
first treatment for the cognitive symptoms of  AD. The prime mechanism of action of 
THA, like that of physostigmine, is the inhibition of acetylcholinesterase, thus extend- 
ing  the duration of synaptic acetylcholine. Although far  from a miracle drug, the 
approval of  THA  was important for several reasons. 

First, it provided the first clear evidence that the symptoms of  AD could be signifi- 
cantly reduced with a drug. Second, in doing so, it provided confirmation of the link 
between cholinergic activity and the cognitive symptoms of  AD,  thus validating an 
important tenet of the cholinergic hypothesis. Finally, because it was generally recog- 

Fig. 2. (continued) modified  from  Bartus, 1980 [60].) Bottom: Data  from  the  same  study 
(above) except the  replicable  individual  variations  in  peak  dose  were  not  taken  into  account 
when  group  means  were  simply  computed for  each dose. Note that using  this  analysis,  it 
appears  that no  dose  is  effective  in improving  recent episodic memory  in  aged  monkeys,  when 
in  fact  the  majority of  monkeys  exhibit  consistent  improvement,  but  under  individually  variable 
doses. Many clinical trials  continue to analyze  the  data  in  this  manner,  potentially  obscuring 
positive  effects. 
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nized that tacrine was far from  an ideal cholinergic drug, its success demonstrated both 
the need  and the path to develop even better drugs. ’ 

2.4. Initial  Resistance  and  Controversy 
Despite the range of evidence supporting the cholinergic hypothesis, almost from its 

inception, it has been surrounded in controversy and immersed in debate. Much  of the 
early arguments claimed it was (a) too simplistic to assume that any single neurotrans- 
mitter could be responsible for a syndrome as complicated and devastating as AD, or 
(b) naive to suggest that the exclusive role of cholinergic neurons is to mediate cogni- 
tion;  thus, it seemed unlikely to these investigators that drugs modulating cholinergic 
activity could ever do AD patients any good. Of course, the cholinergic hypothesis 
never suggested that other neurotransmitters are not involved with the deficits, only 
that cholinergic neurons participated in  an important manner. Moreover, it was never 
assumed that cholinergic neurons had no other function beside cognition, only that this 
was one of their important functions. Finally, the cholinergic hypothesis never pre- 
dicted that cholinergic drugs would likely reverse all the impairments of AD, or even 
completely reverse any particular symptom, only that some measurable and meaning- 
ful improvement in key symptoms associated with the recent memory impairments 
should be possible. These points were discussed in detail in a series of articles on the 
subject (3,22,64) and do not deserve further repetition here.  However, more recent 
debate has focused specifically on the underlying logic of the models intended to mimic 
the neurobehavioral deficits of aging and AD, as well as the utility of these models for 
understanding the problem and searching for effective therapy. Because resolution of 
these issues impacts how effectively animal models might be employed for other 
neurodegenerative diseases, they are discussed in detail in the next section of this 
chapter. 

3. CURRENT  PERSPECTIVES ON ANIMAL MODELS 
ASSOCIATED WITH  THE  CHOLINERGIC  HYPOTHESIS 
The use of animal models to study AD and  age-related  memory loss, as well as the 

potential role of central cholinergic neurons, has  had  a controversial history.  Many 
critics argued that animals could not be used for AD-related  research because animals 
do not truly develop AD (in contrast to many other human diseases where animals 
models have  proven invaluable; e.g., diabetes, hypertension, cancer, etc.). However, it 
was important to recognize that no model claims or intends to mirror every aspect of 
human disease (65-72). Rather, by their nature, models are used to reproduce some 
aspect of the disease to study it  in ways  not possible in the clinical setting. Thus, the 
issue is not whether animals contract AD, but rather whether they share, or can be 
made to share, certain components of the disease to gain knowledge that may facilitate 
its treatment. Indeed, it is now clear that animal models played important roles from 
the inception of the cholinergic hypothesis through the development of the treatment 
approaches now shown to benefit patients. For example, as reviewed later, they helped 
establish an important role of the cholinergic system in the specific recent episodic 
memory loss that characterized the early symptoms of AD, helped in the development 
of cholinergic strategies and specific cholinergic drugs for treating AD,  helped eluci- 
date the age-related changes that occur in normal healthy aging, and helped establish 
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the similarities and differences between the losses in normal aging from the more severe 
cognitive deficits of AD. The following text describes in greater detail the contribu- 
tions made and issues generated by three different types of animal models. The indi- 
vidual contributions, as well as  the limitations of each, is discussed so that, with the 
benefit of hindsight, this perspective may facilitate the further development and use of 
animal models to study and find treatments for neurodegenerative diseases. 

3.1. Models  Using  Aging  Non-Human  Primates 
Models employing aged primates played a prominent role in the early development 

of the cholinergic hypothesis, although not without initial resistance. Prior to the incep- 
tion of the cholinergic hypothesis, there existed no consensus for whether normal aging 
was associated with a loss of memory, little enthusiasm for using animals to help 
address this issue, and widespread confusion regarding the key, early symptoms of AD 
and its relationship, if any, to deficits in non-AD elderly (10-15). Several factors began 
to change this scenario in the 1970s that eventually opened the door for animal models 
to make contributions to the field. 

3.1.1. Establishment of Age-Related Memory Deficits 
One of the events that helped modify perceptions involved a series of studies with 

aged non-human primates, reporting that impairments in recent episodic memory were 
among the most robust  deficits observed within a battery of tests (27,50,73,74). 
Although others had previously reported decreases in memory ability in aged  nonhu- 
man primates (75,76), the issue of whether normal age-related deficits occurred in ani- 
mals and humans remained controversial until the deficit was demonstrated in an 
apparatus and paradigm that did not easily allow any other logical interpretation. 

The importance of a  well-controlled testing environment to accurately measure the 
intended behavioral constructs cannot be overstated; this theme will recur as other 
issues related to the development and use of animal models are discussed in other parts 
of this chapter. The apparatus used in the aforementioned primate studies was  an auto- 
mated, nine-choice, subject-paced device that was specifically designed to provide 
superior control of  many nonmnemonic variables, particularly those that might con- 
found measures of  memory and other forms of cognition in aged  monkeys (73). It 
required proper visual orientation toward the stimuli for the trial to be initiated by the 
subject, required a minimal viewing time of the stimuli, greatly reduced the ability of 
the subjects to exploit extraneous (nonmnemonic) cues, and offered precise timing and 
control of the stimulus presentation and retention intervals. Because a correct response 
could be made  by chance only 1 1.1 % of the time (i.e., one out of nine), a wide range of 
above-chance performance provided  a very sensitive measuring tool. Other features 
made it possible to control for potentially confounding age-related variables, such as 
deficits in visual acuity, psychomotor coordination, reduced appetite and motivation, 
etc. (see 15,16,77 for more detailed discussion of these points). Because of these fea- 
tures, the series of studies performed in this apparatus unequivocally demonstrated that 
robust deficits in recent episodic memory occur in old monkeys (16). They also dem- 
onstrated that these deficits were among the most severe and earliest manifested from 
among  a variety of behaviors studied (50,73,74). The identical deficit was later shown 
to exist in New World monkeys (60) (Fig. 1) and was remarkably indistinguishable 



12 Bartus 

from the major deficit induced in young monkeys given the anticholinergic agent, sco- 
polamine (78) (the latter point reinforcing recent studies in humans (23) (Fig. 3). 

Using a similar apparatus adapted specifically for humans, the memory deficit in 
nonhuman primates was later shown to be operationally and conceptually similar to a 
robust memory deficit characterized in the early stages of  AD (13,31) (Fig. 1). Most 
importantly, the conceptual and operational features of this task were similar to the loss 
of recent episodic memory reported in elderly humans  and early-stage AD patients 
(13,14,31,32,79-81). These and subsequent studies by other investigators (e.g., see 
82-87) helped firmly establish recent episodic memory loss in aged primates as a con- 
sistent phenomenon, contributing to the current acceptance that such losses are a com- 
mon aspect of mammalian aging (e.g., 14,88-90). This work also helped establish the 
similarity of the recent episodic memory loss that occurs in elderly monkeys,  humans, 
and early stage AD patients, therefore providing an empirical link to use models with 
aged animals for studies of  human cholinergic dysfunction and  memory disturbances. 
Earlier observations of significant concentrations of amyloid plaques in aged  monkey 
brains had  provided  an additional complementary pathologic link between  aged  mon- 
keys, aged  humans,  and  AD (91). Finally, the research with aged  nonhuman primates 
helped establish age-related memory loss as a formal diagnostic entity (14), while pro- 
viding insight into some of its biochemical sources and helping to compare it to and 
distinguish it from the more severe and global cognitive deficits associated with  AD. 

Although some investigators correctly point out that significant cognitive differ- 
ences exist between normal aging and AD patients (88), these arguments do not  mini- 
mize the important commonalties that do exist. Certainly, much can be learned about 
aging and  AD  by searching for and studying the differences that exist between them. 
At the same time, by focusing on the similarities that exist in the primary symptoms, 
one can exploit commonalties to develop testable hypotheses, valid animal models, 
and therapeutic approaches-at least for the symptoms held in common. This is what 
work  on the cholinergic hypothesis successfully did. 

3.1.2. Early Suggestion for a Frontal Lobe Dysfunction 
Work  with aged nonhuman primates also revealed a pattern of deficits that closely 

resembled that induced by selective lesions of the frontal neocortex (Table 1). These 
observations invoked an early hypothesis that frontal cortical dysfunction may be par- 
ticularly involved with the cognitive impairments of late senescence and early AD 
(73). Thus, this hypothesis, based on work in young and  aged  nonhuman primates, 
anticipated and supported current clinical thinking that attributes important age-related 
losses of “executive function” to frontal cortical dysfunction (92-94). Subsequent 
authors have since noted similar parallels between the pattern of deficits in  aged  mon- 
keys and frontal lobe dysfunction (e.g., 84,95). 

3.1.3. Drug Research with Aged Monkeys Predicted  Early  Clinical Results 
Animal models also contributed to the development of the treatment approaches that 

ultimately led to success in the clinic. Not only was the initial demonstration of  phar- 
macological improvement of age-related memory deficits achieved in aged  monkeys 
(27,28), but this same test situation generated a body  of evidence that continues to have 
reasonable predictive value for AD clinical trials. Both the initial clinical success 
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Fig. 3. Top: Mean performance of young monkeys on recent episodic memory, using the 
same task shown in Fig. 1. Each monkey was tested under two doses of the anticholinergic 
scopolamine (low dose is from .01 to .015 mgkg; high dose is from 0.20 to 0.30 mgkg)  as well 
as a saline control condition. Retention intervals were adjusted per individual monkey to pro- 
vide modest decline in performance under vehicle condition (maximum duration was 60 s). 
Note the progressive, dose-related impairment that occurs as the retention interval increases; 
this mimics the naturally occurring deficit found in aged monkeys. Even though accuracy on 
the longest retention interval was quite poor, apparent nonmemnonic effects were minimal and 
all monkeys easily completed the test. Similar tests using numerous other neurotransmitter 
modulators were not able to induce similarly selective recent memory impairments. C, Control 
condition where stimulus light remained on. Vertical bars represent SEM. (Data from Bartus, 
1976 [78].) Bottom: Effects of combinations of scopolamine (from 0.105 to 0.02 mgkg), phy- 
sostigmine (from 0.02 to 0.03 mgkg), and methylphenidate (0.0125 mgkg) on performance of 
delayed-response task. Concurrent administration of physostigmine reliably reduced the sco- 
polamine-induced deficit, while concurrent administration of methylphenidate potentiated the 
deficit, at a dose of methylphenidate that produced no measurable effects when given alone 
(not shown). Vertical bars represent SEM. (Data from Bartus, 1979 [127].) 
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Table 1 
Similarities  Between  Cognitive  Performance 
of Aged  Monkeys  and  Frontally  Ablated  Young  Monkeys 

Behavioral function Aged  monkeys Frontal monkeys 

Recent episodic memory Severely impaired Severely impaired 

Sensitivity  to  interfering Increased Increased 

Sensitivity  to  proactive Increased Increased 

Sensory  processing  ability No serious impairment No obvious impairment 

Visual discrimination  learning Generally no deficit Generally no deficit 

These  data suggest potentially important frontal dysfunction in mediation of some of the cognitive 
symptoms of age and  early-stage AD. They thus offered early support for current hypotheses regarding 
frontal cortical dysfunction and loss of executive function in aging and dementia (e.g., see text for further 
discussion, Subheading 3.1.2.). (Adapted from Bartus, 1979 /73]). 

(delayed  response) 

stimulation (intratrial) 

interference (intertrial) 

(sensory problems controlled  for) 

(51,5659) achieved  with cholinesterase inhibitors as well as many negative approaches 
were correctly anticipated by studies with aged  monkeys. Using the same test situation, 
the monkey data predicted a lack of efficacy with cholinergic precursor loading (60,96), 
dopamine precursor loading (61), general CNS stimulation (17), neuropeptide enhance- 
ment (97), and noradrenergic receptor stimulation (98,99). To date, all of these results 
have been confirmed in AD clinical trials (Table 2). 

Although stimulation of the cholinergic neurotransmitter system is the only one to 
produce positive effects on memory performance in the aged  monkeys tested in this 
subject-paced, automated apparatus, Arnsten and Goldman-Rakic observed positive 
effects in  a different test situation when adrenergic receptors were stimulated with 
%-adrenergic agonists (100,101). However, attempts to replicate these observations in 
the subject-paced, automated apparatus described were  not successful, despite testing a 
variety of acute doses, subchronic doses, and combinations of adrenergic and cholin- 
ergic receptor agonists (98,99). Carefully controlled clinical trials also failed to achieve 
positive effects in AD patients, using two different adrenergic agonists, clonidine and 
guanfacine (102,103). Nonetheless, the possibility that an age-related impairment in 
adrenergic frontal cortex contributes to the memory deficits in the nonhuman primates 
continues to intrigue and deserves further attention (95,101,104). Presumably, impor- 
tant task differences between the two primate testing situations are responsible for the 
variant results. Although definitive answers are not yet possible, it seems reasonable to 
suggest that the task used  by  Arnsten  and Goldman-Rakic may be more sensitive to 
attentional variables in the aged monkeys (as it does not impose the same observational 
requirements of the monkey as does the subject-paced, automated task, where no ben- 
efit was seen). Perhaps the performance benefits observed  with clonidine involved some 
improvement at the interface between attention and mnemonic functions. Alternatively, 
Coull(105) argues for an important role of the %-adrenergic frontal cortical system in 
inhibition of distraction, providing another plausible explanation for the differences 
observed (as the control afforded by the automated task would also make it less sensi- 
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Table 2 
Improvement in Recent  Episodic  Memory 
in Aged  Monkeys  via  Neurotransmitter  Modulation 

Class DW2 Improvement 

Anticholinesterase 
Anticholinesterase 

Muscarinic agonist 
Muscarinic agonist 
Cholinergic and 

phospholipid precursor 

Physostigmine Yes 
Tetrahydroaminoacridine Yes 

Arecoline 
Oxotremorine 
Choline 

Yes 
Yes 
No 

Dopamine agonist Apomorphine No 
Dopamine precursor L-Dopa No 
GABA agonist Muscimol No 
a-adrenergic agonist Clonidine No 
Benzodiazepine antagonist CGS8216 No 

These drug effects  were achieved in aged monkeys tested on the  same recent episodic memory paradigm 
shown  in Fig. 1. Note that of all neurotransmitter modulator drugs tested, only those directly affecting 
cholinergic system were  able to improve performance on the task. See Subheading 3.13. for  details and 
specific references. 

tive to any beneficial drug effects on interference). Whatever the reason for the differ- 
ent effects, these data emphasize that variations in animal paradigms intended to mea- 
sure  the same constructs can produce very different results, with correspondingly 
differential success predicting outcomes in complicated human trials involving age- 
related memory deficits. 

3.2. The  Challenge of Using  Aged  Rodents 
to  Model  Age-Related  Memo y Impairments 

Although studies of aged rodent memory have played important roles advancing 
biogerontology, and in elucidating many neurological mechanisms responsible for age- 
related behavioral deficits (106-1 I]), their role in the development of cholinergic strat- 
egies and specific treatments is less clear (except perhaps for confirming the in vivo 
cholinergic activity of certain lead compounds). When one looks at the nature of the 
work done with aged rodents, the reasons for this become more evident. 
3.2.1. Do Rodent Paradigms Measure the Appropriate Constructs? 

Early studies characterizing a wide range of behaviors in aged rats and mice con- 
firmed that, like primates, aged rodents also suffer deficits on tasks intended to mea- 
sure learning and memory ability (70,112,113). However,  a number of difficulties also 
became apparent, including: (1) establishing rodent paradigms of recent episodic 
memory (i.e., the primary form of memory loss of aged humans and early-stage AD 
patients), (2) achieving a high degree of experimental control over mnemonic and the 
multiple nonmnemonic variables that can effect outcome measures, and therefore (3) 
being able to conclusively argue for a specific loss of memory as responsible for the 
performance deficit. Although it  is true that many rodent tasks have been developed 
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that require information to be learning and/or remembered, and for which  aged rodents 
suffer deficits, these tasks are conceptually very different from those used  to measure 
the recent episodic memory  most closely associated with cholinergic dysfunction in 
aged and demented AD patients and for which  AD patients demonstrate significant 
losses early in the course of the disease. 

Although severely demented AD patients exhibit deficits on  nearly  any cognitive 
task on  which  they are tested (81), the widespread degenerative processes characteris- 
tic of end-stage AD do not help identify the key symptoms nor permit the establish- 
ment  of essential causal links. Thus, an examination of the deficits in the earlier stages 
of the disease has  proven  valuable. Interestingly, memory problems are the most com- 
monly reported complaint of cognitive decline in early AD and late stage senescence, 
with recent episodic memory deficits being among those affected most early and 
severely (81,114). As discussed previously, aged  nonhuman primates share this loss as 
a major  portion of their constellation of cognitive symptoms (73,113) and these com- 
monalties are not likely a coincidence. Thus, the focus on recent episodic memory  in 
animal models is both logical and practical. Moreover, it permits animals to be used  to 
address certain questions concerning recent memory losses in aged humans and early 
stage AD patients. The common features of the recent memory deficits can be opera- 
tionally defined as occumng: (1) in situations where the event to be remembered is 
brief  and discrete; (2) when little or no opportunity for practice or rehearsal exists; and 
(3) over a relatively rapid time frame, with retention typically decaying in minutes to 
hours, depending on the specific nature of the information, task, and interpolated activ- 
ity. In addition, the poor retention can be shown to be independent of numerous 
nonmnemonic variables that might also effect accuracy. Unfortunately, when one 
examines tests of memory  used  in  aged rodents, these characteristics are not  usually 
found, making the generalization of findings in rodents to  humans less certain. 

3.2.2. Do Rodent Paradigms Include Sufficient Controls? 
Independent of the type of  memory  measured and its relationship to human deficits 

(or lack of it), a significant limitation with rodent tasks is that they rarely include suffi- 
cient controls to permit one to conclude that the performance deficit is necessarily 
related to a deficiency in recent memory, per se. An important difference between the 
majority of rodent tasks used to study age-related memory loss and the nonhuman pri- 
mate task discussed earlier, for example, is the use of several control trials within each 
test session under which little or no memory is required. Investigators pioneering tests 
of recent memory argued strongly for the importance of inserting such control trials 
within the test, when all other task requirements are retained, but the need for recent 
memory for successful performance is eliminated (115-117). This control typically is 
accomplished by using a “zero second”  delay condition, where the subject can respond 
immediately upon seeing the relevant stimulus, thus  not having to remember  what or 
where the stimulus was. In addition, by using variable lengths of retention intervals, 
differential demands are placed on the subject’s memory ability. If the task is primarily 
measuring recent memory ability, the use of variable length retention intervals should 
be reflected in a temporal performance gradient (i.e., longer retention intervals yield- 
ing increasingly poorer performance). This greatly strengthens a memory interpreta- 
tion of the data (see, e.g,  Fig.  1). Because aged rodent tasks have rarely successfully 
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incorporated this feature, one is typically forced to assume that the animal did not 
perform the task accurately because its memory  was impaired. Similarly, one has to 
assume that performance  would have been accurate if recent memory  was  not signifi- 
cantly  taxed. Most often little reason exists to justify these fundamental assumptions. 
For example, the delayed alternation task is routinely accepted as a valid test of rodent 
recent memory. Yet, aged rats typically perform poorly  on even the shortest retention 
intervals and the poor performance is accepted as evidence of a short-term memory 
deficit. However, it is impossible to rule out other interpretations, including deficits in 
their ability to distinguish between the two choices (owing to spatial sensory deficits), 
lower motivation to perform the task, and lack of understanding of  how  to optimize 
reward (i.e., unclear of the rules). In fact, because serious deficits occur with the short- 
est time intervals (when presumably relatively little memory is required), it seems logi- 
cal to conclude that many  nonmnemonic deficiencies are indeed contributing to the 
poor  performance. Thus, without a proper control condition that retains all elements of 
the task except recent episodic memory, and where performance is near perfect, it  is 
not justified to interpret the deficits as primarily mnemonic  in  nature. Similarly, when 
an improvement in performance is observed in such a circumstance, it is difficult to be 
certain the improvement is due to an effect on memory, as opposed to numerous other 
factors that could have been improved and that were the underlying cause of the poor 
performance. 

The two most popular and successful tasks for evaluating age-related memory defi- 
cits in aging rats arguably are the Morris water maze and variations on radial maze 
tasks (e.g., eight-arm radial maze, Barnes circular platform, etc.).  Both  have  been  used 
to great advantage by investigators interested in studying rodent memory,  in general, 
as well as age-related memory losses. However, it remains uncertain how suitable they 
are for modeling the recent, episodic memory losses associated with cholinergic dys- 
function in AD patients, as well as those in human and nonhuman primates. It was long 
ago demonstrated that aged rats suffer serious deficiencies in spatial perception  (i.e., 
difficulty correctly differentiating their position in space) (118,119). Both the water 
maze and the radial maze tasks have a significant spatial component, requiring that the 
animal navigate in space to perform the task. Thus, this spatial deficiency places the 
aged rats at a distinct disadvantage before any requirement of memory is imposed. 
Attempts to equate for this deficiency have  been few and difficult to implement. Of 
course, if the aged rats are unable to accurately perceive the required spatial relation- 
ships as well as their younger cohorts, how can we interpret with confidence that a 
deficit in ability to remember these relationships primarily reflects a loss of  memory? 
Indeed these tasks typically demonstrate age-related deficits across all conditions, 
independent of the duration of the retention interval, and therefore independent of  how 
much their memory  was  taxed. 

The Morris water  maze adds an additional confounding variable for studying aged 
memory in that it is both  very physically demanding and presumably uses a survival 
instinct as its primary motivating factor (i.e., fear of drowning). This issue becomes 
significant when traditional probe trials are used to measure retention in this task.  By 
design, probe trials provide no  means of escape to  safety  and the rat is therefore required 
to continue swimming until rescued  by the experimenter. The question that emerges is, 
at  what  point  in this event is a panic response differentially induced in aged animals 
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who are more likely to reach a state of perceived exhaustion or desperation before their 
younger cohorts? Similarly, to what extent might this differentially confound the 
intended memory measurement? Although this discussion is not  meant to be critical of 
either these tasks or their use, it  is intended to focus attention on their interpretive 
limitations and the need for innovative solutions when  used as paradigms to model 
age-related recent memory.  At a minimum, one needs to be able to distinguish possible 
memory impairments from the numerous other factors that may impair performance. 

Thus, despite the importance of nonmemory control conditions and its accepted 
importance  during  the  early  development of animal  recent  memory  paradigms 
(115-117), this important point seems to have been lost in  many of the more recent 
efforts, especially in rodent studies of age-related deficits. Yet, adopting this principle 
would  seem to be fundamental to employing properly controlled recent memory para- 
digms.  Omitting  the  nonmemory  control  condition is analogous  to  performing 
immunostaining without confirming the specificity of the antibody staining by running 
a primary deletion condition and preabsorbing with the protein against which the anti- 
body  had  been raised. One simply cannot interpret what one is quantifying and  what a 
change between groups means. Similarly, not including a nonmemory control condi- 
tion in tasks intended to measure recent memory deficits seems little different than 
running receptor binding assays and not accounting for the nonspecific binding. One 
simply cannot know  if  what is being  measured is genuine. Of course, this condition is 
rarely included in rodent tasks because the tasks do not accommodate it very well. 
Even when the best rodent memory laboratories attempt to include this control, the 
data do not permit an unambiguous recent memory interpretation (e.g., 120). If perfor- 
mance on the shortest delay condition is not nearly perfect, with gradual decline in 
accuracy occurring as the retention interval increases, it is very difficult to interpret the 
task as one that primarily measures recent episodic memory. Thus, one cannot interpret 
the deficits as primarily due to impairment in recent memory.  When  necessary control 
conditions are omitted entirely, the data are even less uninterpretable (115-117). 

3.2.3. Issues Regarding Rodent Tasks of Episodic Memory 
Even when rodent paradigms are developed that can incorporate the necessary 

nonmemory controls, and therefore more clearly offer information regarding recent 
episodic memory,  they have not gained popularity among researchers. One problem 
likely involves the long training time required of these tasks.  In addition, the tasks do 
not always prove suitable for studies using aged animals. For example, a variation of 
the radial arm  maze paradigm was developed specifically to provide a test of recent 
episodic memory in  the rat, including incorporation of the necessary “nonrecent 
memory” control conditions discussed earlier (121). Like most variations of the eight- 
arm radial maze, this paradigm required that the rat first learn not to return to  arms that 
were previously  rewarded  in the same session.  Once this was  accomplished (after weeks 
of training) recent episodic memory could be tested by making a subtle modification in 
the task. During each test session, an “information phase” limited the rat’s choice to 
four preassigned arms. This was followed by a variable delay interval (the “memory 
retention” phase of the session), during which the rats were temporarily returned to 
their holding cage. After the delay interval expired, the rats were returned to the maze, 
with all eight arms available. They showed  they  not  only remembered whicharms they 
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had been to, but that they understood the rules of the task,  by  now accurately going to 
the four remaining arms in which they  had  not yet been rewarded on that session (and 
avoiding returning to the four arms previously rewarded prior to the delay). The task 
can be repeated over many days or weeks  (of course, randomly changing which four 
arms are available during the information phase), with variations in the duration of the 
“memory  retention’’ phase. As the duration of the retention interval is increased, one 
observes a gradual decline in accuracy, reflecting a decay in recent, episodic memory. 
Rats subjected to ibotenic acid lesions of the nucleus basalis of Meynert (nBM) were 
able to accurately perform the task with short delays but exhibited selective deficits as 
the retention  interval  was  increased. This provided strong evidence for a deficit in recent 
memory following this lesion (121; Fig. 4). Unfortunately, when  aged rats were trained 
in the paradigm, they were never able to learn to accurately perform the task without 
any delay intervals (i.e.,  when little recent memory was required) (Bartus, 1986, 
unpublished observations). Thus, without excellent performance on control conditions 
(where little or no recent memory  was required) one could not legitimately test the rats’ 
recent, episodic memory ability. In addition, one could not even justify interpreting the 
problem as a deficit in recent memory for  it was uncertain if the problem was one of 
memory, perception, motivation, etc. Thus, we were forced back to the drawing board, 
never to get this close to developing an effectively controlled aged rodent test for recent 
episodic memory  again. 

Despite its crude and simple nature, the passive avoidance paradigm can produce 
data that are more easily interpreted as reflecting losses in recent memory (as long as 
the paradigm is properly  run). Age-related retention deficits on the one-trail passive 
avoidance task have been  known to exist for some time (47,112,122,123). This deficit 
is both robust and consistent across rats (Fig. 5). A  main advantage of the paradigm is 
that decreases in psychomotor activity, energy levels, etc. tend to improve retention 
scores on the task (by tending to keep the animal in the “learned, safe” compartment). 
Thus, when age-related retention deficits are observed, one can be more certain they 
are not due to confounding effects of these particular motoric changes which are known 
to occur with age.  However, just  as importantly for the present discussion, one can 
insert varying durations of retention intervals between the learning trial and the reten- 
tion test, thus changing the recent memory requirements of the task.  If the aged rats 
perform well under the short intervals (when little recent memory is required), and 
perform more poorly under the longer intervals (which require greater memory abil- 
ity), one can conclude with more certainty that an important deficiency in recent 
memory has contributed to the poorer performance (47; Fig. 5) .  Note that this task also 
satisfies the operational and conceptual characteristics of recent episodic memory, 
described earlier (see discussion in Subheading 3.2.1.). 

Interestingly, a simple and effective means of eliminating the passive avoidance 
deficit in aged rats is simply to arrange the procedure so that it requires multiple trials 
to learn the task (124). In the multiple-trial variation of the task, aged rats are able to 
learn at nearly the same rate as young rats and retention is comparable, even when 
measured 2 wk after training (Fig. 5). In other words,  by making subtle changes in the 
parameters of the task, it was shifted from one primarily dependent upon recent epi- 
sodic memory to one requiring other forms of learning and longer term memory. Con- 
sequently, the performance in the aged group relative to the young group changed 
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Fig. 4. Time-dependent retention gradient established in an eight-arm radial maze (sche- 
matic inserted) by rats with ibotenic acid lesions in the nucleus basalis (filled circles) vs sham 
lesions (open  circles). The temporal performance gradient was established by allowing access 
to only four of the eight arms before the delay interval (selected by the experimenter and varied 
from session to session). Following variable delay intervals, all eight arms were available to 
assess the animals' ability to remember which arms had been visited earlier in the session. 
Delay intervals varied from 15 min to 8 h. Note that both groups performed perfectly at the 
shortest retention intervals and displayed increasingly poorer performance as the duration of 
the retention interval increased. Because performance was perfect when little  or no recent epi- 
sodic memory was required, these data illustrated that sufficient experimental control over 
nonmnemonic variables was achieved and that the animals understood the task rules. Also, 
because the difference between the two groups increased as the retention interval increased 
(thus placing greater demands on recent episodic memory), these data demonstrated an impair- 
ment in recent episodic memory following the lesion. (Data from Bartus, 1985 [121].) Note the 
conceptual and operational similarities between this memory deficit and those reported in Figs. 
1, 3, and 4 for aged primates, humans, AD patients, and for monkeys given scopolamine. 
Unfortunately, when aged rats were tested on this paradigm, they were not able to achieve 
perfect performance on the shortest retention interval (Bartus, unpublished dum), making it 
impossible to interpret the nature of their deficit (i.e., mnemonic or due to numerous other 
nonmnemonic variables). See text for discussion of this and other tasks used by investigators to 
study age-related memory deficits, as well as the challenges that exist. 

accordingly, and an age-related deficit was no longer manifest. This discussion is not 
advocating the use of the passive avoidance paradigm over other more popular para- 
digms (for the passive avoidance paradigm has its own limitations). Rather, this is 
simply  meant to illustrate that rodent tasks that share the operational and conceptual 
similarities to  human recent, episodic memory can and should be developed. Further- 
more, the selection of  proper  parameters is as important as the selection of the para- 
digm. However, achieving the necessary characteristics in a rodent task is not easy and 
the success achieved can be  tenuous. Clearly, this is an area that deserves further con- 
certed effort. 
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3.2.4. Synopsis on Rodent v s  Nonhuman Primate Paradigms 
There is no question that the wide variety of rodent paradigms used to study age- 

related deficits in learning and  memory (106-111,125) have made valuable contribu- 
tions to the field. Thus, this discussion is not  meant to criticize the approaches,  minimize 
the difficult challenges, or invalidate any individual result obtained. Rather, it  is argued 
that, given the inherent limitations of achieving necessary control in rodent tasks of 
recent memory, and the differences between  them and recent memory paradigms used 
in higher  primates, caution must be exercised when interpreting data from any single 
rodent  paradigm, while replication across many diverse paradigms would help provide 
some interpretive comfort. 

It seems likely that these inherent limitations of rodent paradigms contribute signifi- 
cantly to the disagreement and confusion that exists regarding the nature of the age- 
related deficits observed in rodents, and the role that different neurotransmitter systems 
may  play in the deficits. It also seems likely that this issue impacts the interpretation of 
data using cholinergic and other neurotransmitter blocking agents, as  well as selective 
cholinergic lesions (discussed in subsequent sections of this chapter). Lashley demon- 
strated at the beginning of the century that the multiple trial tasks typically used to 
measure learning and memory in rodents employ widely separated brain regions 
involving multiple anatomical systems (126). The tasks typically used to characterize 
age-related changes in rodents are very similar to those used  by Lashley, especially 
when  they are set up  to measure learning rates and retention following multiple trial 
acquisition. Lashley  performed a heroic series of discrete and  combination  brain lesions 
searching for the brain region(s) where  memory might be stored, only to conclude 
facetiously that it must  not be in the brain (for no brain lesions were completely suc- 
cessful in abolishing the ability of the rats to learn, relearn, or remember) (126). Given 
this, what can one say  when discrete neurochemical lesions fail to induce a deficit, 
other than that destruction of those particular neurons, in isolation, was  not sufficient 
to cause the system to fail? It says little about whether those neurons normally partici- 
pate in  an important way  and  whether or not impairments complemented by the other 
changes in an aged brain, might not be responsible for very specific, but important 
types of functional losses. Similarly, what does it mean  when  aged rats are tested on 
such tasks and  they cannot perform them? It says little about whether certain neuro- 
chemical systems or anatomical sites might be more seriously impaired than others. 
Similarly, it is hoped that this discussion will stimulate researchers to continue their 
efforts to develop tasks that gradually improve upon currently available paradigms, 
including implementing controls required to evaluate recent memory deficits. 

In summary, the evidence accumulated over the past two decades strongly supports 
the concept that it  is possible to use aged  nonhuman primates to develop valid  and 
reliable animal models of age-related memory impairments. Further, these models can 
be used to help develop mechanistic insight and treatment strategies for certain key 
cognitive impairments associated with AD. They should continue to  be useful in  pre- 
dicting or verifying modest clinical observations, as well as in helping to establish 
rational directions for future clinical trials. 

Current methodological limitations with  aged  rodent  memory paradigms often limit 
their utility for studying many forms of age-related human  memory deficits, and this 
has likely contributed to some confusion regarding the use of animal models for study- 
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ing these problems (4). Nonetheless, these difficulties should not discourage their con- 
tinued use, or further efforts to create innovative variations so that rodent paradigms 
might one day possess the necessary controls and be even more reflective of human 
recent episodic memory. 

3.3. Models  Using  Cholinergic  Blockers 
Animal models employing pharmacological blockade of cholinergic  receptors 

proved important in the development of the cholinergic hypothesis. Following the ini- 
tial observation of Drachman and Leavitt (1974) that scopolamine given to young vol- 
unteers produced a pattern of deficits on cognitive tests similar to that of elderly 
patients, a series of  pharmacology studies in nonhuman primates strengthened the rela- 
tionship between central cholinergic dysfunction and these specific age-related  memory 
impairments, while also demonstrating apparent selectivity of the effect for central 
cholinergic neurons. 
3.3.2. Extending  the  Initial  Human  Observations 

Early studies in the same testing paradigm used to characterize cognitive deficits in 
aged monkeys (16,50,73,74) and improve performance with cholinomimetics (e.g., 
Figs. 1 and 2) demonstrated that the classic centrally acting cholinergic blocking drugs, 
scopolamine and atropine, were able to produce an amnestic effect in young monkeys 
that were remarkably similar to the most sensitive deficit in aged monkeys (78). This 
scopolamine deficit in recent episodic memory  in  young monkeys was also shown to 
be dose-related, with higher doses of scopolamine producing even greater memory 
impairments (78) (Fig. 3). Finally, it appeared to be somewhat selective to CNS cholin- 
ergic neurons,  in that it was attenuated by the cholinomimetic, physostigmine, but not 
the CNS stimulant methyphenidate (Ritalin) (127). In addition, a similar deficit could 
not be produced with the peripherally acting anticholinergic, methylscopolamine, nor 
by antagonists for dopamine, P-adrenergic or nicotinic receptors (77,78,113,128). 
Although it has  been acknowledged that other neurochemical systems must also be 
involved in the mediation  of these deficits (1,3,22), few noncholinergic pharmacolo- 

Fig. 5. (opposite page) Upper  left: Schematic  illustrating  apparatus  and  steps  involved  with 
the  training  phase of the single-trial passive  avoidance  step-through  paradigm.  For  retention 
tests,  the  animal  is  returned to a lighted  compartment  and the latency  to  enter  darker  (previ- 
ously  punished)  compartment  is  measured.  Higher  latencies  reflect  increased  retention  of  shock 
experience,  confirmed by  “no-shock‘’  sham training condition (not  shown). (From  Bartus,  1980 
[173].) Upper right: Robust  and  consistent  age-related  deficit  on  retention  of  one  trial  passive 
avoidance  task. No age-related  differences in latency  existing  on  the  training  trial (data not 
shown; all scores c 30 s), while  control  tests  indicated  no  age-related  difference  in  shock  sensi- 
tivity.  (From Bartus, 1985 [71].) Lower left: Time-dependent,  age-related  decline in retention 
of single  trial  passive  avoidance  paradigm.  Together with other control  tests,  these  data  support 
the  interpretation  that  impairments in recent,  episodic  memory  contribute  to  the  age  difference 
seen  on this task.  (From  Lippa,  1980 [47].) Lower right: Equivalent  acquisition  and  retention 
of  passive  avoidance  task  between young and aged rats when the  task  was  modified  to  require 
several  trials to learn  (i.e.,  successfully  avoiding  shock).  Under  these  conditions,  the  opera- 
tional  definition of recent,  episodic  memory  no  longer  applies,  and  an  age-related  deficit  is  no 
longer  manifest.  (From Bartus, 1982 [124].) 
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gical agents have yet been identified in this testing situation that produce similar spe- 
cific, age-related effects on recent memory performance (and this work  has  been ongo- 
ing for more  than two decades now). The two most notable exceptions are diazepam 
and tetrahydrocannabinol (THC) (128); they  not only produce similar memory impair- 
ment in nonhuman primates (mimicking those of  aged  monkeys), but are also know  to 
be amnestic when administered to humans (see Table 3). Interestingly, both drugs 
interact directly and indirectly with cholinergic neurons (129-132). 

Work is continuing with other neurotransmitter systems to establish similar relation- 
ships. For example, age-related changes in  both noradrenaline and dopamine have  been 
implicated in memory impairments observed in aged monkeys (95,100,101,104). 
Additional work  will determine the extent to which these systems play similarly im- 
portant roles in the memory deficits of aging and dementia and the extent to which 
these hypotheses might lead to effective treatment. Alternatively, some have argued 
for an important role of these neurotransmitter systems in mediating attention and dis- 
traction  (e.g., 105) which could easily influence memory scores in test environments 
not specifically designed to reduce the impact of these effects on performance. 

In summary, animal models involving pharmacologic blockade of neurotransmitter 
receptors can and have helped differentiate which of the many biochemical changes 
observed in AD brains were likely associated with the serious episodic memory loss 
associated with AD.  Many  of the same paradigms have been employed to help differ- 
entiate among alternative treatment approaches, providing a direct link between the 
earliest empirical activity surrounding the cholinergic hypothesis and the present suc- 
cess with cholinesterase inhibitors in the clinic. 
3.3.2. Contrasts Between  Early Cholinergic Pharmacology 
and  Recent Models of Age-Related Memo y Loss 

Research on the role of cholinergic activity in learning and  memory dates back to 
the early 1960s (133-135) where deficits were reported when anticholinergic agents 
were  given to rats. The subsequent, pioneering work  of  Deutsch (136,137) is often 
correctly recognized for focusing attention on the cholinergic system as an important 
mediator of learning and memory. However, time has  shown that the impact of this 
work on our understanding of the role of cholinergic neurons in age-related memory 
deficits, AD, or their treatment, has  been minimal, providing an illustration for the 
importance of the particular behavioral paradigms used  in animal models. One of 
Deutsch’s key observations was that both improvement and impairment could be 
achieved with the identical dose of a cholinomimetic, simply  by changing the time 
interval between  when a learned event occurred and when the drug was administered. 
Certainly, this is not a phenomenon seen in models of aging recent memory, nor in any 
human clinical trials. This peculiar phenomenon likely is due to the particular tasks 
employed by Deutsch. Not only were they relatively complex, but like most rodent 
tasks of learning and memory, they do not permit substantial  control  over many 
nonmnemonic variables. Thus, while what is measured  may  indeed involve how  much 
an animal learns or remembers, the effects of a drug might change the outcome mea- 
surement by affecting a wide variety of nonmnemonic variables (such as motivation, 
motor skills, attention, sensory ability, etc.), whose sensitivity to cholinergic manipu- 
lation may vary differentially over time. A related point is that the particular multiple 
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Table 3 
Ability of Drugs in Young Monkeys to Induce Selective Recent Memory 
Impairments Analogous to Those of Aged Monkeys 

Memory  Amnesic 
deficit  effect in 

DrUE Class  induced?  clinic? 
Scopolamine  Centrally  acting  muscarinic  antagonist  Yes  Yes 
Atropine  Centrally  acting  muscarinic  antagonist  Yes  Yes 
Methscopolamine  Peripherally  acting  muscarinic  antagonist  No  No 
Mecamylamine  Centrally  acting  nicotinic  antagonist  No  No 
Haloperidol  Centrally  acting  dopaminergic  antagonist  No  No 
Propanolol  Centrally  acting  P-adrenergic  antagonist No No 
Amitriptyline  Tricyclic  antidepressant (with strong 

anticholinergic  properties)  Yes  Yes 
Desipramine . Tricyclic  antidepressant (with weak 

anticholinergic  properties) No  No 
Diazepam  Anxiolytic  (with  affinity  for  all 

benzodiazepine  receptors)  Yes  Yes 
CL  218,872  Anxiolytic (with preferential  affinity 

for  type 1 benzodiazepine  receptor)  Weak  Unknown 
Tetrahydrocannabinol  Psychoactive  cannabinoid Yes Yes 
Pentobarbital  Sedative  hypnotic  Weak  Weak 
Methylphenidate  CNS  stimulant  (pharmacologically 

similar  to  amphetamine) No No 
Cinanserin  Serotonin  antagonist  No  No 
Methysergide  Serotonin  antagonist  No  No 

These data  were collected in  the  same  apparatus  used  to collect shown data in Figs. 2 and 3 and 
Table 1. Note that in this  paradigm,  all  drugs  inducing  robust  memory  deficits  either  directly or indirectly 
impair cholinergic  function (see text for details). Also note  similarity  between  drugs  inducing  memory 
deficit  in  monkeys on this task  and  reported amnestic  properties of drugs in  humans. See text for more 
detailed  discussion and references. 

trial learning/memory paradigms employed by Deutsch in these early studies appear to 
measure behaviors not clearly related to the primary  aged and AD  memory deficits 
characterized by others a decade later (e.g., 13,73,113). That is, Deutsch’s tasks do not 
share many conceptual or operational similarities with AD deficits noted in more 
recently used paradigms, nor have  they been shown to reflect memory loss in  aged 
animals (e.g., see 71). On the other hand, Deutsch’s pioneering studies did draw early 
attention to the cholinergic system as a mediator of learning and  memory (just as others 
had similarly done for catecholamines, various neuropeptides, glutamate, and seroto- 
nin,  e.g., 123,139). This attention, coupled with prior clinical experience regarding the 
amnestic properties of cholinergic blocking drugs, made it logical to use cholinergic 
drugs as tools to study possible biochemical roles in the age-related cognitive deficits. 
Importantly, a major difference emerged between the evidence for the role the cholin- 
ergic system plays, vs that of  many other systems also implicated in mediating learning 
and  memory. That is, numerous studies have since shown a particularly important role 
of the cholinergic system in mediating some of the specific types of losses that occur 
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with age and AD, while a similarly strong relationship has yet to be established for 
other neurotransmitters. This is not  to suggest that other neurotransmitter systems do 
not play important roles in mediating many other forms of learning and memory, or 
that at some point in time they  may  not also be shown to contribute to the specific types 
of deficits associated with AD and advanced aging. Nonetheless, for the time being, at 
least, only cholinergic drugs have  been shown conclusively to improve cognitive symp- 
toms in AD. 
3.3.3. Do  Anticholinergics  Provide  Useful  Models for Aging or AD? 

It would be a great oversimplification to ignore the fact that important differences 
exist between the deficits induced  by scopolamine and certain cognitive symptoms in 
AD. Many authors have reported that the pattern of cognitive deficits induced  by sco- 
polamine does not match perfectly those observed with AD. Indeed, the lack of unity 
between cholinergic blockade and AD has often been interpreted as evidence against 
the cholinergic hypothesis (e.g., 4,32,34,140). Yet, variations between the two clinical 
profiles should surprise no one, for many functional differences exist between  block- 
ing  postsynaptic  receptors,  versus  the  constellation of cholinergic  deficits  and 
noncholinergic deficits that likely exist in normal aging and especially AD. For this 
reason, the issue should not be how exactly one situation matches the other, but rather 
whether sufficient similarities exist to support a plausible cause-effect relationship for 
some of the important cognitive symptoms. The fact that an overlap in key symptoms 
can be achieved by artificially blocking postsynaptic muscarinic receptors provides 
circumstantial evidence supporting an important cholinergic role, despite the lack of 
unity with all the symptoms. The fact that cognition in aged animals and humans has 
been shown to be even more sensitive to cholinergic blockade (32,141,142; Bartus, 
unpublished observation), and that the pattern in elderly humans given anticholinergics 
trends toward a pattern seen in AD patients (32), offers further support for the hypoth- 
esis. Unity of effects across such widely divergent subject populations and conditions 
would be most surprising and is not required as support for the hypothesis. Perhaps a 
better question for clinical studies would be to ask whether blocking other neurotrans- 
mitter systems, alone and in combination with cholinergic receptor blockers, produces 
deficits that more closely mimic those of aging and AD. No study has  yet  produced 
convincing evidence for the involvement of  any system other than the cholinergic, 
although it seems unlikely that this will persist indefinitely. 

Fibiger (4) states that it is a “logical fallacy’’  to “attempt to characterize the effects 
of systematically administered anticholinergic agents within a unitary theoretical 
framework,” (p. 221) such as a key role in age-related memory because cholinergic 
neurons innervate widespread areas of the brain, and because of differences in the role 
and level of cholinergic neurons in different brain regions. He further argues that under 
some conditions, cholinergic activity in one brain region might be more important or 
more easily affected than under other conditions. Of course, this latter suggestion is the 
most likely reason  why some paradigms have been able to elucidate the relationship 
between cholinergic function and specific forms of memory  and others have not. It also 
offers a plausible explanation for why some paradigms have produced data more pre- 
dictive of the beneficial effects of cholinergic agents than have other paradigms. Rather 
than demonstrating the inherent illogical nature of the approach, these issues simply 
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point to the difficulty involved with conducting research with animals intended to 
model complex human diseases heavily dependent upon behavioral considerations. The 
fact that (1) a dose-related, selective impairment in recent memory  was achieved with 
central cholinergic blockade that closely mimics that occurring naturally with age (and 
this deficit, in turn, was shown to model a robust impairment in AD patients); (2) the 
fact that no other neurotransmitter system has  been able to consistently induce a similar 
impairment, including blocking cholinergic receptors in the periphery; and (3) the fact 
that cholinomimetics significantly reduced the anticholinergic memory impairment, all 
provide mutually corroborating support for the hypothesis that cholinergic neurons  play 
an important role in the memory deficit. Of course, these data also accurately predicted 
that cholinergic drugs should be able to measurably reduce the cognitive impairments 
in AD patients. Taken together, the data also emphasize the importance of designing 
and implementing a well-controlled test paradigm for evaluating complex constructs 
such as memory.  They also demonstrate that animal models can be helpful in under- 
standing and developing treatments for serious neurodegenerative diseases in  humans. 

3.4. Attempts  to  Develop  Models  Using  Cholinergic  Brain  Lesions 
Paradigms employing brain lesions, typically in rats, have been used to study the 

neuropathological underpinnings of the cognitive deficits of  AD, as well as to test 
potential treatments for  the symptoms of AD. The rationale behind this approach rests 
with reports of relatively selective loss of cholinergic neurons in the basal forebrain 
(nBM) of AD patients (44,451. Although the lesion approach has generated substantial 
controversy for modeling AD, it has nonetheless yielded much new  and interesting 
information on the potential function of cholinergic and noncholinergic neurons ema- 
nating from the basal forebrain and the possible role played by the loss of these neurons 
in AD. 

3.4.1. Questions from the Start 
Early  work testing a range of behaviors in rats following excitotoxic injections into 

the nBM region established that relatively robust deficits in memory tasks could be 
achieved relative to other behaviors (79). However, it was also soon demonstrated that 
the relationship between recent, episodic memory impairments (using an eight-arm 
radial maze)  and the loss of cholinergic neurons and markers was  not simple, for with 
extensive overtraining, the rats were able to gradually recover the memory ability on 
the task, even though cortical cholinergic deficiencies persisted (121). In addition, this 
training-dependent recovery  of function was shown to generalize to a completely novel 
task (retention of passive avoidance) even though no specific training on the latter task 
occurred, and the cholinergic deficits continued to persist (143). Later studies by 
Dunnett et al. (144,145) and  then Wenk et al. (146) clearly demonstrated that the loss 
of memory  they characterized following these lesions did not correlate well with  varia- 
tions in the loss of cholinergic markers induced by different neural  toxins. Still later 
use of a cholinergic-specific toxin (IgG-saporin) demonstrated that selective destruc- 
tion of cholinergic neurons in the nBM failed to produce clear evidence of  memory 
impairments (147,148). The implication has  been that degeneration of cholinergic neu- 
rons in this brain region in AD must  not contribute to any  of the impairments that 
characterize the disease. 
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3.4.2. Do Basal Forebrain  ChoIinergic Neurons Play a Role in A D  Memory Deficits? 
Do the lesion data truly demonstrate that loss of basal forebrain cholinergic neurons 

in AD  play no role in the cognitive deficits associated with the disease, as some (4) 
have suggested. Although these lesion data, alone, do not permit a definitive answer, 
the weight of all the evidence, considered collectively, does not easily support that 
conclusion. First of all, no one has ever questioned whether the behavioral paradigms 
employed in the majority of lesion studies adequately reflects any of the key symptoms 
of AD. It would be insightful to determine whether tasks primarily measuring recent 
episodic memory might be more sensitive to selective loss of cholinergic basal fore- 
brain neurons than those used  thus far. Second, although it  is true that the earliest 
studies created lesions of the nBM that included noncholinergic neurons, and the defi- 
cits obtained therefore cannot be interpreted as due exclusively to loss of cholinergic 
function, the data do not argue that the loss of cholinergic neurons did not  play some 
important role. To justify such an interpretation would require a lesion that selectively 
spared cholinergic neurons while destroying noncholinergic neurons in the area; this 
has yet to  be  done. Similarly, the lack of a clear memory deficit with more recent 
lesions selective to cholinergic neurons does not argue that the neurons may  not  play 
an important contributory role. Gallagher and Colombo (89) correctly point out these 
lesion data merely demonstrate that destruction of these particular cholinergic neurons 
may be necessary  but  not sufficient to achieve a significant loss of  memory ability and 
that other cholinergic systems (e.g., striatal) may  need to be affected to generate the 
expected deficits. Of course, it  was long ago suggested that to create more accurate and 
possibly more predictive models of age-related memory deficits, it might be necessary 
to combine lesions of  basal forebrain structures with other brain areas also degenerated 
in AD (69); it was also suggested that subjecting aged animals (with their constellation 
of natural brain changes) to such lesions might be even more effective (69). 

Notwithstanding the uncertainties created by the lesion data, parallel research with 
aged rats given exogenous nerve growth factor (NGF)  helps support an important role 
of basal forebrain cholinergic neurons in age-related memory  loss. Given that the two 
most profound events induced by exogenous NGF administered to  aged rats involve an 
enhancement in the vitality of these neurons and a decrease in their memory deficits 
(149,150), it seems difficult to avoid the conclusion that an important link between the 
two exists. Similarly, transplanting neuronal stem cells into the nBM that have been 
genetically modified to produce NGF yields similar benefits to aged rats (151). Finally, 
recent evidence from NGF knockout mice that exhibit both cholinergic deficiencies 
and  memory deficits further substantiate the link (152). As  in  aged rats, both the cho- 
linergic deficiencies and the memory deficits are improved when these rats are given 
exogenous NGF. 

Perry et al. (6) make an interesting observation regarding the poor correlation 
between loss of cholinergic markers following brain lesions in rats and the memory 
deficits that follow. They note that despite the established role of the cholinergic sys- 
tem  in mediating memory impairments in AD patients (and the proven ability of  cho- 
linergic drugs to  reduce  these impairments), there exists  no apparent correlation 
between the number of cholinergic neurons in the nBM and the presence or severity of 
dementia (6). Thus, these data in AD patients warn against drawing overly simplistic 
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interpretations of the lack of a correlation between neurochemical indices and behavior 
when acute, discrete lesions are performed  in  young rats. 
3.4.3. On the Utility of Lesion Models 

It was suggested long ago that lesion studies in animals have significant limitations, 
and  they should not be expected to unravel the complex mysteries of  human  Alz- 
heimer’s and other dementing diseases (69). Nonetheless, it was further suggested that 
information gained from these studies, and  new thinking generated by the questions 
raised, should ultimately contribute to a more complete understanding of  many impor- 
tant aspects of the disease (69). Indeed this has  begun to occur. For example, the lesion 
studies with rodents, when considered within the broader context of other data, suggest 
that loss of cholinergic neurons of the nBM likely contribute to, but are not solely 
responsible for, the cognitive declines of  AD (89). Moreover, it  is now suspected that 
this brain region may be involved with the mediation of attention in cognitive tasks 
more so than  memory (89,153,154). Interestingly, some of the positive trials with recent 
cholinesterase inhibitors have noted that some of the improvement in  AD patients may 
occur through enhanced attention (155,156). Thus, although animal lesion studies can- 
not address many questions related to  AD,  they have shown that they  can address some, 
and in so doing, offer unique perspectives that can stimulate new thinking and generate 
further empirical testing. Thus, lesion studies can provide a valuable tool  in the scien- 
tific pursuit to understanding some of the nuances of  AD as well as in our continuing 
quest to improve its treatment. 

4. CURRENT  PERSPECTIVES AND FUTURE DIRECTIONS 
FOR CHOLINERGIC  THERAPY  FOR AD 

Although the FDA approval of the initial cholinomimetics for AD provided inde- 
pendent, objective validation of the cholinergic hypothesis, and the likely approval of 
additional drugs offers hope for even greater efficacy, few are yet satisfied with these 
treatments. Rather, these initial successes establish that this and related approaches can 
indeed improve the symptoms of  AD, offering hope that further rational work  will 
result in continual improvements. These improvements will not only include superior 
cholinomimetics, but will likely also include innovative drug combinations. The fol- 
lowing is intended to provide an assessment of the current cholinomimetic approaches, 
some future directions for treatment approaches, and the role that animal models have 
and should continue to play. 

4.1. Cholinesterase  Inhibitors:  Current  First-Line  Therapy for AD 

Although tacrine was the first cholinesterase inhibitor approved by the FDA for AD 
(in 1993), it  was actually an old drug that was selected for testing because it could be 
given orally and  had  an acceptably long half-life (offering major practical advantages 
over the form of physostigmine available at the time). It was  not until late in 1996 that 
the first, rationally designed, new cholinergic was approved by the FDA-donepezil. 
Donepezil (Aricept) almost immediately established itself as superior to tacrine, if not 
in terms of greater efficacy, certainly in terms of a greater proportion of responders and 
substantially fewer side effects (157). Since that time, several other cholinesterase 
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inhibitors have progressed through the development pipe line, and  based on positive, 
placebo-controlled studies published in peer-reviewed journals, many are expected to 
achieve FDA approval in the foreseeable future (8,9) (see Table 4). Most of these 
inhibitors were designed or are claimed to offer certain advantages over physostig- 
mine,  tacrine, and perhaps donepezil, ranging from greater CNS vs peripheral nervous 
system (PNS) activity, longer duration of action, specificity for specific brain regions, 
or effects in multiple, biochemical pathways. Thus, they are claimed to correct many of 
the deficiencies noted long ago for the initial cholinergic agents (1,3,26,28,64). Of 
course, it remains to be seen whether these modified pharmacological profiles will 
translate into clearly superior therapeutic effects or even whether the improved profiles 
that are claimed for the emerging drugs will  hold  up  to further scientific scrutiny. 

4.2. Perspectives on the  Modest  Effects of Cholinergic  Therapy 
Although one would hope that even greater and  more consistent effects might even- 

tually be achieved with future drugs, the FDA’s approval of these drugs nonetheless 
represents clear confirmation for the main tenets of the cholinergic hypothesis. Cer- 
tainly, the standards regarding a  priori predictions and scientific rigor demanded  by 
the FDA for drug approval far exceed  any peer review process more generally applied 
to scientific concepts and data. Moreover, even the relatively subtle clinical response 
reported to date offers reason for measured optimism. First, history teaches us that as 
experience is gained with any  new therapeutic target and treatment approach, and 
refinements in analog drugs are made, the treatment effects very often improve. In the 
case of  AD  therapy, the development of more effective cholinergic drugs seems a likely 
possibility. Moreover, the concept of attempting to restore the appropriate balance 
between  multiple neurotransmitter systems, initially proposed at the inception of the 
cholinergic hypothesis ( I ) ,  has  yet to be systematically explored. 

Finally, as more insight is gained into the nature of the subpopulations of responders 
and the wide individual variations in most effective dose, one might also expect addi- 
tional improvements in treatment responses to  be achieved. The fact that few con- 
trolled studies have attempted to account for this variable represents an interesting 
irony  in our efforts to develop effective treatments for AD. Both the initial animal 
studies (27,28,60), as well as the seminal studies in AD patients (51), noted subgroups 
of responders and nonresponders, as well as  individual variations in peak dose- 
response. This observation has since been confirmed numerous  times (29,51,56,58). 
Despite this,  most studies designed for regulatory approval have opted to test a more 
limited  dose range. Moreover, individual  patients  are  typically  either  arbitrarily 
assigned to a particular dose, or else are tested  to establish their maximum tolerated 
dose (rather than peak efficacious dose). This is especially puzzling because a detailed 
meta-analysis performed more than a decade ago concluded that “cholinergic enhance- 
ment  of  memory function in AD showed that such therapies do have  an effect if dm- 
ages are individualized’ (158, p. 237, emphasis added). More recent reviews have 
continued to note this consistent aspect of  AD patients response to cholinergic drugs 
(e.g., 159,160). Some have attempted to link the identity of the subgroups to genetic 
markers  (such as apoE4 alleles) (161), whereas others have suggested that more pro- 
saic pharmacokinetic/ bioavailability reasons exist (162,163). In reality, because this 
phenomenon is seen consistently in both  aged  New  World and Old  World  monkeys, as 
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Table 4 
Survey  of Drugs for AD Modulating  Neurotransmitter  Function 

Drug Mechanism  Company Status 
Cognex  (tacrine; “HA) 

Aricept (donepizil) 
Exelon 

Metrifonate 
(ENA713;  revastigmine) 

Synapton 
(CR Physostigmine) 

Galanthamine  (Reminyl) 

Eptastigmine  (MF-201) 

Xanomeline 
Memric  (SB202026) 

AF102B 
Milameline 

Eldepryl  (selegiline) 
Propentofylline  (Viviq) 

Clonidine 
Guanficine 

Cholinesterase inhib. 

Cholinesterase  inhib. 
Cholinesterase inhib. 

Cholinesterase inhib. 

Cholinesterase  inhib. 
(irrev.) 

Cholinesterase  inhib. 

Cholinesterase inhib. 

Muscarinic  agonist 
Muscarinic agonist 

Muscarinic  agonist 
Muscarinic  agonist 

MA0 inhibitor 
Adenosine  and  NGF 

modulator 
%-Adrenergic agonist 
%-Adrenergic agonist 

Warner-Lambed 
Parke-Davis 

Eisaflfizer 
Novartis 

Bayer 

Forrest 

HoechsVJanssen 

Mediolanum  Pharm. 

Lilly 
SmithKline  Beechem 

Forrest 
Hoechst & Parke-Davis 

Somerset 
Hoechst 

FDA Approval-1993 

FDA Approval-1996 
NDA filed 

NDA filed;  on hold 
(toxic.) 

NDA filed;  initial 
disapproval 

Phase 111; NDA filing 
anticipat 

Phase I11 

Phase IIIIII-skin patch 
PhIII-missed primary 

Status uncertain 
Phase 111; poor Rx 

endpts. 

index 

Failed efficacy-PhIII 
Phase 111 

No  apparent  efficacy 
No amarent  efficacv 

- I  .. 
Informal survey of drugs that modulate neurotransmitter function that are in, or have completed, pivotal trials 

for AD  (ca. late 1998). 

well as diverse groups of  AD patients, it seems unlikely that any single variable is 
totally responsible. 

Although some have argued that a probe treatment (with tacrine) can distinguish 
responders from non-responders (160) prior to entry into double-blind studies, others 
have failed to show such a predictive benefit (with physostigmine) (164). Whatever the 
source(s) of the individual variability, the opportunity to enrich test populations for 
purposes of regulatory approval merits further effort in future clinical trials. Alterna- 
tively, investigators run the risk that outcomes will be less positive than  what might 
otherwise be possible. 

Of course, it  is worth noting that supporters of the cholinergic hypothesis never 
argued for “cholinergic replacement to reverse completely the symptoms of  AD, let 
alone halt its insidious attack on the mind” (22) (p. 344). Nonetheless, it has been 
argued that significant improvements in quality of life, as well as reductions in the cost 
of caring for patients, could be achieved if the symptoms of  AD could be reduced 
sufficiently so that greater self-care is possible and the need for expensive institution- 
alization delayed (165). Indeed, a recent survey estimated that each AD case collec- 
tively costs families and the health care system nearly  $200,000-much  of it associated 
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with long-term care and eventual institutionalization (166). Thus, even the modest 
efficacy achieved thus far with cholinergic drugs can produce significant benefit to AD 
patients, their families, and the health care system. It is also particularly encouraging 
that some investigators have not only noted improvements in cognitive and global sta- 
tus  with these early cholinesterase inhibitors, but also an apparent retardation in the 
progression of the disease (8,167). Importantly, even these modest effects are  far supe- 
rior to those achieved with other palliative pharmacological approaches to AD to date. 
Certainly, they stand in contrast to the consistent failures seen with attempts to simi- 
larly modulate other neurotransmitter systems, using noradrenergic agonists, monoam- 
ine oxidase inhibitors, etc. (102,103,168,169). 

4.3. Muscarinic  Agonists:  Will  Their  Potential  Overcome  Their  Problems? 
Muscarinic agonists differ from cholinesterase inhibitors in that they directly stimu- 

late the postsynaptic cholinergic receptor, thus mimicking the effects of endogenous 
acetylcholine released from the synaptic bouton. A potential advantage of this class of 
drugs is that  they do not require the production and release of endogenous acetylcho- 
line to positively modulate cholinergic neurons. A potential disadvantage is that they 
activate postsynaptic receptors independent of  when the neuron  normally  would (and 
possibly should) be firing. Many do not consider this an important limitation, as cho- 
linergic neurons are believed to function by modulating or amplifying afferent inputs 
(e.g.,  7)  and tonic stimulation might therefore be quite effective. Early studies with 
aged monkeys (60) and AD patients (56) suggested that muscarinic cholinergic ago- 
nists might improve these memory impairments. However, several muscarinic agonists 
have been tested in AD clinical trials, and although some preliminary reports of effi- 
cacy  were generated (9), further development work  on  many of these compounds seems 
to have been terminated (miscellaneous press releases; Table 4). Thus, either the thera- 
peutic effects were  not sufficient and/or the cholinergic side effects induced  were too 
severe. This may represent an example where  both preclinical models, as well as closely 
monitored Phase I/II trials, may  not be sufficiently sensitive to a serious impediment to 
widespread treatment (i.e., serious side effects). Only  time  and additional research will 
provide the answer. 

The likelihood that cholinergic side effects can be sufficiently reduced remains 
uncertain. Acetylcholine serves as the neurotransmitter for all voluntary  movement 
and is the ultimate and penultimate mediator of the parasympathetic and sympathetic 
nervous systems, respectively. Central cholinergic activity has  been associated with a 
wide range of behaviors and functions, including various gastrointestinal functions, 
sleep, depression, nociception, water intake, temperature regulation, and arousal (e.g., 
see 26). Thus, achieving a robust therapeutic effect on memory, without inducing sig- 
nificant side effects, will likely always represent a formidable task. It would  not be too 
surprising if the enhanced tonic stimulation that results from cholinergic agonists pro- 
duces such robust cholinergic side effects that their routine use as a palliative treatment 
for AD is precluded. In fact, in those instances in  which cholinergic agonists have 
failed to induce significant cholinergic side effects, one has  to question whether the 
lack of efficacy might  not be related to the doses being too low to effectively amplify 
the activity of central cholinergic neurons. 
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4.4. Cholinergic  Precursors:  Classic  Example of a  "False  Start" 
From the inception of the cholinergic hypothesis, clinicians were eager to test the 

concept that cholinomimetics might be effective in the treatment of the memory defi- 
cits in  AD patients. Because cholinergic precursors (e.g., choline and its normal dietary 
source, lecithin) have a wide safety margin  and relatively lax government regulations 
regarding their use, the vast majority of the earliest clinical studies used this approach. 
The approach was  based on prior biochemical research in animals, suggesting that the 
availability of choline was the rate-limiting step in the synthesis of acetylcholine 
(38,170). However, the clinical studies that followed produced a string of disappoint- 
ing outcomes (see 171). Ironically, early studies with  both  aged rodents (71,172) and 
nonhuman primates (60) predicted that once age-related deficits were manifest, precur- 
sor loading would  not measurably reduce the impairments, and  an early review  of the 
clinical literature (1) indicated that this approach was not able to demonstrate even 
preliminary evidence of efficacy. It  was  suggested that certain assumptions inherent in 
the rationale underlying the precursor approach did not likely apply to geriatric and AD 
patients, and in fact had never been adequately tested or confirmed (I 71). For example, 
important age-related  and Alzheimer's-related changes in cholinergic neurons had  been 
characterized, involving decreased high-affinity choline uptake, reduced acetyl coen- 
zyme A production (the other necessary constituent for acetylcholine synthesis), and 
serious presynaptic neuronal degeneration. Any of these deficiencies would impair the 
ability of exogenous cholinergic choline or lecithin to enhance acetylcholine activity. 
Thus, it is not surprising that clinical trials in AD patients based on this approach were 
not successful. These experiments, which failed to reduce existing age-related deficits, 
stand in contrast to other preclinical studies demonstrating a potential prophylactic 
benefit of chronic precursor loading for age-related cognitive defects, providing that 
intervention occursprior to the time the deficits become manifest and is maintained for 
a substantial portion  of the subject's life span (71,173). 

Despite the clear flaws in the cholinergic precursor approach to treating AD symp- 
toms, the series of clinical failures were interpreted by some as convincing evidence 
that the entire cholinergic hypothesis was  flawed. In reality, this incident merely  pro- 
vides a good example of  how well-intended but ill-conceived clinical strategies can 
develop from over enthusiastic and selective attention to incomplete preclinical stud- 
ies. In this case, in vivo animal models that had  begun to show some predictive validity 
and failed to improve geriatric memory  with precursor loading (see Table 2) were 
ignored in favor of data generated primarily from  in vitro biochemical paradigms 
always restricted to brain tissue from young healthy rodents. Moreover, the latter stud- 
ies never tested, let alone confirmed that the phenomenon  would translate to improved 
function in aged, let alone AD brain tissue. With the benefit of hindsight, it  is easy to 
see how significant loss of time and clinical resources could have been avoided if pre- 
clinical investigators had  been more circumspect and self-critical about their data and 
clinicians had  been more sophisticated in discriminating conflicting data from among 
different animal studies and in critically applying those data to the design of clinical 
strategies. This episode illustrates the difficulty of applying preclinical data to clinical 
strategies and the need for preclinical and clinical researchers to maintain  an ongoing 
dialog as efforts to develop future treatments continue. 
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4.5. What‘s Next? 
The FDA approval of cholinesterase inhibitors represents a crucial but incomplete 

step in our efforts to treat Alzheimer’s patients. On the basis of the FDA’s sanction of 
these drugs, it is logical to conclude that the concept of cholinergic improvement of 
AD symptoms, in principle, has been proven. The question remaining is to what extent 
might further advances in this field produce even greater and more consistent palliative 
effects? Several approaches for improving upon existing treatments are apparent. 
4.5.1. New Chemistry 

Rational modifications in the chemical structures of existing cholinesterase inhibi- 
tors represents a reasonable goal toward improving their biological profile, with greater 
selectivity to the brain likely to be of particular benefit. Greater CNS selectivity seems 
particularly important because the prevalence of peripheral side effects (especially gas- 
trointestinal) has  proven to be a serious impediment to the successful development and 
general use of current cholinergic agents in AD. It is surprising that more progress has 
not  been  made in this area, for the major deficiencies in available cholinergic drugs 
were described and discussed well over a decade ago (3,22,26). In fact, of the six cho- 
linesterase inhibitors currently enjoying the most attention (Table 4), all but two 
are actually  very old compounds, resurrected from the generic, chemical warehouses 
(the two newly synthesized exceptions to this point are Aricept@ and Exelon@). Thus, 
the likelihood that dedicated medicinal or combinatorial chemistry can generate new 
chemical entities that, through design or serendipity, have significant advantages over 
existing drugs seems quite plausible; certainly, the pharmaceutical industry has proven 
many times that it can successfully perform the type of incremental improvements 
required of this approach. 

An analogous approach to improving the therapeutic index is the design of cholin- 
ergic prodrugs that would remain relatively inactive until they have had time to pen- 
etrate the blood-brain barrier. Blocking the active pharmacophore with a lipid moiety 
that is cleaved after the drug has  had time to distribute to tissues (including the CNS) is 
an example of such an approach. Perhaps the recent and imminent FDA approvals for 
the first generation cholinergic treatments, coupled with the recognition that consider- 
able room for further improvement exists, will stimulate further interest and effort 
within the pharmaceutical industry. 
4.5.2.  Manage  Side Effects 

Better management of the cholinergic side effects induced by current drugs provides 
another means of improving therapeutic outcome.  For example, peripheral antagonism 
of cholinergic receptors (through anticholinergics that do not cross the blood-brain 
barrier) might significantly reduce the peripheral side effects, thus allowing more 
effective (i.e., higher) doses of cholinomimetics to be administered. Similarly, drugs 
given concomitantly with the cholinesterase inhibitors (such as ondansetron to reduce 
nausea, or peripheral opiates for diarrhea) might also allow higher, more effective cho- 
linergic doses to be given. An interestingly innovative approach toward improving the 
pharmacokinetics and thus perhaps reducing the gastrointestinal side effects of the 
muscarinic agonist zonomeline has  been attributed to Lilly. Following completion of 
clinical trials, where significant side effects limited the tolerability of the drug, they 
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reportedly will continue developing the drug in  the form of a skin patch, thus bypassing 
the gastrointestinal system (1 74,175). This decision implies that Lilly likely observed 
sufficient signs of efficacy with the muscarinic agonist to merit this additional effort 
and cost. However, as discussed earlier, it remains unclear whether the problem of 
cholinergic side effects will preclude the successful development of muscarinic ago- 
nists; creative development efforts such as this should eventually help provide the 
answer. 

4.5.3. Employ Polypharmacy  Approach to Enhance  Efficacy 
There seems little doubt that the memory deficits that occur in AD (as well as those 

associated with  normal aging) include deficiencies in neurotransmitters beside the cho- 
linergic system. Indeed, the likelihood that other neurotransmitter systems also con- 
tribute to the loss of memory  in both aging and  Alzheimer’s disease was suggested at 
the inception of the cholinergic hypothesis ( I ) .  Although practical considerations dic- 
tated that the initial efforts to gain  FDA approval for treating AD symptoms be limited 
to single-agent therapies (e.g., see 165), it is now feasible (and less complicated) to 
consider combining the approved drugs with others having different pharmacological 
profiles. Certainly, combinations of drugs intended to enhance neurotransmitter func- 
tion beyond the cholinergic system would be interesting. Similarly, preliminary studies 
suggest that estrogen might improve AD patients, possibly reducing the risk of AD 
(176,177). Because it has also been suggested that estrogen works, in part, through 
modulating cholinergic neurons (1 76,178), the combination of estrogen and a cholino- 
mimetic might provide an opportunity for pharmacological synergism. Finally, the 
basal forebrain cholinergic neurons that are particularly degenerated in AD patients 
(and that have been implicated in mediating some of the AD cognitive loss) are respon- 
sive to exogenous nerve growth factor (179). Because NGF improves the viability and 
function of these neurons, it has been suggested that NGF might provide a therapy for 
AD pathology (179). Certainly, if this hypothesis holds true, then combining NGF with 
an effective cholinomimetic may be even more effective, for somewhat healthier cho- 
linergic neurons should be even more responsive to the positive effects of cholinergic 
modulation. Presumably, as basic research continues on the biochemical substrates of 
episodic recent memory, as well as the specific neurochemical deficiencies that con- 
tribute to the losses in AD, additional treatment opportunities will present themselves. 

5. PARTING  PERSPECTIVES 
The initial clinical success achieved by the cholinergic hypothesis is the product of 

decades of dedicated work done by numerous independent groups. Although still not 
universally accepted, the cholinergic hypothesis has generated a wide range of empiri- 
cal support, bound together in  part  by a wealth of data from animal models. Despite the 
logical basis for many of these models, it was  warned long ago that the “value of  any 
model or approach will depend not on the inherent logic of the principles that guided its 
development, but on its ability to make meaningful predictions about the clinical con- 
dition it was designed to study” (68). Of course, the quintessential prediction of the 
cholinergic hypothesis is that appropriate cholinergic agents should provide meaning- 
ful and measurable symptomatic relief to many AD patients. Thus, the FDA’s approval 
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of the initial two cholinesterase inhibitors provides objective, independent confirma- 
tion of the most important tenets of the hypothesis, thereby cementing the components 
of the foundation upon  which the hypothesis now firmly rests. 

A question that remains to be answered is how  much more effective other, more 
rationally designed cholinergic drugs might prove to be.  Although the answer remains 
uncertain, the discussion in the previous sections suggests there is reason to  be optimis- 
tic. There is also reason to believe that other treatment approaches may eventually be 
used, either alone or in combination with cholinergic agents to provide additional thera- 
peutic opportunities. There seems to be little doubt that, in the final analysis, other 
neurotransmitter systems will be identified that contribute to the loss of cognitive func- 
tion in aged or demented patients.  For example, recent studies with estrogen, vitamin 
E, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) agonists, and 
antiinflammatory agents all seem to offer preliminary promise, although they  have yet 
to satisfy the rigorous standards and scrutiny of the FDA, as has the cholinergic 
hypothesis (8,168,180). In the end, the eventual success of other approaches will only 
add to the contributions already established by the cholinergic hypothesis, as the semi- 
nal approach that led the way. History teaches us that the f i s t  step is very often the 
most difficult to achieve and that subsequent efforts are facilitated by the prior success. 
Despite its limitations, the cholinergic hypothesis has provided the initial (and so far 
only) treatment approach with genuine, positive effects in  AD patients since the dis- 
ease was first characterized more than a century ago. 

Although the ultimate treatment goal in AD certainly involves the progression or 
pathogenesis of the disease, it will likely be many years, if  not decades, before such 
treatments are routine. Despite the intense effort of  many talented investigators, none 
of the progress achieved to date has yet been realized via the development of a novel, 
approved treatment. Moreover, it  is difficult to know  when  such a breakthrough will 
occur. Thus, palliative treatment will likely be the only recourse for AD patients for 
some significant period  of  time. More importantly, however, even after effective patho- 
genic treatment becomes available, the slow progression of the disease and the diffi- 
culty of early diagnosis will necessarily dictate that many patients will incur some 
neurobehavioral dysfunction prior to beginning pathogenic treatment. Presumably, this 
dysfunction will continue to require palliative treatment, even after the underlying 
pathology has  been arrested. For these reasons, it seems safe to anticipate the continu- 
ing need for palliative treatments well into the future-perhaps until the disease can be 
prevented. 

When early work supporting the cholinergic hypothesis was still being integrated, it 
was  argued that the hypothesis “necessarily suffers from a certain degree of inherent 
oversimplification  and  possible myopia. Yet, advantages gained by the  research 
activities it helps stimulate and direct must  not be underestimated. It seems clear that 
the opportunity it provides for increasing our understanding of age-related memory 
problems and for developing an effective means of reducing the severity of the cogni- 
tive symptoms of aged  brain  and AD provide adequate testimony for the continued 
value of the hypothesis as an important heuristic tool” (3) (p. 441). Given the initial 
success achieved in treating AD, as  well as the knowledge gained regarding the memory 
losses associated  with  AD, the effects of selective brain lesions and drugs, and  increased 



The  Cholinergic Hypothesis 37 

sophistication in the development and  use of animal models, this statement seems to be 
as true today as it was a generation ago. 
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Patterns of Cognitive  Decline 
in the  Aged  Rhesus  Monkey 

Mark B. Moss,  Ronald J. Killiany,  and James G. Herndon 

1. INTRODUCTION 
It is only in the last 25 yr that significant strides have been taken toward the develop- 

ment of primate models of normal human  aging. Together with advances in the fields 
of molecular biology, neuroimaging, and behavioral neuroscience, these models have 
emerged as potentially important components in our understanding of the age-related 
cognitive decline in humans (I). This is not to deny that studies using other species, 
particularly rodents, have provided a wealth of information on the neurobiological sub- 
strates of aging. However, the rich behavioral repertoire of the monkey, particularly its 
remarkable ability to perform a variety  of complex short-term memory  tasks,  many  of 
which have been administered to  normal humans in geriatric research studies, has made 
this species particularly suited to assess cognitive function at a level that is not possible 
in nonprimates. 

This chapter reviews, from a human neuropsychological perspective, earlier find- 
ings and recent advances in our understanding of cognitive decline that occurs in the 
aging monkey. In large part, we rely on data obtained in our multidisciplinary research 
program exploring the neural substrates of cognitive decline in the aged monkey. 

2. LIFE SPAN OF THE RHESUS MONKEY 
A study from our program examining the survival rates of 763 monkeys kept at two 

locations at Yerkes Regional Primate Research Center (2) showed that the maximum 
life-span of the rhesus monkey extends into the fourth decade, but that only 50% of 
monkeys reached 16 yr of age, and only about 25% reached 25 yr  of  age. The typical 
adult life span of the rhesus monkey  may be considered to extend from 5 up  to 30 yr of 
age.  On this basis, we have concluded that monkeys over 20 yr of age can be consid- 
ered old. Within the aged range, taking into account the estimated ratio of  monkey to 
human years of age of approx 1 : 3, we consider monkeys 19-23 yr of age as “early” 
senescent animals, those from 24 to 28 yr of age as “advanced”  aged animals, and those 
reaching 29 yr of age or older as “the oldest of the old.” 

Edited by: D. F. Emerich, R. L. Dean, 111, and P. R. Sanberg 0 Humana Press Inc., Totowa, NJ 
From: Central  Nervous  System Diseases 

47 



48 Moss, Killiany, and Herndon 

3. COGNITIVE FUNCTION 
3.1. Attention 

The domain of attention incorporates an integrated set of cognitive skills that pro- 
vide a basis for higher cortical functioning. It encompasses a number of interrelated 
abilities such as orienting, alerting, selection, and vigilance (3-5). Studies of attention 
date back to the late 1800s (6) and have helped to bridge the gap between purely behav- 
ioral and neuroanatomical work (7). Since the 1960s, however a vast majority of the 
studies focusing on attentional processes in the nonhuman  have  been neurophysiologi- 
cal in nature rather than neuropsychological. 

Several aspects of attention have  been  shown  to be preserved in  normal  human aging 
(8,9). However, few studies have assessed directly attentional functioning in aged  mon- 
keys. Davis (10) demonstrated that aged monkeys were more likely to evidence dis- 
traction in initial learning, and several studies, by virtue of unimpaired performance on 
simple two-choice discrimination learning tasks, have inferred normal attentional pro- 
cessing in aged monkeys. Recently, adapting attentional tasks from those used in 
humans by Posner (11,12) and by Baxter and  Voytko (13) showed that aged monkeys 
were as proficient as young adult monkeys at shifting attention to a peripherally cued 
spatial location. Thus, initial studies suggest that attentional processes in  aged  mon- 
keys, as in  aged  humans, are spared. 

3.2. Learning  and Memo y 
3.2.1. Simple Discrimination Learning 

Learning in monkeys  has traditionally been assessed by the use of simple two-choice 
discrimination tasks. In a typical paradigm,  monkeys are rewarded for choosing the 
designated correct stimulus of a stimulus pair (objects, colors, patterns, or stimulus 
position) presented simultaneously over a series of trials to a learning criterion of 90% 
accuracy.  In  most studies, it has been  shown that aged  monkeys, as a group, do not 
evidence any significant difficulty in simple discrimination learning (14-19), although 
in two studies (20; Moss et al., unpublishedduru) it was  found  that a group  of  aged  monkeys 
evidenced significant impairment in learning object discriminations, suggesting that 
simple discrimination learning is preserved in aging until the end of the life-span. 

3.2.2. Concurrent Discrimination Learning 
Concurrent discrimination is another aspect of learning that has been assessed both 

in monkeys (21-23) and in humans (24). Concurrent discrimination tasks assess the 
ability to learn associations between reward and a given stimulus objects in the pres- 
ence of proactive and retroactive interference. Bartus and Dean (25) showed that aged 
monkeys  were impaired on a concurrent discrimination task, leading to the suggestion 
that aged  monkeys are particularly sensitive to interference. In one form of the task, 20 
pairs  of objects are presented in succession daily until the animal performs all 20 dis- 
criminations with no errors in one session (16). A significant difference was found in 
performance of this task between a group of oldest old monkeys and a group of young 
adult control animals. In contrast, a group of early senescent and advanced aged  mon- 
keys  were, as a group, unimpaired on the task. Recent findings from our program (Moss 
et al., unpubhhed data) support the findings of Bachevalier et al. (16) and suggest 
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that the capacity to simultaneously learn multiple object reward associations declines 
with  age. 

3.2.3. Delayed Nonmatching-to-Sample 
Normal human aging is associated with a decline in several domains of cognitive 

function among  which short-term memory is perhaps the earliest and most prominent 
(26). Several aspects of short-term memory commonly assessed in  aged  humans are 
recall of  word lists, of aurally presented short narratives, and of visually presented 
designs on visual or spatial locations. In some instances, recognition paradigms, in 
which the relevant stimuli are presented in a “yes-no” or forced-choice format, are 
used in conjunction with recall tasks. In monkeys, because of the difficulty in creating 
a true free recall test condition, memory assessment is limited primarily to recognition 
paradigms. One test commonly used to assess visual recognition memory in the mon- 
key is the delayed nonmatching-to-sample (DNMS) task (16,17,27-30). This is a 
benchmark visual recognition memory task that has  been  used  by several laboratories 
to assess memory in monkeys and resembles, in many respects, clinical tests that are 
used to assess memory function in patients with a variety of neurological disorders 
(26). As a group, aged  monkeys evidence impairment on the acquisition and perfor- 
mance of this task, although’several studies have reported normal  to  near-normal per- 
formance by individual  aged  monkeys 16,27-30). Nevertheless,  several  studies 
spanning the last 10 years have collectively revealed a significant relationship between 
performance  on  the  DNMS  task  and  aging  across  the  entire  adult  age  range in monkeys. 

On closer inspection of the performance of the early senescent monkey on the 
memory conditions of the DNMS task in our study, monkeys showed a significant 
impairment when delays greater than 30 s were interposed between the sample and 
recognition trials or when list of items were  used.  At first glance, this appeared at 
variance with the study by Presty et al. (30), who did not find an overall impairment in 
the group of  early senescent monkeys using a combined performance measure.  How- 
ever, it  is plausible that this difference is due to methodological differences in the stud- 
ies. Taken together, the data from the studies by Presty et al. (30) and ours lead to two 
conclusions. First, the impairment on the performance conditions of the DNMS  by 
early senescent monkeys is relatively mild and is evident only under conditions of 
relatively high memory demands. Second, as pointed out by Rapp and Amaral (27), 
there does not appear to be any significant relationship between rate of acquisition and 
accuracy on the performance conditions on DNMS. This suggests that the two phases 
of the task may require different cognitive abilities and that they may, in turn, be differ- 
entially affected by  age. 

The pattern of impairments observed in advanced  aged  monkeys (25-29 yr of age) 
differed from the one observed in early senescent monkeys (31). Only one of the six 
monkeys in the advanced aged group reached learning criterion as efficiently as young 
adult monkeys, a percentage significantly lower than that seen in our study with early 
senescent monkeys (31). On the delay condition of the DNMS, the accuracy  of ad- 
vanced age animals was significantly worse than that of the young adult animals, evi- 
dencing about a 15% decrement in performance when delays were extended from 30 to 
300 s. Similarly, the accuracy of performance for the advanced aged group declined 
significantly relative to young adult animals when lists of items were presented. 
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With  regard to the behavioral assessment of the oldest of the old rhesus monkeys, 
precious  few  data  are  available.  In a large  cohort of aged  monkeys  studied by 
Bachevalier et al. (16), the oldest group, consisting of four monkeys aged 28-31 yr 
(originally assessed 2 yr earlier at 26-29 yr of age), evidenced a pattern of deficits that 
differed from the other two aged groups (one of middle age, 16-19 yr and the other in 
early senescence, 21-25 yr).  In another study assessing performance of aged  monkeys 
ranging in age from 22 to 33 yr  on the DNMS task, Rapp and Amaral(27) noted that a 
33-yr-old monkey, the oldest monkey in the study, was the only animal that could not 
reach learning criterion, even within 3000 trials, or compared to the 200-400 trials 
required by the other monkeys in the study to master their task. 

Recently, we had the opportunity to assess a group of five monkeys between the 
ages of 30 and 35. As a group, and individually, these oldest old monkeys were mark- 
edly impaired relative to young adults on acquisition of the DNMS  task. Monkeys 
in this oldest group required a mean  number of trials twice that required by monkeys 
of advanced age. These findings suggest that survival beyond advanced age may be 
associated with a marked and precipitous decline in the ability to learn new opera- 
tional cognitive rules, a pattern that is beginning to emerge in studies of  normal  human 
aging (32). 

In contrast to their severe impairment on acquisition of  DNMS, the oldest old mon- 
keys evidenced only a moderate (1520%) decline in accuracy on the memory  compo- 
nent of the DNMS  task. This finding suggests that oldest old monkeys  may experience 
a more rapid rate of forgetting than  any  of the younger animals. 

Based on our findings and  on those of other investigators (27,30), we believe that in 
the monkey there is a significant but  mild deficit in recognition memory associated 
with  aging. This deficit begins to appear at a relatively early age (about the third decade 
of life) and appears to plateau sometime around the middle of the third decade of life. 
No additional decline in recognition memory appears to take place during the oldest 
old age of the process of successful aging. The ability to learn new strategies, on the 
other hand, appears to be affected at a different rate and course. This deficit does 
not appear to become significant until more advanced age (about the middle of the third 
decade of life) and declines in performance appear to continue into the oldest old age. 

3.2.4. Delayed Recognition Span 
The DNMS task relies upon a two-alternative, forced choice paradigm in which the 

monkey is required to discriminate, after a delay, which one of two objects was  previ- 
ously presented. However, it  is limited to two-choice recognition. In an effort to char- 
acterize recognition memory  within spatial as well as nonspatial stimulus domains, as 
well as to assess the memory capacity or “load” of  aged  monkeys, we developed a task 
that uses the same win-shift strategy as the DNMS, the delayed recognition span task 
(DRST, [33,34]). This task employs a nonmatching paradigm but requires the monkey 
to identify a novel stimulus among  an increasing array of previously presented stimuli 
using either spatial or nonspatial stimulus cues. The task has been  used  with  monkeys 
to assess memory function following damage to the hippocampus in infants (34,35) or 
adults (36), and, in humans,  has  been  used to differentiate patterns of  memory dysfunc- 
tion in a variety of neurologic disorders (37-39).  In addition, it has been used for 
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assessing memory function in normal  human aging (40). The task can be administered 
using different classes of stimulus material to help characterize recognition memory 
deficits across several stimulus domains. 

Relative to young adults, early senescent monkeys were significantly impaired on 
both the spatial and object component of the DRST. Moreover, a linear relationship 
was observed between age and degree of impairment. In contrast to their performance 
on the spatial and object conditions of the DRST, early senescent monkeys, as a group, 
were not significantly impaired  on the color condition. This finding was somewhat 
surprising because one would have expected similar results in  both nonspatial condi- 
tions (i.e., color and object). The results obtained suggest that different mechanisms 
may be involved in processing color information. 

Monkeys of advanced age administered the DRST obtained lower recognition spans 
across both spatial and color stimulus classes than did young adult monkeys.  On  aver- 
age, the monkeys in the advanced aged group retained only two thirds of the amount of 
information in memory as that retained by the monkeys  in the young adult group (41). 

We found that the oldest old  monkeys were impaired relative to young adults on the 
spatial and object conditions of the DRST. However, their mean span did not differ 
significantly from that of monkeys of advanced  age. These findings would suggest that 
age-related decline in recognition span may not change beyond  advanced  age. 

One aspect of the DRST to be considered is the series of repeated trials that were 
embedded within each condition of the task.  Both repeated and unique sequences were 
included in the delayed recognition span test as a means of assessing the ability to learn 
and recall different types of information under the stimulus conditions within the same 
task. Hebb (42) found that in  humans, the recall of an arbitrary sequence of highly 
familiar information, such as digits, improved when the same series was  embedded 
repeatedly within presentations of random sequences. Similarly, we found that both the 
aged and the young adult monkeys in our program performed better on an  embedded 
repeated sequence than  they did on the unique sequences although the performance 
level of the aged animals was still significantly lower than that of young adults. These 
findings suggest that aged  monkeys, like young adults, can benefit from repetition, 
even though the improvement is modest. 

We have also had the opportunity to longitudinally assess recognition memory 
function in a different cohort of young  and  aged  monkeys. We tested three young adult 
(5-7 yr) and four monkeys of advanced age (23-26 yr) 4 yr following initial assess- 
ment on the spatial recognition span test. The pattern of findings in the initial assess- 
ment  revealed that the aged animals obtained significantly lower recognition span than 
that of the young adults. Four years later, two of the three animals in the young adult 
group showed a slight decline in performance, whereas one showed a slight improve- 
ment.  In the aged group, a more striking dichotomous performance was  noted. As in 
the young adult group, two animals showed very slight decline, and the remaining two 
showed marked decline which, in one case, was severe. We were intrigued by two 
aspects of the findings. First, of the seven animals tested, only one showed a severe 
decline in function over the 4 yr interval. Second, and perhaps more important, was the 
fact that there was minimal loss of function in two of the aged animals, including one 
that was 25 yr  of age at the initial testing. 
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An error analysis revealed that the two markedly impaired aged monkeys, unlike 
monkeys that did not evidence a significant decline over the 4 yr, tended to make a 
greater proportion of their errors by selecting the most recently presented  disk. Whether 
this effect represents enhanced perseverative tendencies, or  is related more  to serial 
order effects, remains to be evaluated. 

In summary, longitudinal assessment of recognition memory in the rhesus monkey 
reveals  that in aged animals,  unlike  in young adults,  performance is quite vari- 
able. Some animals clearly evidence marked decline while others remain virtually 
unchanged, even after a period of 4 yr. It appears therefore, that like aged  humans,  aged 
nonhuman primates are characterized by  marked individual differences. Although it is 
important to understand the neurobiological basis for the marked decline observed in 
some animals, it  is perhaps more important to understand why some animals appear to 
age successfully. 

In view of these differential age effects on learning and memory function, it is tempt- 
ing to conclude that age-related cognitive declines in learning and  memory function 
result from two separate processes. Thus, the capacity for short-term storage of infor- 
mation, although impaired with aging, reaches asymptotic decline in advanced  age. In 
contrast, it appears that the capacity for learning new rules may undergo progressive 
decline throughout the latter part  of the life-span. Whether this decline in learning new 
rules extends to other forms of learning (i.e., associative learning) remains to be deter- 
mined. Further, it is unclear whether the differential effects of aging on  new learning 
and memory load or storage can be functionally dissociated in the pathogenesis of 
normal aging. 

3.2.5. Delayed  Response 
The delayed response task (DR) is a classic behavioral task  known to be sensitive 

to frontal cortical system damage, as first demonstrated in the 1930s with  Jacobson’s 
(43) studies in the chimpanzee. Over the last 50 yr, several investigators have  con- 
firmed and extended these early findings in a variety of species, including the monkey 
(44-49). Battig et al. (48) and later Goldman and Rosvold (50) demonstrated an 
impairment on DR in monkeys with lesions of the caudate nucleus. Similarly, an 
impairment on DR was found following lesions of the hippocampal formation (511, but 
as reported in the same study, did  not extend to lesions of the amygdala. Perhaps the 
most robust effect on DR performance is that following damage to the prefrontal cor- 
tex. Goldman and Rosvold (44) behaviorally fractionated the frontal cortical regions 
and identified the dorsolateral surface as a critical locus. This includes the same region 
in which Peters et al. (52) have identified a significant correlation between thinning of 
layer 1 cortex and cognitive impairment in aged  monkeys.  In  humans, the DR task has 
been  used  to elucidate the nature of  memory dysfunction in patients with alcoholic 
Korsakoff s syndrome (53) and schizophrenia (54-56) along with the patient’s rela- 
tives (57). Of particular interest, deficits on the DR task have been recently reported in 
intermediate aged adults (53) but little has been reported in more advanced aged 
subjects. 

In aged  monkeys, the DR task has  been  used  by several investigators (15,28,58-63) 
to characterize memory dysfunction. Taken together, the findings indicate that aged 
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monkeys evidence increasing degrees of impairment with longer delays, although in 
many instances they are impaired even on delays as short as 5 s (58,59). Further, aged 
monkeys appear to be disproportionately affected by increased delays, a pattern that is 
in contrast to that seen on the DNMS task (e.g., 28-30). This suggests that the DR task 
may be more sensitive to age-related cognitive decline raising the possibility that fron- 
tal cortical systems may be disproportionately vulnerable to the aging  process. 

3.3. Executive  System  Function 
Although there exists an impressive literature on age-related decline in memory  with 

normal aging and age-related disease, the number  of studies aimed at the assessment of 
executive function is more limited. Executive system functions are a set of integrative 
cognitive skills that are vital to performing higher level activities of daily living. They 
encompass abilities such as cognitive flexibility, cognitive tracking, set maintenance, 
abstraction, divided attention, insight, and social judgment. Cognitive flexibility refers 
to the capacity to change a response pattern with changing reinforcement contingen- 
cies. Cognitive tracking refers to the capacity to keep track of correctly identify correct 
response-reward associations among frequently alternating contingencies. Set mainte- 
nance refers to the ability to maintain a given mode of responding. Abstraction refers to 
the capacity to identify a common element among stimuli that appear to differ along 
several dimensions. Divided attention is a term  used to describe the capacity to attend 
to two or more stimulus sources simultaneously. In large measure, many  of these func- 
tions share the requirement of inhibiting interfering responses. 

In normal aged humans, a variety of studies have been reported showing impair- 
ments on tasks of executive system function (64-66). One of the most consistent find- 
ings is the decrement in performance on tasks of divided attention (68-71). Studies in 
normal adults have also reported age-related deficits in abstraction (72,73). 

Evidence from the neuropsychological, neuropathological, and neurological litera- 
ture suggests that the executive functions are mediated by the prefrontal cortical areas 
(74-78). However, the relationship of the age-related decline in this cognitive domain 
to specific neuropathological and neurochemical alterations remains unclear. 

In  nonhuman primates, studies of frontal lobe function date back to the 1930s, with 
Jacobson’s (43) classical studies of the delayed response task in the chimpanzee. Over 
the last 50 yr, several investigators have confirmed and extended these early findings 
in a variety  of species, including the monkey (45-47,49,50). Three tests that were found 
to be sensitive, but not specific to lateral prefrontal cortical damage, were the delayed 
response task, a test of visuospatial memory (48), the conditional position response 
test, a task of conditional learning (44), and place or spatial reversal learning, a test of 
cognitive flexibility (79,80). Of these three tasks, the reversal learning test appears to 
be the most sensitive in discriminating between various types of cortical damage (79). 

Only a limited number of studies have been performed in aged monkeys using 
reversal learning tasks and have generated what appear to be contradictory findings. 
Bartus et al. (19) reported an age-related impairment on both pattern and color rever- 
sals, while Rapp (18) reported no impairment on either a pattern or object reversal. We 
reported, in a preliminary  study ( I d ) ,  an age-related  impairment  on spatial but  not object 
reversals. 
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While these results seem confusing at first glance, two factors stand out that may 
account for these findings. The first is task complexity. Bartus et al. (19) used more 
difficult tasks than Rapp (18) and Lai et al. (14). The second factor is the age of the 
monkeys being studied. Bartus et al. (19) examined monkeys that were 18-22 yr of 
age, Rapp (18) examined monkeys without  known birth dates that were thought to be 
about 23-27 yr of age, while Lai et al. (14) examined monkeys with  known birth dates 
that were 20-28 yr  of age. Because it is quite clear from the work  of Bachevalier et al. 
(16), and from the previous work  we  have  presented in this chapter, that monkeys over 
the age of 19 are not a homogeneous group, it may be that individual differences 
account for differences in the results on tests of executive function. 

We have compared the performance of early senescent, advanced age, and oldest old 
monkeys to young adult animals on spatial and object reversals (14, and Moss et al., 
unpublished datu). For  spatial  reversals,  in  increasing  severity,  early  senescent, 
advanced aged,  and oldest old monkeys were impaired on the task. Early senescent 
monkeys were impaired only on the first reversal, and the oldest old were impaired on 
all three reversals. For object reversal learning, only the monkeys in the oldest old 
group evidenced a significant impairment relative to  young  adults. 

Taken together with results of previous reports, these findings suggest that aging is 
associated with a progressive impairment in executive system function in the nonhu- 
man primate, a finding that parallels that of normal  human aging. 

3.4. Motor Skills 
Motor skills are a complex set of activities encompassing voluntary and involuntary 

regulation, integration, proprioception, dexterity, and strength of both gross and fine 
muscle groups. They are evident both actively in all responses of  an organism and 
passively in the posture or appearance of the organism. 

Motor skills govern a person’s capacity to adapt, change, control, and respond to  his 
or her surroundings. Impairments of motor skills have the tendency to interfere with, or 
alter everyday life. These types of impairments have been described in a variety  of 
ways, such as paralysis, apraxia, ataxia, motor  weakness, and motor slowing (66). 

In normal  aged  humans, studies have been conducted on a wide variety  of  motor 
skills, ranging from the ability to  track movement with a finger (81) to functional abili- 
ties such as brushing teeth (821, to  even highly complex skills such as playing golf (83). 
Overall, these studies and many others have found a decline in both speed and accuracy 
with age (84-88). 

Many investigators have also noted an increased amount of variability in the data of 
the aged  human subjects. This may  in part be due to the varying degree of physical 
fitness. It has  been established that healthy adults, particularly those deemed fit in terms 
of cardiovascular health, have faster reaction times than those who were sedentary or 
unfit (89-92). It has even been reported that some aged individuals show little to no 
loss of  motor function when compared to the performance of  young adult subjects; 
however, in a cross-sectional study of this type (93), it is possible that aged subjects 
may have been inadvertently selected in a biased fashion which  would  have  tended to 
exclude impaired individuals. 

With  respect  to  aged  monkeys,  only a limited  number  of  studies  have  been  performed. 
Two of these studies measured reaction time while the monkeys were performing a 
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memory task (10,16) and found that monkeys, like human subjects, evidenced a sig- 
nificant increase in reaction time with  age. A third study (13), designed to assess the 
most expeditious response made by the monkey, failed to find an effect of  aging. These 
results suggest that there may be an overall motor slowing with age in the monkey, but 
that the capacity to muster a rapid response on  demand remains relatively intact. 

Our studies of motor system function in the aged monkey have focused on tasks of 
fine motor control and motor skill. For example, we assessed the performance of young 
adult monkeys, early senescent monkeys,  advanced  aged  monkeys,  and oldest old mon- 
keys on both types of tasks (94). We  used the task developed by Kuypers (95) to assess 
fine motor control. The apparatus for this task is a testing board with a series of wells of 
decreasing size. The monkey is simply required to obtain the food reward from each 
well. We have also used a motor skill task (96) to assess the performance of our aged 
monkeys. This task required the monkey to guide a lifesaver candy along a bent wire to 
obtain the candy as a reward within 1 min. Response latency, errors, and success rate 
were recorded. Overall, we have not observed any significant group differences in per- 
formance on either task.  However, a few individual monkeys in the oldest old group 
performed  worse on both tasks than  any of the younger monkeys  in terms of response 
speed  and number of errors. 

A more thorough assessment of motor skill was conducted by another group of 
investigators (97). They  used the same lifesaver paradigm but utilized more difficult 
combinations of bends in the wire. They found no significant differences in perfor- 
mance on relatively easy portions of the task. However, they found a significant group 
difference in performance on this task with monkeys in the early senescent, advanced 
aged, and oldest old aged ranges requiring significantly more time to solve the difficult 
portion of the task  than monkeys of young adult age. 

Taken together, the results of these studies suggest that in the monkey, as in the 
human, there is an age-related decline in response speed and accuracy. This decline can 
be mitigated with exercise, practice, and optimal general health. However, as the tasks 
become  more complex, the deleterious effects of age become more pronounced. 

4. NEUROBIOLOGICAL CONSIDERATIONS 
The neurobiological basis of age-related cognitive dysfunction is not yet well  under- 

stood, but has become an increasing focus of study in recent years. By relating the 
pattern of behavioral performance with findings from neurobiological studies of 
aged monkeys, several authors have identified a variety of changes that may play 
a role.  Structures or neural  systems  that  have been implicated  in  these  deficits 
include the medial temporal lobehippocampal system (27,29) and prefrontal cortices 
(1 4,52,98,99). 

With  regard to the hippocampal formation, previous studies have identified error 
patterns on  memory tasks in aged monkeys that parallel those seen in lesion studies in 
young adult monkeys. Rapp and Amaral (27) identified a subset of animals that 
were disproportionately impaired on the delay and list conditions of the delayed 
nonmatching-to-sample task, a pattern that is consistent with  medial temporal lobe 
damage in young monkeys (16,51,100-106). In  an earlier study (29), we identified a 
pattern of errors on the list condition of the DNMS by  aged monkeys that is also char- 
acteristic of monkeys with hippocampal damage (105). 
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It is tempting to consider aging as a mild functional lesion of the hippocampus, a 
notion that has  been advanced by several investigators in the field (107,109). In this 
regard, however,  it is of interest that neuron loss does not appear to occur in the hippoc- 
ampal formation in the aged  monkey. At least two groups (104,110) have provided 
initial evidence that no age-related cell loss occurs in the hippocampal CA1 subfield or 
subiculum of the monkey, and recent evidence suggests only a selective and mild loss 
of synapses in the dentate gyrus (111). Similarly, Amaral (112) has reported no cell 
loss in the hippocampus or entorhinal cortex. Yet West (113) has reported an age- 
related neuronal loss in subfield CA4 and the subiculum in  the hippocampus of  normal 
aged  humans. Thus, it remains to be determined to what extent the hippocampus under- 
goes age-related cell loss in primates. 

It is possible that more subtle “sublethal” changes may be occurring in the hippoc- 
ampus that do not fully manifest the same degree of impairment as that found follow- 
ing near total removal of this structure. For example, recent work in our laboratory has 
shown that the  hippocampus in monkeys undergoes volumetic loss with age and,  more- 
over, this change appears related to cognitive decline (114). When combined with the 
finding of Tigges et al. (111) that the number of synapses in the hippocampus do not 
change with age, one is left to conclude the volumetric loss  is attributable to other 
changes in cell morphology such as shrinkage, dendritic regression or, as has been 
suggested recently, damage to and loss of white matter (115). 

The growing body  of evidence of impairment on tasks of spatial memory  and those 
requiring retention of temporal order (28) implicates the prefrontal cortex as another 
major neuropathological locus in  aged  monkeys, a view advanced earlier by Bartus and 
his colleagues (25,98). Adding support to this notion are findings that aged monkeys 
are impaired on tasks of executive system function (14,116), a cognitive domain that 
includes abilities likely mediated by prefrontal cortical areas (100,117). Similarly, the 
impaired  performance  that  aged  monkeys show on  delayed  response (28,58,59, 
6163,117) and reversal learning (15) tasks have been historically associated with pre- 
frontal cortical damage both in monkeys and humans (44,48,118,119). Consistent with 
this view, an analysis of the errors made  by early and advanced aged  monkeys demon- 
strated significantly more perseverative errors on the DRST and reversal tasks among 
early and advanced aged monkeys than  among  young adults. However, the extent to 
which frontal cortical system pathology may underlie the deficits observed in aged 
monkeys remains unclear. 

Studies are converging to suggest that there is no significant age-related loss of neu- 
rons in area 46 of the prefrontal cortex (52) and area 4 of the frontal cortex (120) as 
well as in other cortical regions (109,110,112,121,122). Although neurons in area 46 of 
the prefrontal cortex do not  undergo age-related cell loss, the white matter in this region 
has  been  shown  to undergo marked alteration with age (52). Moreover, a recent study 
from these same investigators revealed a loss of synapses and a reduction in thickness 
of layer I in area 46 in a group of aged rhesus monkeys as compared to group of young 
adults (99). 

It has  been  noted that when there is formation of amyloid plaques with aging, there 
is a greater likelihood of them developing in the prefrontal and temporal cortices than 
in more caudal regions of the brain (108). Nevertheless, it appears there is no relation- 
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ship between cognitive impairment and plaque density (123), suggesting that age- 
related accumulation of amyloid in plaques is not a significant pathogenic feature of 
normal aging in the monkey. Support for this supposition has recently been obtained 
in a study of amyloid plaques in the monkey which indicates that the monkey  mainly 
has the less toxic AP 1-40 in contrast to humans where the more toxic AP 1-42 pre- 
dominates (124). 

Despite evidence of preserved number of neurons in prefrontal cortex, reduction in 
endogenous concentrations of dopamine in this area has been reported (117). Loss of 
serotonin binding sites has also been reported in both the frontal cortex and hippocam- 
pus with age (125). This is particularly interesting, as neuronal loss has been demon- 
strated in the brainstem nucleus raphe dorsalis and nucleus centralis superior of  aged 
monkeys (126), both of which are serotonergic and project mainly  to the forebrain. 
Additional evidence of subcortical neuron loss within the cholinergic basal forebrain 
nuclei is conflicting. Rosene (109) has reported an age-related decline in the number of 
AChE-positive neurons in all three major basal forebrain nuclei, the medial septum, 
diagonal band, and the nucleus basalis, and Stroessner-Johnson et al. (127) reported 
age-related loss of ChAT-positive neurons in the medial septum. However, Voytko 
et al. (128) has recently reported no age-related cell loss in the nucleus basalis using an 
antibody to the p75 low-affinity nerve growth factor receptor. Clearly, the possible 
contribution of neuron loss in cortically projecting subcortical sites to age-related cog- 
nitive decline needs further investigation. 

One intriguing change that has recently been noted in both humans and monkeys is 
an apparent  loss of white matter, but not gray matter, that occurs with age (15, 
115,129). This is supported by a recent neuropathological study of area 46 in aged 
monkeys that confirms the presence of  myelin degeneration in the deep layers of cortex 
and underlying white matter (52). There has also been some preliminary indication that 
loss of white matter volume determined by MRI may correlate positively and signifi- 
cantly with cognitive decline (15). Given the nature of the cognitive deficits found with 
aging, it  is likely that there is a disruption of the functional integrity of prefrontal cor- 
tical systems and medial temporal lobe structures such as the hippocampus. This is 
made more intriguing in the context of  myelin degeneration which  would compromise 
communication within and between  both  areas. 

In conclusion, the results of the present investigation add to the growing body  of 
evidence that rhesus monkeys undergo cognitive declines that begin at a relatively 
early age, a finding that is in parallel with observations made in normal  human aging 
(26). Initial findings from anatomical studies raise the possibility that the bases for this 
decline may be related more to a deterioration in the efficiency and quality of cortical 
information processing due to dystrophic myelin or altered neuronal function, rather 
than to cortical neuronal cell loss. 

5. CONCLUSIONS 
In conclusion, evidence has accumulated to show that aged monkeys, like normal 

aged humans, evidence age-related cognitive decline and that the pattern of this decline 
changes with  age. Further, as is the case in humans, the changes that occur with  normal 
aging do not appear to be universal. Some monkeys appear to age quite successfully, 
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while others of the same chronological age appear to age unsuccessfully. One of the 
primary challenges of research on the effects of  normal aging is to determine the neu- 
robiological basis of these differing patterns of age-related change. 
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Cholinergic  Lesions as a Model 

of Alzheimer’s  Disease 
Effects of Nerve Growth Factor 

James M. Conner  and Mark H. Tuszynski 

1. INTRODUCTION 
Alzheimer’s disease (AD) is an  age-related neurodegenerative disorder that currently 

affects 4 million people in the United States alone. It is a progressively debilitating 
condition that, in its later stages, often leaves victims without the cognitive abilities to 
care for themselves. The estimated direct and indirect costs of diagnosis, treatment, 
and long-term institutional care for AD patients is currently estimated to be in excess 
of $100 billion  annually (I). The emotional and social impact of the disease is immea- 
surable. With advances in general healthcare contributing to greater longevity, 8 mil- 
lion Americans are expected to develop AD  by the first quarter of the 21st century 
unless parallel advances are made  in the treatment of  AD to alter the devastating course 
of this disease. 

An obstacle to finding effective therapies for AD is the complexity and variability in 
the presentation of the disease. Pathologically, the presence of extracellular amyloid 
plaques and intraneuronal neurofibrillary tangles are considered a hallmark of  AD (2). 
However, plaques can occur in aging individuals without cognitive impairment, in den- 
sities within the criteria for diagnosis of  AD (3). In addition, the presence of neuro- 
fibrillary  tangles is neither an ubiquitous (4,5) nor unique (6-8) feature of  AD 
pathology. Moreover, the distribution and extent of lesions in  AD  pathology (including 
plaques, tangles, as well as cellular and synaptic loss) can vary  widely across individu- 
als. For example, whereas a loss of basal forebrain cholinergic neurons, particularly 
within the Ch4 region, is found in most AD cases, the degree of cholinergic cell loss in 
this region may  vary substantially between individuals (from 30% to 95% [9]). For 
other ascending brain systems, such as serotonergic, dopaminergic, and noradrenergic 
cell populations, cell loss may  vary from almost nonexistent (0-5%) to moderately 
severe (40-80%) (9). 

Variability in the pathology of  AD gives rise to differences in the types and extent of 
cognitive deficits that occur in patients. For instance, some individuals with  AD  may 
have prominent language impairments while others have predominantly visuospatial 
deficiencies (IO), likely reflecting primary pathological damage to either the left or 
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right cerebral hemisphere, respectively. In addition to the pathological variability in 
AD, differences in the etiology of the disease may exist. Supporting the idea that AD 
may derive from multiple origins are the roughly 20% of patients with a genetic predis- 
position to the  disease and the smaller proportion of cases inherited in a strictly 
Mendelian fashion, whereby multiple defective genes have been implicated in the dis- 
ease process including presenilin-I,  presenilin-2, APOE4, and the amyloid precursor 
protein (see /11]). Just as no single gene is responsible for all identified forms of 
familial AD, it  is unlikely that a single causative agent will be found accounting 
for all remaining “spontaneous” forms of AD. Evidence for such variability in AD 
etiology and pathology suggests that a single therapeutic approach is unlikely to be 
beneficial for all AD patients and that eventual therapies may  need to target the mul- 
tiple brain systems that degenerate in AD, or address a variety of different genetic 
abnormalities. 

Often, a crucial step in making rapid progress toward finding therapies for a given 
disease is the identification of animal models accurately reproducing the etiology of 
the disease, as well as the disease’s clinical and pathological manifestations. In the 
case of AD, good animal models have been difficult to come by. The full spectrum of 
biochemical and pathological abnormalities characteristic of AD have not  been found 
to occur spontaneously in any animal species other than the human, and the complexity 
of the disease has made it difficult to generate animals with a full range of experimen- 
tally induced AD pathological alterations. Thus, animal models necessarily become 
directed toward reproducing specific subsets of abnormalities associated with AD. This 
chapter, and  many  of those that follow, point out particular animal models of AD and 
discuss how these models may  be  used  in seeking clinical treatments for this disease. 

2. THE INVOLVEMENT OF THE  CHOLINERGIC SYSTEM IN AD 
Many neuronal systems undergo degeneration in AD (9), and the loss of a single 

system is unlikely  to account for the broad spectrum of cognitive abnormalities seen in 
the disease. Various lines of evidence, however,  have implicated the specific impair- 
ment  of the basal forebrain cholinergic system as a primary component of age-related 
memory disturbances. Taken together, these arguments have come to make  up  what is 
known as the “cholinergic hypothesis.’’ In brief, evidence supporting the cholinergic 
hypothesis are as follows: (1) drugs that block cholinergic function, via blockade of 
muscarinic cholinergic receptors in the brain, disrupt cognitive functions and produce 
memory and attention deficits similar to those seen in AD (12,13); drugs that potentiate 
cholinergic function, such as acetylcholinesterase (AChE) inhibitors, can enhance cog- 
nitive performance and can reverse behavioral deficits induced by anticholinergics 
(14,1.5); (2) cholinergic activity within the cortex and  hippocampus of AD patients is 
markedly reduced when compared to age-matched controls (16,17), yet the expression 
of muscarinic cholinergic receptors is not altered, indicating that the defective compo- 
nent of cholinergic transmission lies in the presynaptic element; and (3) further evi- 
dence that cholinergic dysfunction in AD arises from defects in the presynaptic element 
comes from studies demonstrating a marked reduction in the number of cholinergic 
cell bodies in the basal forebrain, the sole source of afferent cholinergic innervation to 
the cortex and hippocampal formation (18-22). In addition, the degeneration of the 
basal forebrain system is one of the earliest and most consistent changes observed in 
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the brains of AD patients, and the extent of cholinergic degeneration, especially within 
the nucleus basalis-to-cortex system, correlates with the clinical severity of the disease 
(23), the density of amyloid plaques (24,25), and the loss of synapses (26). Based upon 
this evidence, animal models of central cholinergic damage can be useful for identify- 
ing compounds that augment cholinergic function, perhaps leading to a partial amelio- 
ration of the cognitive deficits associated with AD. 

3. THERAPEUTIC MODULATION OF BASAL  FOREBRAIN 
CHOLINERGIC FUNCTION 
To the extent that dysfunction of the basal forebrain cholinergic system does con- 

tribute to the overall cognitive decline in  AD, it can be predicted that reversing this 
dysfunction will ameliorate, at least partially, the cognitive impairment. To date, mul- 
tiple strategies for enhancing cholinergic function within the CNS have been explored 
including: (1) pharmacological modulation of postsynaptic cholinergic  receptors 
(27-29); (2) pharmacological modulation of acetylcholine production, secretion, 
reuptake, or degradation (30-33); (3) grafting acetylcholine-producing cells into the 
CNS environment (either fetal basal forebrain cholinergic neurons or genetically modi- 
fied fibroblasts) (3435); and (4) pharmacological  modulation  of endogenous basal fore- 
brain cholinergic neuron functional performance (36-39). 

When designing strategies for modulating cholinergic function it  is important to 
bear in mind the nature of cholinergic communication between the basal forebrain and 
its cortical and hippocampal targets. The notion that a loss of basal forebrain cholin- 
ergic neurons can be functionally compensated for by systemically delivering muscar- 
inic agonists or cholinesterase inhibitors presumes that cholinergic transmission takes 
places largely by tonically stimulating postsynaptic receptors. Experimental evidence 
would indicate that this simplified view  of “tonic” cholinergic transmission is inaccu- 
rate (see [40] and following paragraph) and may account for the lack of a more sub- 
stantial impact from the administration of systemic cholinergic enhancers on cognitive 
dysfunction in AD. 

The activation of the basal forebrain system and target release of acetylcholine is not 
uniform, but appears to be both stimulus-linked and phasic. Activities involving arousal 
or attention, such as goal-directed, motivated behaviors, or exposure to novel stimuli, 
are known to specifically activate the basal forebrain system (41-43). In addition, the 
synaptic communication between the basal forebrain and its targets is often phasic, and 
the temporal aspect of this synaptic activity may be essential for proper cholinergic 
function (such as bursting to induce theta activity in the hippocampus) (44-48). Lastly, 
the actions of acetylcholine within basal forebrain targets is highly dependent upon the 
topography of transmitter release, both on a macroscopic and a microscopic level. Stud- 
ies have indicated that acetylcholine release may differ significantly across cortical 
regions depending upon the nature of the behavior an animal is engaged in (49). In 
addition, the postsynaptic actions of acetylcholine may be either stimulatory or inhibi- 
tory, depending upon the type of postsynaptic cell the neurotransmitter acts (50), or the 
location on the postsynaptic cell where the acetylcholine acts (dendritic vs somal) (51). 
Bearing in mind the complexities of the basal forebrain cholinergic system, it may be 
assumed that strategies restoring normal cholinergic function by modulating endog- 
enous systems will eventually result in greater clinical benefits. 
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4. ANIMAL MODELS 
It is  in the context of identifying strategies for manipulating endogenous cholinergic 

function that animal models of basal forebrain degeneration have  proven  most  useful. 
Two main categories of basal forebrain cholinergic degeneration models are generally 
used: (1) acute lesion models in  which degeneration of basal forebrain cell bodies or 
their axons is caused by direct mechanical or chemical damage, and (2) spontaneous 
degeneration models in which cholinergic neurons undergo atrophy or death as a result 
of target ablation or aging. Both models have unique advantages and disadvantages, 
and each has  played  an important role in investigating possible therapeutic strategies 
for treating AD. 

4.1. Acute  Cholinergic  Degeneration  Models 
Models  of acute basal  forebrain  cholinergic  degeneration  include  the  well-characterized 

fimbria-fornix  transection,  and  various electrolytic and chemotoxic ablation  paradigms. 
These models all involve direct damage to the basal forebrain neurons or their pro- 
cesses and are most often characterized by a rapid onset of neuronal atrophy, lasting 
between a few days and a few weeks. Varying degrees of cell death have been reported 
with acute lesions of the basal forebrain cholinergic system, although obtaining experi- 
mental confirmation of cell death has  been a controversial issue (52-54). Furthermore, 
in  many  of these lesion models there is an accompanying loss of cholinergic phenotype 
in surviving basal forebrain cholinergic neurons, a loss of cholinergic function within 
basal forebrain cholinergic targets, and evidence for axonal and dendritic atrophy, all 
features reminiscent of basal forebrain cholinergic cell pathology in AD. Thus, acute 
lesion models may serve as an excellent tool for identifying compounds capable of 
providing neuroprotective actions for degenerating basal forebrain cholinergic neurons 
and restoring or enhancing cholinergic function. 

4.1 .l. Fimbria-Fornix Transection 
One of the earliest models of lesion-induced CNS neuronal degeneration to be 

investigated was the fimbria-fornix transection (FFT). In this model, cholinergic cell 
bodies within the medial septum are physically separated from their hippocampal 
innervation target by  an acute transection of their axons, thereby interrupting antero- 
grade and retrograde communication between the septal neurons and their hippocam- 
pal target. Axotomy of the septo-hippocampal pathway is most  often achieved by either 
a knife cut (55) or an aspirative lesion (56). The aspirative lesion is thought to provide 
a more complete and reproducible lesion, although it results in more extensive damage 
to the overlying cortical and callosal structures. The fortuitous anatomy of the septo- 
hippocampal pathway, in which the axons of medial septal neurons course in a tight 
bundle (the fornix) to innervate the hippocampus, has made this an ideal system to 
manipulate experimentally. FFT lesions produce a near complete cholinergic denerva- 
tion  of the hippocampal target (with the exception of a minor cholinergic projection 
through a ventral pathway), and provide a highly reproducible model of neuronal 
degeneration among axotomized basal forebrain cholinergic neurons. Typically, FFT 
lesions result in a loss of choline acetyltransferase (ChAT)-immunoreactive cell label- 
ing (a specific marker of cholinergic neurons) of approx 80% magnitude (57,58) (see 
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Fig. 1. NGF protects basal forebrain cholinegic neurons against lesion-induced degenera- 
tion. Within the basal forebrain of an intact adult rat (A), numerous cholinergic neurons within 
the medial septum (MS) and horizontal limb of the diagonal band (HDB) can be identified 
using choline acetyltransferase immunohistochemisry. Following a bilateral fimbria-fornix 
transection (B), many  of the cholinergic neurons within the MS and HDB can no longer be 
detected, and infusion of vehicle alone fails  to prevent this degeneration. However, an infusion 
of NGF (12 pg/d for 14 d) unilaterally within the striatum can prevent cholinergic degeneration 
bilaterally within the medial septum and diagonal band (C). 

Fig. lA,B). Studies monitoring  basal forebrain cell loss using another marker  of  cho- 
linergic neurons, the p75 low-affinity neurotrophin receptor, also demonstrate an 80% 
loss of cellular immunolabeling (58,59). However, only a 65% loss of basal forebrain 
neurons  was  observed  in the initial investigations documenting this phenomenon,  where 
AChE  was  used as a marker for the cholinergic cell population (55,60,61). In addition 
to a loss of cholinergic cell bodies following axotomy, the remaining neurons within 
the medial septum shrink significantly (by about 20% compare to unlesioned controls) 
(55,58). 

Pioneering studies using the FFT lesion model  of basal forebrain cholinergic degen- 
eration first demonstrated that nerve growth factor (NGF) could protect against this 
lesion-induced degeneration of basal forebrain cholinergic neurons in the medial 
septum, restoring ChAT and p75 cell counts to normal intact levels (56,61,61) (see 
Fig. 1C). NGF administration also prevented lesion-induced cellular atrophy, and even 
caused slight cellular hypertrophy in some cases (55,58). The observation that NGF 
could protect against lesion-induced degeneration was  not only an important break- 
through in developing possible therapies for treating AD, but also caused an explosion 
of interest in the field of trophic factor therapy for neurodegenerative diseases. In the 
years that followed, other trophic factors (including ciliary neurotrophic factor, brain- 
derived neurotrophic factor, neurotrophin-4/5, and basic and acidic fibroblast growth 
factor) were found capable of protecting basal forebrain cholinergic neurons from FFT- 
induced neuronal degeneration (63-68), although none have demonstrated the speci- 
ficity and potency of  NGF. 
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The majority of studies using the FFT lesion model have been carried out in rats, but 
the occurrence of lesion-induced degeneration of basal forebrain cholinergic neurons, 
and the ability of NGF to prevent this degeneration, has also been confirmed in pri- 
mates with fornix lesions (69-71). Lesion-induced cellular degeneration in primates 
occurs in 50-75% of cholinergic neurons (compared to 80% degeneration in rats), and 
can be reversed almost completely with NGF administration. As  was  noted  in rats, 
cellular hypertrophy of basal forebrain cholinergic neurons was also seen following 
NGF infusions into lesioned primates. The success of these latter primate studies has 
served as a strong preclinical basis for considering NGF therapy for the clinical treat- 
ment  of  AD. 

In addition to identifying molecules with neuroprotective qualities, the FFT model 
has also been important for elucidating possible roles for neurotrophic factors in CNS 
regenerative events. NGF has  been shown to be capable of (1) stimulating supranormal 
levels of ChAT synthesis in surviving basal forebrain cholinergic neurons (58,71,72); 
(2) enhancing neuritic sprouting from axotomized basal forebrain cholinergic neurons 
(70,73,74); (3) restoring appropriate cholinergic fiber innervation to basal forebrain 
targets (75-77), with possible restoration of appropriate cholinergic synaptic physiol- 
ogy (78); and (4) partially restoring appropriate behavioral performance following 
septo-hippocampal regeneration (77). The ability of NGF to contribute significantly to 
many critical CNS regenerative events, eventually leading to a beneficial functional 
outcome in animal models of neurodegeneration, further suggests that NGF may be an 
important clinical tool for treating cholinergic degeneration in AD. 

4.1.2. Other  Models of Acute Basal  Forebrain  Degeneration 
A second basal forebrain cholinergic cell group of interest in AD is the population of 

neurons within the nucleus basalis, providing the sole source of cholinergic innerva- 
tion to the cortex. Unlike the septo-hippocampal system, the rather diffuse anatomy of 
the basalis-cortical system has  made it difficult to develop reproducible transection- 
lesion paradigms.  However, alternate methods for lesioning this cell population have 
been explored and these studies have provided additional support for a role of trophic 
factors in preventing lesion-induced degeneration of this cell population. 

Electrolytic ablations of either the nucleus basalis or medial septal regions have 
been  used to study cholinergic degeneration (79). In these models, a wire electrode is 
stereotaxically placed within the region of interest and a defined current is used to 
destroy tissue in the vicinity  of the electrode. By controlling the intensity of electrical 
current passing through the tissue, and the time the current is passed, these lesions 
provide accurate and relatively reproducible destruction of  basal forebrain cholinergic 
cell populations. However, electrolytic lesions are nonspecific and will destroy all cell 
populations within the lesioned area, as well as fibers passing through the region. In 
addition, electrolytic lesions are most often irreversible and cannot be used  to evaluate 
compounds with potential neuroprotective qualities. 

Chemotoxic lesions, employing a variety of agents, have also been  widely used to 
target destruction of both nucleus basalis and  medial septal cholinergic neurons. The 
specificity of chemotoxic lesions can vary  widely depending upon the particular com- 
pound used. Various glutamate analogs, including quisqualate, ibotenic acid, and 
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a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA),  have  been  used to 
induce lesions in the basal forebrain, although the specificity of these agents for cholin- 
ergic neurons has been questioned (80). Compounds such as the choline analog AF64A 
initially appeared to exhibit lesion specificity for the cholinergic system, but later stud- 
ies suggested that cell loss resulting from the use of this compound could vary sub- 
stantially (81,82). More recently,  an  immunotoxin  directed against the p75  neurotrophin 
receptor, which is found exclusively in association with cholinergic neurons in the 
basal forebrain, has been developed and used with relatively good success for produc- 
ing reliable and specific lesions of the basal forebrain cholinergic systems (8334). 
High doses of immunotoxin are capable of reducing ChAT activity in the cortex by 
80-90% and hippocampal  activity by almost 95% (85). By varying the  dose of 
immunotoxin given, it  is possible to produce graded lesions of the basal forebrain cho- 
linergic system (86), with accompanying graded behavioral impairments on a number 
of relevant tasks. 

Importantly, lesions targeting cholinergic cell bodies do not afford the same oppor- 
tunity for exploring neuronal protection as axonal transection paradigms because, in 
many cases, the neuronal cell bodies are destroyed nearly instantaneously by the 
chemotoxic or electrolytic lesion. However, chemotoxic lesions have been  used  suc- 
cessfully to examine the ability of agents, such as NGF, to reverse partial cholinergic 
cell damage and to restore cholinergic function by modulating remaining unlesioned 
cholinergic neurons (87,88). 

Just as animal models of cholinergic degeneration are simplified approximations of 
actual AD pathology, acute models of degeneration are likely to be simplified approxi- 
mations of chronic neurodegeneration, such as those that occur in association with AD. 
One distinct drawback of acute degeneration models is the confounding influence of 
the lesion upon the cell population is being investigated. The ability of NGF to stimu- 
late ChAT synthesis (72), induce cellular hypertrophy (58), and elicit axonal sprouting 
(73,89) is greater in Zesioned basal forebrain cholinergic neurons than in intact con- 
trols, indicating that the lesion may be an important component in determining neu- 
ronal responsiveness to a trophic factor stimulus. Another potential caveat in most 
studies using models of acute basal forebrain cholinergic degeneration is that putative 
neuroprotective agents have routinely been administered beginning at the time of the 
lesion. Thus, although these studies may provide evidence for the ability of a factor to 
prevent subsequent atrophy from taking place (making them potential therapeutic tools 
for preventing additional degeneration in AD), they do not address the important issue 
of whether these factors can reverse existing neuronal dysfunction. This is potentially 
an important issue in chronic neurodegenerative diseases where extensive cell damage 
may  already exist at the time of diagnosis. Studies looking at the effects of delayed 
NGF treatment upon  acutely transected basal forebrain cholinergic neurons (52,58) 
have addressed this issue and indicated that delayed NGF treatment (for up to 3 mo 
postlesion) was capable of partially reversing preexisting cellular atrophy in FFT- 
lesioned medial septal neurons. Similar studies in rats receiving ibotenic acid lesions 
of the nucleus basalis have also demonstrated that a delayed NGF treatment could  par- 
tially reverse the lesion-induced loss of cortical ChAT activity (85). Lastly, it remains 
unknown  whether the cascade of events leading to cell death in an acute degeneration 
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model is similar to that taking place in chronic neurodegenerative diseases. However, 
evidence from studies thus far has indicated that NGF is effective at preventing cell 
death mediated  by either a necrotic or apoptotic mechanism (see review [90]). 

4.2. Spontaneous  Cholinergic  Degeneration Models 
More recently, models of spontaneous basal forebrain cholinergic degeneration have 

been developed that overcome some of  the shortfalls of acute lesion models and more 
accurately reflect the type of cellular changes seen in chronic neurodegenerative dis- 
eases such as AD. Following excitotoxic destruction of the hippocampal formation 
(91,92) or ischemia-induced damage within the cortex (50,931, basal forebrain cholin- 
ergic neurons within either the medial septum or nucleus basalis magnocellularis, 
respectively, undergo neuronal degeneration. Although neither of these models is asso- 
ciated with a reduction in cholinergic cell numbers, significant cellular atrophy does 
occur. In both target ablation models, the extent of cholinergic cellular atrophy is cor- 
related with the magnitude of damage to the target tissue, and losses of 3040% are 
generally induced (50,911. Neurodegeneration in these models occurs over a more pro- 
tracted timeframe than is seen following acute lesions, and thus more closely resembles 
the chronic neurodegeneration observed in  AD. The finding that NGF can protect 
against neuronal degeneration in these animal models by reversing cholinergic cell 
atrophy (94,95) demonstrates that basal forebrain neurons remain responsive to the 
neuroprotective actions of NGF even  when  the  neurons have not  been  damaged directly. 
4.2.1. Age-Related  Basal  Forebrain  Degeneration 

Perhaps one of the most interesting animal models of basal forebrain cholinergic 
degeneration for evaluating potential neuroprotective agents and identifying strategies 
for manipulating endogenous cholinergic function in the intact basal forebrain system 
is the aged animal. In rats, just as in  humans, aging has  been associated with a deterio- 
ration of cognitive function. Basal forebrain cholinergic degeneration has also been 
reported to occur to varying extents in aged rodents. For example, a loss of immu- 
nolabeling for cholinergic neuronal markers has  been reported to occur over a range 
from 0% to 40% in different studies of  aged rats. This variability in magnitude may be 
accounted for in part  by differences in rodent species, neuronal markers (ChAT,  p75, 
or AChE),  and quantification methodologies used in the different studies (see [96]). 
However, the most  thorough analysis of cholinergic cell loss in aging rodents, employ- 
ing unbiased stereological techniques, has indicated that a 30% loss of cholinergic 
neurons does occur within the nucleus basalis magnocellularis (97). Whether remain- 
ing cholinergic neurons undergo cell atrophy (98) or hypertrophy (99) is also unclear, 
and unbiased stereological techniques for assessing cell size in  aged rodents have  not 
yet been  published. Despite these study-to-study differences, cognitive impairment is 
regularly demonstrated in aged rodents, and on tasks such as spatial navigation, the 
degree of cognitive impairment correlates with reductions in cholinergic neuronal  num- 
bers or size (98,100,101). Limited studies in primates have also shown age-associated 
alterations in basal forebrain cholinergic neuronal morphology (102). Our own recent 
studies using unbiased stereological methods have confirmed that an age-related 
loss of immunolabeling occurs in basal forebrain cholinergic neurons in  nonhuman 
primates (103). 
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A number of studies have indicated that NGF administration to cognitively impaired 
aged animals is capable of reversing cholinergic cell shrinkage in  basal forebrain cho- 
linergic neurons and ameliorating cognitive deficits (36,104-108). However, in some 
studies NGF administration did not reverse the age-associated cell loss, suggesting that 
a subpopulation of basal forebrain cholinergic neurons were either dead, or were no 
longer responsive to the actions of exogenous NGF (36). Yet these data from animal 
models  of spontaneous age-related degeneration are important, not only because they 
demonstrate NGF can modulate the performance of  basal forebrain cholinergic neu- 
rons that have  not  been acutely damaged, but also that NGF can reverse preexisting 
cellular degeneration. 

An issue that remains to be elucidated is the mechanism  of neuronal degeneration in 
animal models of aging  and the relation of this mechanism to the neuronal degenera- 
tion that occurs in AD. Indeed, many studies of neuronal loss in AD suggest that pat- 
terns of cellular degeneration in normal aging and  in AD fundamentally differ, and that 
AD is not  simply  an accelerated form of cellular damage found during normal aging. 
Thus, it is uncertain that NGF,  which reduces the extent of cholinergic neuronal atro- 
phy  in animals models of aging, will also protect cholinergic neurons in  AD. Despite 
these uncertainties, a demonstration that NGF therapy also prevents cholinergic neu- 
ronal degeneration in aged primates would provide further justification for trials of 
NGF therapy in  AD. Age-associated cognitive impairment occurs in primates (see 
/109]), although the extent to  which degeneration of basal forebrain cholinergic sys- 
tem contributes to this cognitive dysfunction is unknown (110). Recent preliminary 
studies in aging primates have indicated that exogenous NGF delivery by ex vivo gene 
transfer may be capable of reversing the age-related loss of p75 receptor-positive cho- 
linergic neurons within the Ch4 region (103), although it remains unknown  whether 
this recovery is associated with improved cognitive function. 

5. CONCLUSIONS 

It  is a difficult task to generate animal models simulating a disease as complex as 
AD. Thus, nearly  any animal model will serve only as an approximation of the actual 
disease, and results obtained from a particular model  must be considered carefully 
before extrapolating their relevance to the human disease. In the case of animal models 
of lesion-induced basal forebrain cholinergic degeneration, it  is clear that these models 
are most relevant for investigating a particular aspect of  AD pathology, namely the 
disease-related dysfunction of the basal forebrain cholinergic system. Even  with this 
caveat clearly established, models of lesion-induced damage of central cholinergic sys- 
tems remain relevant for investigating AD. Extensive evidence suggests that dysfunc- 
tion of the basal forebrain cholinergic system is a consistent and significant component 
in AD pathology and is likely to contribute significantly to disease-related cognitive 
impairment. For this reason, it  is worthwhile continuing to pursue therapeutic strate- 
gies targeting the basal forebrain system with the hope that reversing cholinergic dam- 
age may partially restore normal cognitive function in AD. 

Beyond the direct clinical relevance of targeting therapeutic strategies to ameliorate 
cholinergic dysfunction in AD, there are several reasons that animal models of central 
cholinergic damage remain important. To date, animal models of central cholinergic 
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dysfunction are some of  the best characterized  models  of  central  neurodegeneration 
and they  continue  to  serve as excellent  tools  for  studying  various  fundamental  ques- 
tions  pertaining  to  neurodegenerative  disease  in  general  (including  mechanisms  of 
cellular  atrophy and conditions  necessary  for  trophic  factor  responsiveness).  These 
models also continue to serve as  useful  test  systems  for  evaluating  new  treatment  strat- 
egies and  novel  drug  delivery  systems  for  introducing  trophic  factors  into  the  CNS. 
Findings  obtained  from  investigations  of models of  basal  forebrain  cholinergic  degen- 
eration  will be transferable  to  other  models  of  neurodegeneration  and  thus  will be 
applicable  to  other  CNS  neurodegenerative  diseases. 
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4 
The Immunolesioned  Animal as a Model 

of  Transmitter Dysfunction 

Gary L. Wenk 

1. INTRODUCTION 
Central nervous system (CNS) diseases can affect multiple neural systems and 

produce widespread changes throughout the brain, or they can selectively involve 
relatively  fewer  neurotransmitter  systems within discrete brain regions, such as 
Alzheimer’s diseases (AD, I). Considerable effort has  been  given to the design of a 
useful animal model of AD (2,3). This chapter reviews recent progress in the develop- 
ment of animal models of selective transmitter dysfunction and focuses upon the intro- 
duction of highly selective toxins that can act as biochemical scalpels to target specific 
neurons within the brain. The first section discusses the recent attempts to produce 
selective cholinergic system dysfunction as an animal model of AD, followed by a 
summary  of the results of studies that have used  novel “immunotoxins” to reproduce a 
specific element of the pathology associated with AD. This is followed by a section 
devoted to recent investigations using immunotoxins directed against either noradren- 
ergic or substance P-receptive neurons. 

2. ANIMAL MODELS OF CHOLINERGIC  SYSTEM DYSFUNCTION 
Animal models have become a critical component in our recent endeavors to under- 

stand the brain mechanisms involved in  normal cognitive processes, the pathological 
bases of cognitive impairments, and the therapeutic interventions that might one day be 
used to alleviate these impairments. Their use in the study of  AD has  been particularly 
important because this disease will have a profound impact on society as the popula- 
tion ages, and, in addition, it promises to be an area of  major research for many  years. 
In this chapter, special emphasis is placed  upon  an analysis of animal models of the 
cholinergic hypofunction that is associated with AD for two reasons. First, one of the 
major sites of pathological degeneration in humans with AD is in the basal forebrain 
cholinergic system, the nucleus basalis of Meynert (4-6). Consequently, experimental 
lesions in animals have been placed in analogous anatomical sites in rats, including the 
nucleus basalis magnocellularis (NBM)  and medial septal area (MSA). The NBM con- 
tains large cholinergic neurons that are diffusely distributed throughout the ventral 
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pallidum  and substantia innominata (7-9). These NBM neurons provide a topographi- 
cally organized cholinergic input to the entire neocortical mantle, olfactory bulbs, and 
amygdala (10, 11). In contrast, the cholinergic neurons within the MSA provide an input 
into the hippocampus  via the fornix (10). Second, a selective immunotoxin for the 
cholinergic forebrain neurons was the first such toxin that has been  widely  used to 
study a specific disease of the CNS, that is, AD. Because the major behavioral difficul- 
ties of  AD patients is associated with  memory  and attention problems (12-14), many  of 
the behavioral tests for animals have assessed memory or attentional ability (15-17). 
Thus studies of the behavioral impairments exhibited by animals with selected lesions 
of these forebrain regions have often used diagnostic test batteries designed to deter- 
mine the extent to which the behavioral changes seen following lesions are caused by a 
selective mnemonic or attentional impairment. 

2.1. Lesion  Analyses  Using  Nonselective  Neurotoxins 
Behavioral deficits associated with lesions produced by injections of excitatory 

amino acid agonists or AF64A into the NBM and MSA  have  been demonstrated in a 
variety of tasks (18-20; for review see 2,21,22). Performance decrements produced by 
these lesions were initially interpreted as being the result of impairments in learning 
and  memory abilities (2,23). The possibility that forebrain cholinergic systems might 
not always play a role in the neural processes that underlie memory alone was initially 
demonstrated using a selective inhibitor of choline acetyltransferase (ChAT), the rate- 
limiting enzyme in the production of acetylcholine (24). The near total loss of ChAT 
activity throughout the brain, and substantial decline in acetylcholine levels, did not 
impair memory (24). The possibility that cholinergic neurons might not always be 
required for learning and memory per se was first shown in an elegant study that 
injected a variety of different excitatory amino acid agonists into the basal forebrain 
(25). This study found that the degree of destruction of basal forebrain cholinergic 
neurons did not correlate with the degree of impairment in a memory  task. These results 
were later confirmed and extended by other laboratories (22,26-31). Unfortunately, 
because these studies relied on nonspecific excitatory amino acid neurotoxins, such 
as  ibotenic  or  kainic acid or a-amino-3-hydroxy-5-methyl-4-isoxazole propionic 
acid  (AMPA), to produce the discrete NBM lesions, the precise role of basal forebrain 
cholinergic neurons in the memory or attention deficits could not be proven conclu- 
sively (32). 

2.2. Lesion  Analyses  Using  a  Selective  Immunotoxin 
Recently, it became possible to produce a selective and discrete lesion of basal fore- 

brain cholinergic neurons by injection of the immunotoxin 192 IgG-saporin (33-36). 
This compound consists of a molecule of saporin (a 30-kDa protein isolated from 
Saponaria oflcinalis), a ribosome-inactivating  toxin (37), combined  with a monoclonal 
antibody (192 IgG) for the low-affinity nerve growth factor (NGF) receptor (Le., p75 
protein). The monoclonal antibody binds to the low-affinity NGF receptor and is then 
internalized and retrogradely transported to the cell body (38). The saporin molecule is 
subsequently released into the cytoplasm to inhibit protein synthesis and induce cell 
death. There is a high degree of correspondence between cellular cholinergic pheno- 
type and expression of the low-affinity NGF receptor in the basal forebrain (33). Injec- 
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tions of the 192 IgG-saporin immunotoxin produced long-lasting and apparently selec- 
tive depletions in cholinergic markers throughout the cortex, hippocampus, and olfac- 
tory bulbs (33,34,3949). Although the toxin is selective for p75-expressing neurons, 
two studies identified short- and long-term changes in noncholinergic neurotransmitter 
markers, that is an increase in dopamine and its metabolites within the olfactory bulbs 
(50) and a decrease in norepinephrine levels within the hippocampus (51). However, 
another study did not confirm these changes in catecholamine function (52).  Such  varia- 
tions in the levels of biomarkers of noncholinergic systems may represent compensa- 
tory alterations by other neural following the removal of cholinergic afferents in 
specific brain regions. 

Since its introduction, the 192 IgG-saporin immunotoxin has  been  used to investi- 
gate the influence of the removal of forebrain cholinergic neurons upon the following: 
seizure-induced loss of somatostatin within the hippocampus (53); the expression, den- 
sity, and location of muscarinic receptors (45,54-56), the frequency and duration of 
slow-wave and REM sleep (57,58); the regional production of NGF (59-61); and the 
synaptic density within the olfactory bulbs, a major site of cholinergic innervation (62). 
Virtually all of the cholinergic cells within the basal forebrain are vulnerable to this 
toxin, with the exception of those that send an efferent projection to the amygdala (63). 
The sparing of cholinergic inputs to the basolateral amygdala has  been suggested as a 
possible explanation for the intact memory abilities in rats following injection of 192 
IgG-saporin into the basal forebrain (41,63). 

Because early investigators injected large amounts of the immunotoxin directly into 
the ventricles, most  of the cholinergic neurons throughout the basal forebrain, includ- 
ing cells within the NBM,  MSA, and vertical and horizontal limbs of the diagonal 
band, were effectively destroyed (42,47,51,52,57). A few studies have injected smaller 
quantities of the toxin  in  an attempt to produce more discrete lesions of the NBM or 
MSA without damaging cholinergic neurons within nearby structures, that is, the cau- 
date nucleus. Although the 192 IgG-saporin injections  significantly and reliably 
decreased biomarkers of cholinergic function throughout the neocortex and hippocam- 
pus, its effect upon behavior has  been quite variable. 

In the Morris water maze task, injection of 192 IgG-saporin directly into the MSA 
did not impair performance in young rats (39,40,48,64,65). Injection into the NBM 
impaired spatial but not navigational performance in an early study (40); however, 
later studies did not find significant impairments in spatial navigation ability in the 
water maze task (39,48,65). Surprisingly, injection of 192 IgG-saporin directly into 
both the NBM and  MSA decreased cholinergic cell number in the both the NBM  and 
MSA but did not impair performance (65). In general, the effects have been dose 
dependent,  that  is,  injection of large  amounts  (40,51,52,66)  but  not  small  amounts  (67),  of 
the  immunotoxin  into  the  ventricles  impaired  performance in the Morris water  maze  task. 

In the radial arm maze task, injection of 192 IgG-saporin directly into the MSA 
produced no impairment in delay-dependent performance (68), a mild impairment dur- 
ing the acquisition phase of training (65,69),  and a significant impairment following 
injection of high doses of the immunotoxin but only with long interchoice delays 
(70). Injection into the NBM alone, or a combined injection into both  NBM  and  MSA, 
produced a slight impairment in working memory but no impairment in reference 
memory (65). 
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In an operant, delayed matching-to-position task, performance was impaired by  an 
injection of large amounts of the immunotoxin into the ventricles (71-73), a combined 
injection into both the NBM and MSA (43), or a single injection into the MSA (48). In 
all of these studies cortical andor hippocampal cholinergic markers were significantly 
decreased. In contrast, injection of a large amount of the immunotoxin into the ven- 
tricles had  no effect upon object discrimination ability (74). 

Injection of 192 IgG-saporin into the ventricles impaired performance in an inhibi- 
tory avoidance task, although this impairment might have been due to the hyperkinesis 
produced  by extensive cerebellar cell loss (52). Injection directly into the NBM either 
slightly impaired (48,75) or had  no effect upon (49) inhibitory avoidance learning. 
Injection of the immunotoxin into the MSA did not impair inhibitory avoidance perfor- 
mance or the development latent inhibition in a conditioned taste aversion task (76). 
Finally, injection of the immunotoxin into the ventricles had no effect on performance 
in a delayed alternation test of spatial working memory (49,671. 

The interpretation of the results of studies that injected large amounts (>1 .O pg) of 
the immunotoxin into the ventricles is somewhat limited owing to the dose-dependent 
loss of Purkinje cells in the cerebellum and the potential impairment in motoric abili- 
ties (40"42,52,66,71,77) or implicit memories of sensorimotor learning (77). 

The observation that patients with  AD  have difficulty shifting visuospatial attention 
(12-14) was the  rationale  for  the  design of recent  studies  that  have  used  this 
immunotoxin to investigate whether NBM cholinergic neurons regulate attention. 
Attention is most often defined in operational terms, that is, in relation to the behav- 
ioral task being used to investigate it. Frequently, subjects are required to choose 
between equally salient sources of stimulation or equally valid  ways  of interpreting 
stimulus information. Attention  has  many different components, including, but  not lim- 
ited to, vigilance, arousal, stimulus discrimination ability, and expectancy, which can 
be expressed in either a sustained or divided manner. The results of these investiga- 
tions are discussed below. 

Injection of the immunotoxin into the NBM impaired an animal's ability to increase 
the associability of a cue when it was an inconsistent predictor of another cue, but not 
its ability to demonstrate latent inhibition, that is, to decrease the associability of a cue 
when it was extensively preexposed prior to conditioning (15). NBM lesions also 
impaired a rat's ability to detect visual signals of variable length and discriminate these 
signals from nonsignal events (16). The loss of both  MSA and NBM cholinergic cells 
impaired a rat's ability to discriminate between independent sensory stimuli and con- 
ferred a response bias to reward-related visual stimuli (17). These results suggest that 
basal forebrain cholinergic neurons are involved with the control of shifting attention 
to potentially relevant, and brief, sensory stimuli that predict a biologically relevant 
event. 

Electrophysiological studies have also used this immunotoxin  to define the role of 
NBM  and  MSA cholinergic cells in cortical desynchrony, hippocampal theta and  kin- 
dling activity, and in the postsynaptic action of acetylcholine within the hippocampus 
(78). Injection of 192 IgG-saporin into the NBM significantly reduced the magnitude 
of a reward-related, negative slow potential recorded over the frontal cortex (Stoehr 
and Wenk, unpublishedfindings). These slow potentials are analogous to the contin- 
gent negative variation seen in humans, an electrical phenomenon that may represent 
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specific psychological processes, such as expectancy, attention, or arousal (79). Injec- 
tion of the immunotoxin into the MSA  reduced the power  of theta activity in the hip- 
pocampus,  but did not alter its main frequency (57,80) and facilitated kindling within 
the hippocampus (81). 

Primate models of  AD have also investigated the effects of basal forebrain lesions 
produced  by injection of nonselective excitatory amino acids (21,82,83). Because the 
192 IgG antibody used  in the studies described previously was raised against rat p75, it 
does not  bind to and destroy primate forebrain cholinergic cells. Recently  an alterna- 
tive immunotoxin was  produced using a monoclonal antibody, ME 20.4, raised against 
the human p75 neurotrophin receptor (84). This antibody binds to cholinergic neurons 
in the basal forebrain of primates (85), and, when coupled with saporin, is an effective 
and selective cholinergic immunotoxin (86). Injection of the ME 20.4  immunotoxin 
into the NBM  of marmosets (Cullithrixjucchus) impaired the acquisition and retention 
of simple visual discriminations (86), an effect similar to that seen in lesioned rats. 

3. LESIONS OF NONCHOLINERGIC SYSTEMS 
3.2. An  Immunotoxin for Noradrenergic  Neurons 

Several methods  have been used to destroy central noradrenergic neurons, including 
(N2-chloroethyl)-N-ethyl-2-bromobenzyzlamine (DSP-4, 77,87), 6-hydroxydopamine 
(881, and l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP, 89). Although all 
are effective neurotoxins, the latter two also destroy dopaminergic neurons and all three 
have differential actions upon noradrenergic neurons within the locus coeruleus and 
lateral tegmental area (88,89). Recently an effective immunotoxin that selectively tar- 
gets  noradrenergic  neurons  was  introduced (90-92). This immunotoxin  consists of a mono- 
clonal antibody to the noradrenergic cell-specific enzyme dopamine P-hydroxylase 
(DBH) that has  been conjugated by disulfide bond to saporin. DBH is a suitable target 
because, following the release of norepinephrine, the membrane-bound form of this 
intravesicular enzyme is exposed  to the extracellular environment before being  recycled 
by endocytosis and retrogradely transported to the cell body (93). The monoclonal 
antibody binds to the membrane-bound DBH, is endocytosed, and the saporin mol- 
ecule is released into the cytoplasm to inhibit protein synthesis and induce cell death. 
The intraventricular administration of this immunotoxin dose-dependently destroyed 
noradrenergic cells within the brain stem without injury to the nearby dopaminergic 
neurons in the substantia nigra and ventral tegmental area, or  the serotonergic neurons 
in the raphe nuclei, or the basal forebrain cholinergic neurons (92). The intravenous 
administration of this immunotoxin was also able to produce an irreversible sympath- 
ectomy in both adult and neonatal rats (90,9I). 

3.2. An  Immunotoxin for Neurokinin 1 (Substance P)  Receptors 
A similar  approach  was  taken  to  selectively  target  neurons  that  express  neurokinin-1 

receptors in the brain. After substance P binds to its G-protein-coupled neurokinin-1 
receptor it  is rapidly internalized into the neuron (94). The conjugate of substance 
P bond to saporin produced an immunotoxin that is selective for neurons that express 
neurokinin-1 receptors that are postsynaptic to neurons that release substance P (95). 
This immunotoxin has  been  used successfully to destroy lamina I spinal cord neurons 
that express the substance P receptor (96). Substance P is released in the spinal cord 
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onto neurokinin-1 receptors following noxious stimulation. This immunotoxin was 
recently used to reveal the important role that substance P plays in hyperalgesia (96). 

4. SUMMARY 
The studies discussed in this chapter demonstrate that the immunolesioning method 

can be used to destroy a specific population of neurons, provided that certain condi- 
tions exist, that is, that a cell exhibit specific functional properties that make it selec- 
tively  vulnerable. For example, the cell should express a specific molecule, for example, 
a protein receptor, that can be identified by  an appropriate antibody. The specificity of 
this molecule for a particular neurotransmitter system will define and limit the selectiv- 
ity of the immunotoxin. The loss of noncholinergic cerebellar Purkinje cells following 
the injection of 192 IgG-saporin into the ventricles is an example of the type of nonspe- 
cific cell loss that can occur when  many different cell types express a common cell 
surface molecule, that is, the p75 protein. This molecule-antibody complex must  then 
be internalized so that the cellular toxin, for example, saporin, can gain access to the 
cytoplasm and ultimately inhibit critical metabolic processes. The three immunotoxins 
discussed, that is, for cholinergic, noradrenergic, and substance P-receptive neurons, 
are only the first members of what is certain to become a large family of immunotoxins 
that can act as biochemical scalpels that will be used to study animal models of trans- 
mitter dysfunction. 

ACKNOWLEDGMENT 
The preparation of this chapter was supported by the Alzheimer’s Association, 

IIRG-95-004. 

REFERENCES 
1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Whitehouse, P. J., Price, D.  L., Clark, A.  W., Coyle, J. T., and DeLong, M. R. (1981) 
Alzheimer Disease: Evidence for selective loss of cholinergic neurons in the nucleus basa- 
lis. Ann. Neurol. 10, 122-126. 
Olton, D. S. and Wenk, G. L. (1987) Dementia: animal models of the cognitive impair- 
ments produced by degeneration of the basal forebrain cholinergic system, in Psychophar- 
macology: The  Third Generation of Progress (Meltzer, H. Y., ed.), Raven Press, New 
York, pp. 941-953. 
Wenk, G. L.  and Olton, D. S. (1987). Basal forebrain cholinergic neurons and Alzheimer’s 
disease, in Animal Models of Dementia: A Synaptic Neurochemical  Perspective, Vol. 33: 
Neurology and Neurobiology (Coyle, J. Y., ed.), Alan R. Liss, New York, pp. 81-101. 
Allen, S.  J., Dawbarn, D., and Wilcock, G. K. (1988) Morphometric immunochemical 
analysis of neurons in the nucleus basalis of Meynert in Alzheimer’s disease. Brain Res. 

Coyle, J. T., Price, D. L., and DeLong, M.  R. (1983) Alzheimer’s disease: a disorder of 
cortical cholinergic innervation. Science 219, 1184-1  190. 
McGeer, P.  L.,  McGeer,  E. G., Suzuki, J., Dolman, C. E., and  Nagai, T. (1984) Aging, Alz- 
heimer’s  disease  and the cholinergic  system of the  basal  forebrain. Neurology 34,741-745. 
Fibiger, H. C. (1982) The organization and some projections of cholinergic neurons of the 
mammalian forebrain. Bruin Res.  Rev. 4,327-388. 
Sofroniew, M. V., Eckenstein, F., Thoenen, H., and Cuello, A. C. (1982) Topography of 
choline acetyltransferase-containing neurons in the forebrain of the rat. Neurosci. Lett. 33, 

454,275-28 1. 

7-12. 



The Immunolesioned  Animal 87 

9. Wenk, H., Bigl, V., and Meyer, U. (1980)  Cholinergic projections from  magnocellular 
nuclei of the basal forebrain to cortical areas in rats. Brain Res.  Rev. 2,295-316. 

10. Lamour, Y., Dutar, P., and Jobert A. (1982)  Topographic organization of basal forebrain 
neurons projecting to the rat cerebral cortex. Neurosci.  Left. 34,  117-122. 

11. Lehmann, J., Nagy, J. I., Atmadja, S., and Fibiger, H.  C. (1980)  The  nucleus basalis 
magnocellularis: The origin of a cholinergic projection to the neocortex of the rat. Neuro- 
science 5, 1161-1  174. 

12. Freed, D.  M., Corkin, S., Growdon, J.  H., and  Nissen, M.  J. (1989) Selective attention in 
Alzheimer’s disease: characterizing cognitive subgroups of patients. Neuropsychology 27, 

13. Parasuraman, R. and Haxby,  J. V. (1993)  Attention  and brain function in Alzheimer’s 
disease: a  review. Neuropsychology 7,242-272. 

14. Scinto, L. F. M., Daffner, K.  R., Castro, L., Weintraub, S., Vavrik, M., and  Mesulam, 
M.-M. (1994)  Impairment of spatially  directed  attention  in  patients  with  probable 
Alzheimer’s disease as measured by eye  movements. Arch. Neurol. 51,682-688. 

15. Chiba, A.  A., Bucci, D. J., Holland, P.  C., and Gallagher, M. (1995) Basal forebrain cholin- 
ergic lesions disrupt increments  but  not  decrements in conditioned stimulus processing. 
J. Neurosci. 15,7315-7322 

16. McGaughy, J.,  Kaiser,  T., and Sarter, M. (1996)  Behavioral vigilance following infusions 
of 192 IgG-saporin into the basal forebrain: selectivity of the  behavioral  impairment and 
relation to cortical ACE-positive fiber density. Behav. Neurosci. 110,247-265. 

17. Stoehr, J. D., Mobley, S.  L., Roice, D.  D., Brooks, R.,  Baker, L. Wiley, R.  G.,  and Wenk, 
G. L. (1997)  The effects of selective cholinergic basal forebrain lesions and  aging upon 
expectancy in the rat. Neurobiol. Learn. Mem. 67,214-227. 

18. Dunnett, S.  B., Everitt, B. J., and  Robbins, T.  W. (1991)  The basal forebrain-cortical cho- 
linergic system: interpreting the  function  consequences of excitotoxic lesions. Trends 
Neurosci. 14,494-501. 

19. Muir, J.  L., Everitt, B. J.,  and Robbins,  T. W. (1994) AMPA-induced excitotoxic lesions of 
the basal forebrain: a significant role for  the cortical cholinergic system in attentional func- 
tion. J .  Neurosci. 14,23 13-2326. 

20. Muir, J. L., Page, K.  J., Sirinathsinghji, D. J. S., Robbins, T. W., and Everitt, B.  J. (1993) 
Excitotoxic lesions of the basal forebrain cholinergic neurons: effects on learning, memory 
and attention. Behav. Brain Res. 57, 123-131. 

21. Wenk, G. L. (1997)  The  nucleus basalis magnocellularis cholinergic system: 100 years of 
progress. Neurobiol. Learn. Mem. 67,85-95. 

22. Wenk, G.  L., Harrington, C. A., Tucker, D.  A., Rance, N. E., and  Walker, L. C. (1992) 
Basal forebrain neurons  and memory:  a biochemical, histological and  behavioral  study of 
differential vulnerability to ibotenate and quisqualate. Behav. Neurosci. 106,909-923. 

23. Flicker, C., Dean, R., Watkins, D. L., Fisher, S.  K., and Bartus, R. T. (1983)  Behavioral 
and  neurochemical effect following  neurotoxic lesions of  a major cholinergic input to the 
cerebral cortex in the rat. Pharmacol.  Biochem. Behav. 18,973-981. 

24. Wenk, G.  L., Sweeney, J., Hughey, D., Carson, J.,  and Olton, D. (1986)  Cholinergic  func- 
tion and memory: extensive inhibition of choline acetyltransferase fails to impair radial 
maze  performance in rats. Pharmacol.  Biochem.  Behav. 25,521-526. 

25. Dunnett, S.  B., Whishaw, I. Q., Jones, G.  H., and  Bunch, S.  T. (1987)  Behavioral, bio- 
chemical  and  histochemical  effects of different neurotoxic  amino acids injected into 
nucleus basalis magnocellularis of rats. Neuroscience 20,653-669. 

26. Etherington, R., Mittleman, G., and  Robbins, T. W. (1987)  Comparative effects of nucleus 
basalis and fimbria-fornix lesions on  delayed  matching  and alternation tests of  memory. 
Neurosci.  Res. Commun. 1,135-143. 

27. Page, K. J., Everitt, B.  J., Robbins, T. W., Marston, H. M., and  Wilkinson, L. S. (1991) 
Dissociable  effects  on  spatial  maze  and  passive  avoidance acquisition and retention 

325-339. 



88 Wenk 

following AMPA- and ibotenic acid-induced excitotoxic lesions of the basal forebrain in 
rats: differential dependence on cholinergic neuronal loss. Neuroscience 43,457-472. 

28. Riekkinen, M., Riekkinen, P., and Riekkinen, P., Jr. (1991) Comparison of quisqualic and 
ibotenic acid nucleus basalis magnocellularis lesions on water-maze and passive avoid- 
ance performance. Brain Res. Bull. 27, 119-123. 

29. Robbins, T. W., Everitt, B. J., Marston, H.  M., Wilkinson, J., Jones, G. H., and Page, K. J. 
(1989) Comparative effects of ibotenic acid- and quisqualic acid-induced lesions of the 
substantia innominata on attentional function in the rat: further implications for the role of 
the cholinergic neurons of the nucleus basalis in cognitive processes. Behav. Brain Res. 

30. Robbins, T. W., Everitt, B.  J., Ryan, C. N., Marston, H.  M., Jones, G. H.,  and Page, K. J. 
(1989) Comparative effects of quisqualic and ibotenic acid-induced lesions of the substan- 
tia innominata and globus pallidus on the acquisition of a conditional visual discrimina- 
tion: differential effects on cholinergic mechanisms. Neuroscience 28,337-352. 

31. Wenk, G.  L., Markowska, A., and Olton, D. S. (1989) Basal forebrain lesions and  memory: 
alterations in neurotensin, not acetylcholine, may cause amnesia. Behav.  Neurosci. 103, 

32. Fibiger, H.  C. (1991) Cholinergic mechanisms in learning, memory  and dementia: a review 
of recent evidence. Trends  Neurosci. 14,220-223. 

33. Book, A.  A., Wiley, R.  G.,  and Schweitzer, J. B. (1994)  192 IgG-saporin: I. Specific lethal- 
ity for cholinergic neurons in the basal forebrain of the rat. J.  Neuropathol. Exp. Neurol. 

34. Book, A.  A., Wiley, R.  G.,  and Schweitzer, J. B. (1995)  192 IgG-saporin. 2. Neuropathol- 
ogy in the rat brain. Acta  Neuropathol. 89,5  19-526. 

35. Wiley, R. G.,  Oeltmann, T. N., and Lappi, D.  A. (1991) Immunolesioning: selective 
destruction of neurons using immunotoxin to rat NGF receptor. Brain Res. 562,  149-153. 

36. Wiley, R. G., Berbos, T. G., Deckwerth, T. L., Johnson, E. M., Jr.,  and Lappi, D. A. (1995) 
Destruction of the cholinergic basal forebrain using immunotoxin to rat NGF receptor: 
modeling  the  cholinergic  degeneration of Alzheimer’s  disease. J. Neurol.  Sci. 128, 

37. Barthelemy, I., Martineau, D., Ong, M., Matsunami, R., Ling, N., Benatti, L., Cavallaro, 
U., Soria, M., and Lappi, D. A. (1993) Expression of saporin, a ribosome-inactivating 
protein from the  plant Saponaria oflcinalis, in Escherichia  coli. J. Biol.  Chem. 268, 
6541-6548. 

38. Ohtake, T., Heckers, S., Wiley, R.  G., Lappi, D.  A., Mesulam, M. M., and Geula, C. (1997) 
Retrograde degeneration and colchicine protection of basal forebrain cholinergic neurons 
following hippocampal injections of  an immunotoxin against the P75 nerve growth factor 
receptor. Neuroscience 78, 123-133. 

39. Baxter, M. G., Bucci, D. J., Gorman, L. K., Wiley, R.  G.,  and Gallagher, M. (1995) Selec- 
tive immunotoxic lesions of the basal forebrain cholinergic cells: effects on learning and 
memory in rats. Behav.  Neurosci. 109,714-722. 

40. Berger-Sweeney, J.,  Heckers, S., Mesulam,  M.-M.,  Wiley,  R.  G.,  Lappi,  D. A., and Sharma, M. 
(1994) Differential effects on spatial navigation of immunotoxin-induced cholinergic 
lesions of the medial septal area and nucleus basalis magnocellularis. J. Neurosci. 14, 
4507-45  19. 

41. Heckers, S., Ohtake, T., Wiley, R. G., Lappi, D. A., Geula, C., and Mesulam, M. (1994) 
Complete and selective cholinergic denervation of rat neocortex and hippocampus but not 
amygdala by an immunotoxin against the p75 NGF receptor. J. Neurosci. 14,  1271-1289. 

42. Nilsson, 0. G., Leanza, G., Rosenblad, C., Lappi, D. A., Wiley, R. G., and Bjorklund, A. 
(1992) Spatial learning impairments in rats with selective immunolesion of the forebrain 
cholinergic system. NeuroReport 3, 1005-1008. 

35,221-240. 

765-769. 

53,95-102. 

157-166. 



The  Immunolesioned  Anima2 89 

43. Robinson, J. K., Wenk, G.  L., Wiley, R.  G., Lappi, D. A,, and Crawley, J. N. (1996) 
192-IgG-saporin immunotoxin and ibotenic acid lesions of nucleus basalis and medial sep- 
tum produce comparable deficits on delayed nonmatching to position in rats. Psychobiol- 

44. Rossner, S., Hartig, W., Schliebs, R., Bruckner, G., Brauer, K., Perez-Polo, J. R., Wiley, 
R. G., and Bigl, V. (1995) 192 IgG-saporin immunotoxin-induced loss of cholinergic 
cells differentially activates microglia in rat basal forebrain nuclei. J. Neurosci. Res. 41, 

45. Rossner, S., Schliebs, R., Perez-Polo, J. R., Wiley, R.  G.,  and Bigl, V. (1995) Differential 
changes in cholinergic markers from selected brain regions after specific immunolesion Of 

the rat cholinergic basal forebrain system. J .  Neurosci. Res. 40,3143. 
46. Rossner, S., Yu, J., Pizzo, D., Werrbach-Perez, K., Schliebs, R., Bigl, V., and  Perez-Polo, J. R. 

(1996) Effects of intraventricular transplantation of NGF-secreting cells on cholinergic 
basal forebrain neurons after partial immunolesion. J .  Neurosci. Res. 45,40-56. 

47. Singh, V. and Schweitzer, J. B. (1995) Loss of p75 nerve growth factor receptor mRNA 
containing neurons in rat forebrain after intraventricular IgG 192-saporin administration. 
Neurosci. Lett. 194, 117-120. 

48. Torres, E.  M., Perry, T. A., Blokland, A., Wilkinson, L. S., Wiley, R.  G., Lappi, D. A., and 
Dunnett, S. B. (1994) Behavioral, histochemical and biochemical consequences of selec- 
tive immunolesions in discrete regions of the basal forebrain cholinergic system. Neuro- 
science 63,95-122. 

49. Wenk, G .  L., Stoehr, J. D., Quintana, G., Mobley, S., and Wiley, R.  G. (1994) Behavioral, 
biochemical, histological, and electrophysiological effects of 192 IgG-saporin injections 
into the basal forebrain of rats. J.  Neurosci. 14,5986-5995. 

50. Waite, J. J., Wardlow, M.  L., Chen, A. C., Lappi, D. A., Wiley, R.  G.,  and Thal, L. J. 
(1994)  Time  course of  cholinergic  and  monoaminergic  changes in rat  brain  after 
immunolesioning with 192 IgG-saporin. Neurosci. Lett. 169, 154-158. 

51. Walsh, T. J., Kelly, R.  M., Dougherty, K.  D., Stackman, R. W., Wiley, R.  G., and Kutscher, 
C .  L. (1995) Behavioral and neurobiological alterations induced by the immunotoxin 
192-IgG-saporin: cholinergic and non-cholinergic effects following i.c.v. injection. Brain 
Res. 702,233-245. 

52. Waite, J. J., Chen, A. D., Wardlow, M.  L., Wiley, R.  G., Lappi, D. A., and Thal, L. J. 
(1995)  192  Immunoglobulin G-saporin produces  graded  behavioral  and  biochemical 
changes accompanying the loss of cholinergic neurons of the basal forebrain and cerebel- 
lar Purkinje cells. Neuroscience 65,463476. 

53. Jolkkonen, J., Kahkonen, K., and Pitkanen, A. (1997) Cholinergic deafferentation exacer- 
bates seizure-induced loss of somatostatin-immunoreactive neurons in the rat hippocam- 
pus. Neuroscience 80,401-41 1. 

54. Levey, A.  I., Edmunds, S. M., Hersch, S. M., Wiley, R.  G., and Heilman, C. J. (1995) Light 
and electron microscopic study of m2 muscarinic acetylcholine receptor in the basal fore: 
brain of the rat. J.  Comp. Neurol. 351,339-356. 

55. Levey, A. I., Edmunds, S. M., Koliatsos, V., Wiley, R.  G.,  and Heilman, C. J. (1995) 
Expression of ml-m4 muscarinic acetylcholine receptor proteins in rat hippocampus and 
regulation by cholinergic innervation. J.  Neurosci. 15,40774092. 

56. Ropner, S., Schliebs, R., Hartig, W.,  and Bigl, V. (1995) 192 IgG-saporin-induced selec- 
tive lesion of cholinergic basal forebrain system: neurochemical effects on cholinergic 
neurotransmission in rat cerebral cortex and hippocampus. Brain Res. Bull. 38,37 1-38 1. 

57. Bassant, M. H., Apartis, E., Jazat-Poindessous, F. R., Wiley, R.  G.,  and Lamour, Y. A. 
(1995) Selective immunolesion of the basal forebrain  cholinergic neurons: effects on 
hippocampal activity  during  sleep  and  wakefulness in the rat. Neurodegeneration 4, 

ogy 24,179-186. 

335-346. 

61-70. 



90 Wenk 

58. KapBs,  L., ObA1, F., Jr., Book, A. A., Schweitzer, J. B., Wiley, R.  G.,  and Krueger, J.  M. 
(1996)  The effects of immunolesions of nerve  growth factor-receptive neurons by 192IgG- 
saporin on sleep. Brain Res. 712,53-59. 

59. Rossner, S., Schliebs, R., Hartig, W., Perez-Polo, J. R., and Bigl, V. (1997) Selective 
induction of cJun and  NGF in reactive astrocytes after cholinergic degenerations in rat 
basal forebrain. NeuroReport 8,2199-2202. 

60. Ropner, S., Wortwein, G.,  Gu,  Z., Yu, J., Schliebs, R., Bigl, V., and Perez-Polo, J.  R. 
(1997)  Cholinergic control of nerve growth factor in adult rats: evidence  from cortical 
cholinergic deafferentation and  chronic  drug treatment. J. Neurochem. 69,947-953. 

61. Yu, J., Wiley, R. G., and  Perez-Polo, R. J. (1996) Altered NGF protein levels in different 
brain areas after immunolesion. J. Neurosci. Res. 43,213-223. 

62. Pallera, A. M., Schweitzer, J.  B., Book, A. A., and Wiley,  R.  G. (1994)  192  9IgG-saporin 
causes a major loss of synaptic content in rat olfactory bulb. Exp. Neurol. 127,265-277. 

63. Heckers, S.  and  Mesulam, M. (1994)  Two  types of cholinergic projections to the rat 
amygdala. Neuroscience 2,383-397. 

64. Bannon, A. W., Curzon, P., Gunther, K. L.,  and Decker, M.  W. (1996) Effects of intra- 
septal injection of 192-IgG-saporin in mature  and aged  Long-Evans rats. Brain Res. 718, 

65. Dornan, W.  A., McCampbell, A. R., Tinkler, G. P., Hickman, L. J., Bannon, A. W., Decker, 
M.  W., and  Gunther, K. L. (1996)  Comparison of site-specific injections into the basal 
forebrain on water  maze and radial arm maze  performance in the male rat after immuno- 
lesioning with 192  IgG saporin. Behav. Brain Res. 82,93-101. 

66. Leanza, G., Nilsson, 0. G., Wiley, R. G., and  Bjorklund, A. (1995) Selective lesioning of 
the basal forebrain cholinergic system by intraventricular 192  IgG-saporin: behavioural, 
biochemical  and stereological studies in the rat. Eur. J.  Neurosci. 7,329-343. 

67. Pappas, B. A., Davidson, C.  M., Fortin, T., Nallathamby, S., Park G. A., Mohr, E., and 
Wiley, R.  G. (1996)  192  IgG-saporin lesion of basal forebrain cholinergic neurons in  neo- 
natal rats. Brain Res. 96,5241. 

68. McMahan,  R. W., Sobel, T.  J., and Baxter, M.  G. (1997) Selective immunolesions of 
hippocampal cholinergic input fail to impair spatial working memory. Hippocampus 7, 
130-136. 

69. Shen, J., Barnes, C. A., Wenk, G. L., and  McNaughton, B. L. (1996) Differential effects of 
selective immunotoxic lesions of medial septal cholinergic cells on spatial reference and 
working memory. Behav.  Neurosci. 110,1181-1 186. 

70. Walsh, T. J., Herzog, C. D., Gandhi, C., Stackman,  R.  W.,  and  Wiley,  R. G. (1996) Injec- 
tion of IgG  192-saporin into the medial septum  produces cholinergic hypofunction  and 
dose-dependent  working memory deficits. Brain  Res. 726,69-79. 

71. Leanza, G.,  Muir,  J., Nilsson, 0. G., Wiley, R.  G., Dunnett, S.  B.,  and Bjorklund, A. (1996) 
Selective immunolesioning of the basal forebrain cholinergic system disrupts short-term 
memory in rats. Eur. J. Neurosci. 8, 1535-1544. 

72.  McDonald, M. P., Wenk, G. L., and  Crawley, J. N. (1997)  Analysis of galanin  and the 
galanin antagonist M40  on  delayed non-matching-to-position performance in rats lesioned 
with the cholinergic immunotoxin  192  IgG-saporin. Behav.  Neurosci. 111,552-563. 

73. Steckler, T.,  Keith,  A. B., Wiley, R.  G.,  and Sahgal, A. (1995)  Cholinergic lesions by 192 
IgG-saporin  and short-term recognition memory: role of the  septohippocampal projection. 
Neuroscience 66,101-1 14. 

74. Vnek, N.,  Kromer, L. F.,  Wiley, R. G., and Rothblat, L. A. (1996)  The basal forebrain 
cholinergic system  and object memory in the rat. Brain  Res. 710,265-270. 

75. Zhang, Z.  J., Berbos,  T. G., Wrenn, C.  C., and  Wiley, R.  G. (1996)  Loss of nucleus basalis 
magnocellularis, but  not septal, cholinergic neurons correlates with passive  avoidance 
impairment in rats treated with 192-saporin. Neurosci. Lett. 203,214-218. 

25-36. 



The  Immunolesioned  Animal 91 

76. Dougherty, K. D., Salat, D., and Walsh, T. J. (1996) Intraseptal injection of the cholinergic 
immunotoxin 192-IgG saporin fails to disrupt latent inhibition in a conditioned taste aver- 
sion paradigm. Brain  Res. 736,260-269. 

77. Glickstein, M. and Yeo,  C. (1990)  The  cerebellum  and  motor learning. J. Cognif.  Neurosci. 

78. Jouvenceau, A., Billard, J. M., Wiley, R.  G., Lamour, Y., and Dutar, P. (1994)  Cholinergic 
denervation of the rat hippocampus by  192-IgG-saporin: electrophysiological evidence. 
NeuroReport 5,1781-1784. 

79. Tecce, J. J. (1972)  Contingent  negative variation (CNV)  and psychological  processes in 
man. Psychol. Bull. 77,73-108. 

80. Lee, M. G., Chrobak, J. J., Sik, A., Wiley, R.  G., and  Buzsaki, G. (1994)  Hippocampal 
theta activity following selective lesion of the septal cholinergic system. Neuroscience 62, 

81. Kokaia, M., Ferencz, I., Leanza, G., Elmer, E., Metsis,  M.,  Kokaia, Z., Wiley, R.  G., and 
Lindvall, 0. (1996)  Immunolesioning of basal forebrain cholinergic neurons facilitates 
hippocampal kindling and perturbs neurotrophin  messenger  RNA regulation Neuroscience 

82. Voytko, M.  L., Olton, D. S., Richardson,  R. T., Gorman,  L. K., Tobin,  J.  T.,  and  Price,  D.  L. 
(1994)  Basal forebrain lesions in monkeys disrupt attention but not learning and  memory. 
J. Neurosci. 14, 167-186. 

83. Wenk, G. L.  (1993) A primate  model of Alzheimer’s disease. Behav. Brain Res. 57, 

84. Ross, A. H., Grob, P., Bothwell, M., Elder, D. E., Emst, C. S., Marano, N., Ghrist, B.  F.  D., 
Slemp, C. C., Herlyn, M.,  Atkinson,  B., and  Koprowski, H. (1984) Characterisation of 
nerve  growth factors in neural crest tumors  using  monoclonal antibodies. Proc.  Natl.  Acad. 
Sci. USA 81,6681-6685. 

85. Maclean, C .  J., Baker, H.  F., Fine, A., and Ridley, R. M. (1996)  The distribution of p75 
neurotrophin  receptor-immunoreactive cells in the forebrain of the common  marmoset 
(Callithrix jacchus). Brain  Res. 43,  197-208. 

86. Fine, A., Hoyle, C., Maclean, C. J., Levatte, T. L., Baker, H. F., and Ridley, R. M. (1997) 
Learning  impairments  following injection of  a selective cholinergic immunotoxin, ME20.4 
IgG-saporin, into the basal nucleus of Meynert in monkeys. Neuroscience 81,331-343. 

87. Wenk, G. L., Hughey, D., Boundy, V., Kim,  A., Walker, L., and Olton, D. S. (1987) Neu- 
rotransmitters and memory: the role of cholinergic, serotonergic and noradrenergic sys- 
tems. Behav. Neurosci. 101,325-332. 

88. Kostrzewa, R. M. and Jacobowitz, D. M. (1974)  Pharmacological actions of  6-OHDA. 
Pharmacol.  Rev. 26,199-288. 

89. Hallman, H., Lange, J., Olson, L., Stromberg, L., and  Jonsson, G. (1985)  Neurochemical 
and histochemical characterization of neurotoxic effects of MPTP  on brain catecholamine 
neurons in the mouse. J. Neurochem. 44,117-127. 

90. Picklo, M. J., Wiley, R.  G., Lappi, D.  A., and  Robertson, D. (1994)  Noradrenergic lesioning 
with an anti-dopamine  beta-hydroxylase  immunotoxin. Brain Res. 666,  195-200. 

91. Picklo, M. J., Wiley, R. G., Lonce, S., Lappi, D. A., and  Robertson, D. (1995) Anti-dopam- 
ine  beta-hydroxylase  immunotoxin-induced  sympathectomy in adult rats. J.  Pharmacol. 
Exp. Ther. 275,1003-1010. 

92. Wrenn, C. C., Picklo, M. J., Lappi, D.  A., Robertson, D.,  and Wiley,  R. G. (1996)  Central 
noradrenergic lesioning using  anti-DBH-saporin:  anatomical findings. Brain  Res. 740, 

93. Strudelska, D. R. and Brimijoin, S. (1989) Partial isolation of two classes of dopamine 
P-hydroxylase-containing particles undergoing rapid axonal transport in rat sciatic nerve. 
J. Neurochem. 53,623-63 1. 

2,69-80. 

1033-1047. 

70,313-327. 

117-122. 

175-184. 



92 Wenk 

94. Mantyh, P. W., Allen, C. J., Ghilardi, J. R., Rogers, S. D., Mantyh, C. R., Liu, H., Basbaum, 
A. I., Vigna, S. R., and Maggio, J. E. (1995) Rapid endocytosis of a G-protein-coupled 
receptor: substance P evoked internalization of its receptor in the rat striatum in vivo. 
Proc. Natl.  Acad. Sei. USA 92,2622-2626. 

95. Wiley, R. G. and Lappi, D.  A. (1997) Destruction of neurokinin-1 receptor expressing cells 
in vitro and  in vivo using substance P-saporin in rats. Neurosci. Lett. 230,97-100. 

96. Mantyh, P.  W., Rogers, S.  D., Honore, P., Allen, B. J., Ghilardi, J. R., Li, J., Daughters, 
R. S., Lappi, D.  A., Wiley, R. G., and Simone, D. A. (1997) Inhibition of hyperalgesia 
by ablation of lamina I spinal neurons expressing the substance P receptor. Science 278, 
275-279. 



5 
An Intracerebral  Tumor Necrosis  Factor-a  Infusion 

Model  for  Inflammation in Alzheimer’s  Disease 

Kimberly B.  Bjugstad  and  Gary W. Arendash 

1. INTRODUCTION 
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of insidious 

onset, characterized by extensive short- and long-term memory loss in association with 
a variety of cognitive disabilities. AD is most  commonly seen after the age of 60 yr, 
although it often occurs earlier in genetically predisposed individuals. An estimated 
5-10% of individuals over the age of 65 have the severe dementia of  AD and as many 
as 50% of individuals over the age of 85 have AD. The disease is characterized by  a 
profound “cerebral atrophy,” manifested by cortical atrophy (thinning) and ventricular 
enlargement-both  of which are correlated with the extent of dementia (1-3). The 
cerebral atrophy of  AD affects specific parts of the brain (i.e., cerebral cortex, hippoc- 
ampus, entorhinal cortex) and is due to loss of neurons and synapses therein (1,4). 
Recent evidence suggests that at least some of this neuronal loss in  AD is due to 
apoptosis (programmed cell death), as apoptotic cell bodies are much  more numerous 
in AD brains compared to age-matched controls (5,6). 

The two characteristic neuropathologic lesions in AD are neurofibrillary tangle- 
containing neurons and neuritic plaques-both  of which are present in normal aged 
brains, but to a  much greater extent in AD brains. Neurofibrillary tangles, which have 
yet to be directly linked to the AD process, are comprised mainly of abnormally phos- 
phorylated z protein. Neuritic plaques, the density of which  has  been correlated with 
degree of dementia, are comprised of a central core of P-amyloid (a 40-43-amino acid 
peptide), surrounded by degenerative nerve terminals, reactive astrocytes, and “acti- 
vated”  microglia.  Although the cause(s) of  AD is (are) currently unknown,  mounting 
evidence provides a compelling case for involvement of two interrelated mechanisms 
within the AD  brain-inflammation and free-radical-induced oxidative stress (7-9). 
Along this line, studies clearly suggest that inflammatory cytokines released by acti- 
vated glial cells (particularly astrocytes and microglia associated with neuritic plaques) 
participate in  a local inflammatory cascade that promotes P-amyloid deposition, free 
radical formation, and resultant cell death in AD. 

In this chapter, we first indicate supportive evidence for involvement of brain 
inflammation and associated free radical mechanisms in the AD process. We then pro- 
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pose tumor necrosis factor-a  (TNF-a)  as a key inflammatory cytokine in AD and 
describe our initial findings involving a TNF-a intracerebral infusion model  of brain 
inflammation that is relevant to AD. It is suggested that such an in vivo model could be 
most useful in testing the utility of  new antiinflammatory and/or antioxidant drugs with 
the potential to prevent or treat AD. 
2. EVIDENCE THAT ALZHEIMER’S DISEASE INVOLVES 

CEREBRAL INFLAMMATION 
It has been suggested that the etiology or  at least the progression of  AD involves an 

inflammatory response by the immune system. Several studies have indicated that there 
is an inverse relationship between  AD  and the use of antiinflammatories, especially 
nonsteroidal antiinflammatory drugs (NSAIDs) (1 0,11). The  inverse  relationship 
between  AD  and  NSAID use is maintained even when other variables such as educa- 
tion, age, gender, and other medications were controlled for (12). Direct evidence of 
this relationship was seen in a 1-yr longitudinal study that found that AD patients on 
an antiinflammatory regime had a higher level of functioning than nontreated AD 
patients (13). 

Histologic analyses of  AD brains and cerebrospinal fluid (CSF) sampling adds sup- 
port for a relationship between AD and inflammation, while also suggesting that AD 
involves a “local” or central nervous system (CNS) immune activation rather than the 
activation of the peripheral immune system. In this context, immunohistochemical 
analysis of  AD brains showed an enhanced staining for immune markers specific for 
microglia, the brain’s resident immune cells, but failed to find significant staining for 
peripheral immune markers such as immunoglobulins or T-cell subsets (14). Also, CSF 
samples taken from AD patients showed an increase in antibrain antibodies for micro- 
glia, a result that appears to be specific for AD compared to other forms of dementia 
(15). If, as  those data suggest, AD is a local inflammatory disease, then this may account 
for the discordant results from studies searching for elevated immune markers (i.e., 
TNF-a) in the periphery via sera from AD patients (16,17). 

The hallmark characteristic of  AD is the presence of neuritic plaques. Closely asso- 
ciated with the P-amyloid core of these plaques are activated microglia cells. These 
microglia are heavily stained for the inflammatory cytokines TNF-a, interleukin-1 
(IL-1), and interleukin-6 (IL-6), as well as for activated complement proteins, and 
adhesion molecules that facilitate recruitment and positioning of immune cells (7,18). 
One key question is whether this inflammatory reaction is an end-stage of neuritic 
plaques or whether it is contributory to their development. 

P-Amyloid, the peptide of 40-42 amino acids forming the  core of neuritic plaques, 
has  been found to be neurotoxic when administered in “aggregated” form, both  in cell 
culture experiments and following intracerebral infusion (19-22). These data support 
the yet unproven hypothesis that aggregation of  P-amyloid and its ensuing deposition 
are key steps that precede neuronal loss in AD. Other in vitro studies have indicated 
that “aggregated” P-amyloid can enhance production of oxygen free radicals in CNS 
homogenates (23-25). A synergistic relationship may, in fact, exist between  P-amyloid 
and cerebral inflammation in AD, with at least one final common pathway being 
enhanced free radical production and resultant neuronal loss/dysfunction (see Fig. 1). 
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Fig. 1. Flow  diagram  showing the possible  interactions  between TNF-a, P-amyloid,  and  the 
resulting  apoptosiskell  death.  Path 1 shows  how TNF-a can  influence  P-amyloid  production 
through its influence  on  other  cytokines that increase  APP  synthesis,  specifically E-1. Path 2 
shows a more  synergetic  relationship  between TNF-a and  P-amyloid,  with  P-amyloid  inducing 
TNF-a release  via  microglia  and TNF-a inducing  P-amyloid  formation  via  ACT.  Path 3 shows 
that  elevated TNF-a can  result  in  apoptosis  and  cell  death,  through  the  induction  of  free  radical 
formation  and  glutamate  toxicity. 

Along this line, there is evidence that P-amyloid induces an inflammatory cytokine 
reaction in the brain. Specifically, P-amyloid  has  been  shown to induce the release of 
TNF-a, IL-1, IL-6, and reactive oxygen species from glial cells (26-29). 

There is also evidence to suggest that inflammatory cytokines may be involved in 
the formation and deposition of  P-amyloid into neuritic plaques. IL-1 can enhance 
amyloid precursor protein (APP) synthesis, the protein from which P-amyloid is 
cleaved (30,31). In addition, IL-1 and TNF-a can up-regulate the transcription and 
synthesis of al-antichymotrypsin (ACT),  an acute phase protein involved in P-amyloid 
fibril formation (32). Furthermore, complement proteins and complement regulatory 
proteins are present in neuritic plaques (33). P-Amyloid  has the potential to bind Clq, 
the first protein in a series of proteins that must be combined to form the complement 
(30). Because Clq has six binding sites, it has the potential to bring multiple 0-amyloid 
proteins together (34). It is noteworthy that brain areas with a low incidence of plaque 
formation (i.e., cerebellum) have low levels of Clq, whereas areas with high plaque 
formation (i.e., cortex) display high levels of Clq (34). 

The aforementioned studies suggest that activated glia, inflammatory cytokines, 
complement proteins, and P-amyloid are all part of a complex series of interactions in 
AD. This series of inflammatory-P-amyloid interactions could be self-propagating and 
causative to major neuropathologic aspects of AD, such as neuritic plaques, activated 
microglia within neuritic plaques, and activation of complement proteins within the 
brain. Whether brain inflammation or P-amyloid is ultimately determined to be “pri- 
mary” to  the AD disease process may be of lesser importance than the apparent syn- 
ergy between these two processes, which we (and others) propose to result in a positive 
feedback, self-propagating pathogenic process. Thus, even if cytokines are a result 
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rather than causative factor in AD,  they are probably still directly involved in the dis- 
ease process  and can certainly exacerbate disease progression. 

3. TNF-a AS A KEY CYTOKINE I N  AD 
There are three cytokines that are considered to be the major mediators of inflamma- 

tion:  IL-1, L-6,  and TNF-a (35). Of these, increasing evidence indicates that TNF-a 
may play the most important role in the pathogenesis of  AD. TNF-a is a 26-kDa 
inflammatory cytokine released  by  monocytes,  macrophages, microglia, and astrocytes, 
as well as the peripheral  immune natural killer (NK) cells, T cells, and B cells (8,36,37). 
TNF-a is thought to be a primary mediator of inflammation, as it can induce the release 
of other cytokines (IL-1,  IL-6, and IL-8) and complement proteins, as well as the 
production of free radicals (38-40,80). In addition, the transcription and synthesis 
of TNF-a can in turn be influenced by  IL-1,  IL-2, complement proteins, interferon-y 
(IFN-y),  and lipopolysaccharide (LPS), creating a self-perpetuating feedback loop (37). 

TNF-a has two receptors that it can bind to -one  that is approx 55-60 kDa  in size 
and  thus referred to as p55 or TNF-R1; the second is 75-80 kDa and  has  been referred 
to as p75 or TNF-R2 (37,41,42). These receptors appear to  have diametrical opposed 
properties. The  p55 receptor appears to be involved with cytotoxic properties of 
TNF-a (23,37). For example, transgenic mice that fail to express the p55 receptor 
appear immune to septic shock resulting from LPS-induced elevations in TNF-a (43). 
Conversely, the p75 receptor may  play a protective role after injury. Blocking the p75 
receptors in cultured human neuronal cells significantly increases the cell injuryldeath 
after exposure to hypoxic conditions or following treatment with  P-amyloid (44). There 
is some evidence that TNF-a had neuroprotective effects against P-amyloid toxicity 
(26), although such neuroprotective properties of TNF-a are usually observed in 
embryonic or immature neuronal cultures (26,45). Along this line, one study using 
perinatal and adult rodent tissue found that TNF-a could induce neurotoxicity in adult 
tissue but  had no effect in the perinatal tissue (46). In Alzheimer’s patients the density 
of  both TNF-a receptor subtypes is increased compared  to  age-matched controls, but 
no change in receptor affinities occurs (47). 

The concept of TNF-a as the main inflammatory cytokine in AD comes from two 
lines of evidence: (1) the connection between TNF-a and  P-amyloid,  and (2) the con- 
nection  between TNF-a and neuronal loss via free radical production and/or glutamate 
toxicity. Figure 1 illustrates a conceivable way  in  which TNF-a and  P-amyloid  may 
interact to produce neuronal loss and ultimately the progression of  AD. 

The connection between TNF-a and P-amyloid is both physiologic and anatomic. 
Activated microglia cells (the primary source of TNF-a) are consistently found sur- 
rounding the amyloid core of neuritic plaques. Immunohistochemical staining of these 
cells shows staining for IL-1 and lesser staining for IL-&but the greatest staining is 
for TNF-a (7). In microglia, P-amyloid stimulates TNF-a release (29,42,48) and, in 
the presence of  IFN-y,  P-amyloid-induced release of TNF-a  is enhanced. P-Amyloid 
can also enhance LPS-induced release of TNF-a release from astrocytes (27). Further- 
more,  P-amyloid-induced production of nitric oxide (NO.) from microglia is mediated 
by TNF-a (29). As stated  earlier, ACT, a protease  inhibitor thought to regulate 
@-amyloid fibril formation (49), can be up-regulated by TNF-a and IL-1,  but  not  by 
IL-6 (50,51). ACT tends to be found in astrocytes closely associated with plaques 
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(49,52). Moreover, an increase in  ACT is found in AD brains compared to brains from 
the normal  aged  (52). 

The relationship, then, between  P-amyloid  and TNF-a involves a mutual, interac- 
tive enhancement not seen with other cytokines. Of the primary mediators of inflam- 
mation (IL-1, IL-6, or  TNF-a),  TNF-a has the highest staining around microglia 
associated with the amyloid core of neuritic plaques, P-amyloid induces TNF-a release 
from microglia, and finally TNF-a can affect P-amyloid fibril formation through its 
effect on ACT. The result of this synergistic relationship between P-amyloid and 
TNF-a could be neuronal loss.  0-Amyloid-induced apoptosis was studied in a variety 
of  human tissues, including neuroblastoma cell lines, and it was found that when 
TNF-a was added with  P-amyloid,  an increase in apoptotic cell death was seen in these 
cultures (53). Also, consistent with this notion are in  vitro and in vivo studies showing 
the neurotoxicity of  P-amyloid (see Subheading 2.), as well as in vitro studies demon- 
strating that TNF-a  is toxic to neurons and oligodendrocytes (44,5456). Indeed, 
TNF-a alone can initiate apoptosis in neuronal  cell cultures (46,57,58), with apoptotic 
cells beginning to appear within  48-72 h after exposure to TNF-a (5556). 

The process of TNF-a induced cell death appear to be mediated, at least in part, by 
enhanced free radical production and a resultant increase in cellular oxidative damage 
to  DNA, proteins, and lipids (81,82). In this context, TNF-a has  been  shown  to induce 
formation of reactive oxygen species (i.e., superoxide radical, hydroxyl radical, and 
hydrogen peroxide) and to cause DNA damage (59,60,82). In addition, TNF-a medi- 
ates the increased microglial production of NO* induced by  P-amyloid  (29). Consistent 
with involvement of free radicals/oxidative damage in the mechanism of cytotoxicity 
of TNF-a are studies demonstrating that antioxidants and iron chelators can prevent 
TNF-a-induced cytotoxicity. For example, the DNA damage and cell death induced  by 
TNF-a in L929 cells (an immortalized mouse fibroblast cell line) could be prevented 
by the iron chelator desferoxamine or the oxygen radical scavenger butylated hydroxya- 
nisole (BHA) (59,82). In addition, in a human neuroblastoma cell line (SK-N-MC), the 
oxygen radical scavenger N-acetylcysteine (NAC) reduced the number of TNF-a- 
induced apoptotic cells (56). 

In addition to free radical/oxidative damage mechanisms, there is evidence that 
TNF-a induces cytotoxicity through an interrelated mechanism, namely, excessive 
glutamate transmission (glutamate toxicity). Glutamate toxicity  has long been  proposed 
to play a role in the pathogenesis of  AD (61). In  human neuronal cell cultures, TNF-a 
selectivity enhances glutamate toxicity  in a dose- and  time-dependent  manner, although 
neither IL-1 or IL-6 have any such enhancement (62). In human  CNS cell cultures, the 
TNF-a-induced enhancement of glutamate toxicity appears to involve a number of 
processes, including: (1) enhancement of glutamate binding to postsynaptic N-methyl- 
D-aspartate  (NMDA) receptors, (2) decreased uptake of glutamate by neurons and glia, 
and/or (3) a suppression of glutamine synthetase levels (62,63). Singularly, or in combi- 
nation,  these  three  potential TNF-a effects  would be expected  to  increase  glutamate  trans- 
mission  postsynaptically,  resulting  in  increased  intraneuronal  Ca2+  levels  and  stimulation 
of free radical formation through activation of Ca2+-dependent enzymes (9). Thus, 
TNF-a has the potential to increase free radical formation not  only directly, but also 
indirectly via enhanced glutamate transmission (Fig. 1). Parenthetically, the elevated 
intraneuronal Ca2+ levels in the above scenario would also be expected to induce 
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neurotoxicity through activation of Ca2+-dependent endonucleases, proteases, and 
lipases. 

4. AN INTRACEREBRAL TNF-A INFUSION  MODEL  FOR  BRAIN 
INFLAMMATION 

Most of the  evidence concerning AD and inflammation presented thus  far has 
involved in vitro work.  Few studies have extended the findings of this in vitro work to 
in vivo models, although recently developed transgenic mouse models that overexpress 
mutanvfragmental APP are beginning to  yield promising data supportive of an inflam- 
matory response induced  by elevated brain  P-amyloid levels. Most notable among these 
new transgenic mouse lines is the “Swedish Mutation” (APP,,) wherein the over- 
expressed human APP contains two mutant amino acid substitutions found in a large 
Swedish family with early-onset AD (64). These mice develop an age-related increase 
in brain P-amyloid levels, neuritic plaques in cortex and hippocampus, and cognitive 
impairment (64). Moreoever, APP,, mice develop a significant microglial response, 
consisting of increased numbers of activated, enlarged microglia in and around neuritic 
plaques (65). A second APP transgenic mouse model (the PDAPP transgenic), which 
overexpresses human APP containing a single mutant amino acid substitution, also 
develops age-related P-amyloid deposition. This deposition is associated with an 
extensive astrogliosis (66). Despite widespread P-amyloid deposition and characteris- 
tics of  an inflammatory response in both  of these transgenic models, however, neither 
has  been shown to result in neuronal loss through 18-21 mo of  age. Involving a differ- 
ent approach is yet a third transgenic model for AD that involves overexpression of the 
C-terminal 104 amino acids of  APP-the “C-100” transgenic model (67). Although 
P-amyloid deposition in this model is not as robust as in the previously mentioned 
models, cognitive deficits are apparent, as is reduced maintenance of long-term poten- 
tiation (LTP). Moreoever, an astrogliosis and microgliosis occur in hippocampus  and 
cortex, along with a cell loss (nonserologic counts) in the CA1 region of hippocampus. 
Thus, initial studies involving APP transgenics have linked P-amyloid formation with 
certain aspects of a brain inflammatory response. Also providing such a link are rat 
studies involving intrahippocampal infusions of  LPS (68), wherein deficits in active 
avoidance learning were observed and prevented with nonsteroidal antiinflammatory 
drug pretreatment. 

Other than the foregoing studies, very little in vivo work has explored the involve- 
ment of brain  inflammation  in AD-particularly the  involvement of individual 
proinflammatory cytokines. As documented in the previous section, TNF-a could be a 
key cytokine in the development of  an inflammatory response in  AD. Consistent with 
this notion are the interactions of TNF-a with  P-amyloid  and the neurotoxic effects of 
TNF-a, the later of  which appears to involve free radical mechanisms, glutamate toxic- 
ity, and apoptosis. Therefore, an inflammatory-based animal model to discretely exam- 
ine the impact of elevated TNF-a levels in the brain could provide valuable information 
regarding the neuropathologic, neurotoxic, and behavioral impact that this key inflam- 
matory cytokine may have in AD. It is in that context that we have recently developed 
an intraventricular TNF-a infusion model for brain inflammation that has relevance to 
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AD, as well as other neurodegenerative diseases wherein an inflammatory response is 
observed. 

4.1 General  Protocol 
To study  the  physiologic,  behavioral, and neuropathological  consequences of 

elevated brain TNF-a levels, young adult male Sprague-Dawley rats were prepared 
for long-term (7 d) intracerebroventricular infusions of TNF-a. Stainless steel cannu- 
las were permanently implanted bilaterally into each lateral ventricle. Four to five days 
following intracerebroventricular surgery, animals were weighed and divided into two 
equal weight  groups. On the  first  day of treatment,  each  animal was placed 
into a restraining  device to receive  bilateral  intracerebroventricular  infusions of 
either 50 ng/pL of human recombinant TNF-a (n = 13) or 1 pL of isotonic saline 
(n = 13). Each infusion was done over a l-min time period. Intracerebroventricular 
infusions were  given  daily for 7 d (d  1-7), during which time animals were also weighed 
daily. 

Following the 7 d of intracerebroventricular treatment, approximately half of the 
animals in each treatment group were tested in a standard Morris water maze (69). 
These animals were tested daily for 7 d to evaluate the rate of learning/acquisition 
(d 8-14). On the day following completion of acquisition testing, each animal was 
given a single probe trial to evaluate the level of  memory retention. The Morris water 
maze consists of a circular pool divided into four quadrants and filled with  water.  Along 
the pool walls are black visual cues and multiple visual cues were present around the 
pool. During acquisition testing, an escape platform was placed in one of the quad- 
rants. The top of the escape platform is  just below the water line of the pool so that it 
cannot be seen by the swimming rat. The rat must use the visual cues in and around the 
pool walls to find and escape onto the submerged platform. For each trial, the time 
from placement into the pool to finding the platform was recorded as “latency” and is 
used as a measure of learning. Four trials were done daily for acquisition, with the 
animal placed at a different location in the maze to initiate each trial. An average daily 
latency was calculated and  used for statistical analysis. For the retention probe trial, the 
platform was  removed. Each animal was given 60 s to “search” for the escape platform, 
and the percentage of time spent searching in each quadrant was  recorded. A higher 
percentage of swim time spent in the quadrant that formerly contained the platform 
was  used as a measure of memory retention. During behavior testing, animals were 
weighed every other day. 

On the day following the retention trial, animals were anesthetized with sodium 
pentobarbital and intracardially perfused with 4% neutral buffered formalin. Brains 
were subsequently removed from the cranium and stored at 2OoC until histologic pro- 
cessing. Thionin-stained brain sections were used to determine cannula locations in 
each animal, as well as ventricular area, neocortical thickness, neostriata1 area, and 
dorsal hippocampal volume.  Only those brains in which the cannulas clearly penetrated 
the lateral ventricles were used. 

The remaining animals (i.e., those that were not behaviorally tested) were killed 3 h 
after the last intracerebroventricular infusion on d 7. Again, animals were anesthetized 
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Fig. 2. Effects  of intracerebroventricular infusions  of TNF-a on body  weight  during 7 d  of 
treatment  (d 2-7) and for  the 7 d  following treatment  (d 8-14). Weights  reflect  the  percent 
change  from  d 1 baseline  weights.  *Significantly  different from  the saline  control  group 
(p < .05). #Significantly  different  from  weights at d 7, the  end  of  the  treatment  period (p < .05). 

and intracardially perfused  with neutral buffered formalin. Brains were stored for no 
more than 24 h before a 3-mm thick coronal slice of the cannula site was taken and 
paraffin embedded. From this slice, 6-pm sections were taken at the deepest point of 
cannula penetration and processed for in situ end labeling (ISEL) of apoptotic cells. 
Quantification of parenchymal apoptotic cells adjacent to the infusion site and located 
in the neocortex, basal ganglia, or septum was done for two sections from each animal 
and averaged together. The total number of apoptotic cells as well as the number of 
apoptotic cells in each specified area were determined for each infusion site. 

4.2. TNF-a-Induced Weight Changes 
During the week  of intracerebroventricular treatment, TNF-a infused animals had a 

progressive weight loss compared to saline-infused animals, which  gained weight dur- 
ing this time (see Fig.  2).  By d 7 of treatment, TNF-a-treated animals showed a 7.8% 
loss in weight from their d 1 weights, while the weight of saline controls increased by 
8.3%. Weight loss is a common side effect of elevated TNF-a levels and occurs inde- 
pendently of other cytokines (70,71,80). When TNF-a treatment stopped, animals 
began to gain weight at a rate equal to the saline controls, so that by d 14 TNF-a- 
treated animals were  6.8% heavier than their original d 1 weights. Although multiple 
mechanisms  probably contribute to the weight loss often associated  with AD, the weight 
loss presently observed through intracerebral TNF-a infusion suggests that elevated 
brain levels of TNF-a could be contributory to the weight loss seen in  many  AD patients 
(72,731. 
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Fig. 3. Effects of intracerebroventricular infusion of TNF-a on water maze performance. 
(A) Water maze acquisition during the 7 d after treatment. Daily escape latencies were calcu- 
lated for each animal from the mean  of four daily trials. (B) Water maze retention on the day 
following the completion of acquisition testing. Percentage of time spent in each of the four 
quadrants (Ql, Q2,Q3, and Q4) was recorded. 4 2  was the quadrant that previously contained 
the escape platform during acquisition. *Significantly different from the other quadrants and 
from the other group's Q2 quadrant (p e .OS). 

4.3. TNF-a-Induced  Cognitive  Deficits 
During acquisition testing, animals that had previously been given daily intra- 

cerebroventricular injections of TNF-a had consistently longer escape latencies than 
saline controls (Fig. 3A). Because there was no significant difference between  both 
groups' swim speed, the longer escape latencies were attributed to the  effects of 
TNF-a on cognitive performance. Because both groups did display statistically equal 
latencies (learning) by d 7, a memory retention probe trial was run. 

The cognitive deficits displayed by the TNF-a-infused animals during acquisition 
testing were also evident during the memory retention probe trial.  Animals infused 
with TNF-a showed no quadrant preference and spent approximately equal percent- 
ages of time searching in all quadrants for the escape platform (see Fig. 3B).  By con- 
trast, saline-infused  animals spent significantly  more time in the quadrant (42) formerly 
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containing the platform than any other quadrant, indicating that they remembered the 
location of the platform. 

It is clear by these results that inflammation, in this case initiated by increased brain 
levels of TNF-a, induce cognitive deficits. These results represent the first evidence 
that elevated brain levels of TNF-a can induce cognitive impairment both  in learning 
and  memory. One other model of central nervous system (CNS) inflammation has also 
shown cognitive deficits. Glial fibrillary acidic protein (GFAP)-IL-6 transgenic mice 
have an additional gene for IL-6 inserted into a gene that codes for the astrocyte protein 
GFAP, allowing an overexpression of IL-6 specifically in the brain. These transgenic 
mice show a cognitive deficit in avoidance learning, which increases with age (74). 
The reason  we have not presented IL-6 as a primary mediator in the etiology of  AD is 
that IL-6 seems to be more associated with  normal aging rather than a disease state. 
Serum levels of IL-6, which may or may  not reflect CNS levels of IL-6, are typically 
below detection in young adult humans and primates; with age, however, IL-6 levels 
increase  to  detectable  levels (14J9). In  fact,  in  rhesus  monkeys  the  levels  of  IL-6  are  cor- 
related  with  age  (75),  suggesting  that  increases  in  IL-6  are a normal  consequence  of  aging. 

4.4. TNF-a-Induced  Neuropathologic  Changes 
Neuropathologic analysis of TNF-a- and saline-infused animals revealed  that 

intracerebroventricular infusions of TNF-a induced an enlargement of the lateral ven- 
tricles exceeding any enlargement due to mechanical damage of intracerebroventricular 
saline infusion (see Fig. 4). The ventricles from TNF-a-infused animals had a larger 
area than those  from  saline  controls (see Table 1). Irrespective of intracerebro- 
ventricular treatment, a significant correlation ( r  = 0.63 and 0.55 for acquisition and 
memory retention, respectively) was found between ventricle size and cognitive per- 
formance-animals with larger ventricles had longer escape latencies during acquisi- 
tion  and spent less time searching in the former platform quadrant during memory 
retention. As stated in the Introduction to this chapter, ventricular enlargement is a 
common characteristic of  AD (3,76,77). Moreover, the ventricular enlargement seen in 
AD patients is correlated with several tests of cognitive performance, including the 
Mini Mental State Exam (3,77). 

No differences were found between the two treatment groups for neocortical thick- 
ness, neostriata1 area, or dorsal hippocampal volume (Table 1). Interestingly, however, 
neocortical thickness was correlated with cognitive performance when animals in both 
treatment groups were considered ( r =  0.51 and 0.58 for acquisition and memory reten- 
tion, respectively). Animals with thicker cortices had shorter acquisition latencies and 
spent more time in the former platform quadrant than animals with thinner cortices. 
Even though we did not find a TNF-a-induced effect on cortical thickness, a correla- 
tion  between cortical atrophy and cognitive performance is clearly documented in AD 
patients (3). Thus, while our TNF-a infusion model does not produce the gross cortical 
atrophy of AD, the combined results from all animals in this study do provide strong 
evidence for cortical involvement in cognitive functions of the rat. 

4.5. Apoptosis 
Following 7 d of intracerebroventricular treatment, animals infused with TNF-a had 

signigicantly more apoptotic cells near lateral ventricular infusion sites compared to 
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Fig. 4. Lateral  ventricular  enlargement  due  to  intracerebroventricular infusions  of TNF-a. 
(A) A coronal  section of a  saline-infused  control  animal  shows  minimal  ventricular  enlarge- 
ment (blackened  area), due  to  mechanical  damage. (B) A coronal  section of a  TNF-a-infused 
animal shows greater  ventricular  enlargement  than  the  saline-infused  animal. Abbreviations: 
ac, anterior  commissure;  bg,  basal  ganglia; cc, corpus  callosum;  nc,  neocortex; s, septum. 

saline-infused controls. Figure 5 shows two diagrams of brain sections taken at the 
same coronal level from a saline-infused and  a TNF-a-infused animal to show the 
typical location and density of apoptotic cells. It  is apparent that the intracerebroven- 
tricular infusion process itself induced mechanical damage, resulting in a certain level 
of apoptotic cell death along the ventricular wall and  in cortical areas through which 
the cannulas penetrated. TNF-a induced a significant 19.5% increase in apoptosis over 
and above that induced by mechanical damage. Although this TNF-a-induced increase 
was significant for the total number of cells in the neocortex, corpus callosum, septum, 
and  basal ganglion, significant region-specific increases were not  observed. Figure 6 
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Table 1 
Effects  of  Intracerebroventricular  Infusions  of TNF-a on Ventricular  Area, 
Neocortical  Thickness,  Neostriatal  Area,  and  Dorsal  Hippocampal  Volume 

Saline (intracerebroventricular TNF-a (intracerebroventricular 
infusions) infusions) 

Ventricular area (mm2) 4.1 f 1.3 12.8 k 4.9* 
Neocortical thickness (mm) 1.63 f 0.08 1.63 f 0.04 
Neostriatal area (mm2) 62.1 f 1.8 59.9 f 1.7 
Dorsal hippocampal volume (mm3) 11.2 k 0.8 10.9 k 0.5 

*Significantly different (p < .05) from saline-infused  controls. N = 6-7 for each group. 

shows photomicrographs of parenchymal basal ganglia tissue adjacent to the endothe- 
lial lining of the lateral ventricle for a saline-infused (Fig. 6A) and a TNF-a-infused 
(Fig. 6B) animal. A higher magnification view  of several apoptotic cells from the 
TNF-a-infused animal is presented  in  Fig. 6C. 

Prior to the present results, several in vitro studies had deomonstrated that TNF-a 
can directly induce apoptosis in neuronal cell cultures (46,57,58) and that free radicals/ 
oxidative processes are involved in this apoptotic cell death (56). Our present finding 
of increased brain apoptosis induced  by TNF-a infusions provides the first in vivo 
evidence that TNF-a induces apoptosis. Moreover, these results suggest that increased 
TNF-a secretion by activated microglia in  AD brains could play  an important role in 
the increased cell death via apoptosis that is seen in  AD (5,6). The fact that brain 
apoptosis in  AD is not correlated with amyloid deposition (5) suggests that the pres- 
ence of  P-amyloid  may not be sufficient to explain all the cell loss seen in  AD brains 
and that CNS inflammation may  play a greater role in cell loss than previously thought. 

5. GENERAL DISCUSSION AND CONCLUSIONS 
This chapter first presented the increasing evidence that AD is an inflammatory- 

based disease, involving strong interactions with free radicavoxidative damage mecha- 
nisms. In that context, a key inflammatory cytokine in AD appears to be TNF-a 
because: (1) activated microglia associated with neuritic plaques stain most intensely 
for TNF-a compared to other cytokines (7), (2) P-amyloid induces TNF-a release from 
microglia (29,42,48), (3) TNF-a induces free radical formation and causes oxidative 
damage (59,60,82), and (4) neuronal death in AD is thought to occur primarily through 
apoptosis, a process that is induced by TNF-a (46J6-58). Indeed, we proposed that 
there is a mutual, interactive enhancement in AD between P-amyloid  and TNF-a, 
resulting in neurodegenerative effects (Fig.  1). Given the evidence for inflammatory/ 
oxidative damage in  AD (7-9)1 it is not at all surprising that the onset and/or the pro- 
gression of  AD can be delayed by treatment with  NSAIDs or with the antioxidant vita- 
min E (l0,1Il13,78). 

Also in this chapter, we have presented a new animal model pertinent to AD that 
is based on brain inflammation, namely, rats given long-term intracerebroventricu- 
lar infusions of TNF-a. We present evidence that such chronic infusions of TNF-a 
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A 

Fig. 5. The distribution of apoptotic cells around the ventricular infusion sites following 
seven days of intracerebroventricular infusions. (A) A saline-infused control animal and (B) a 
TNF-a-infused animal. Each dot represents one apoptotic cell found at that location. Note the 
higher number of apoptotic sites in the TNF-a-infused brain, particularly for the right side. 
Abbreviarions: ac, anterior commissure; bg, basal ganglia; cc, corpus callosum; nc, neocortex; 
s, septum; v, ventricle. 

induce cognitive impairment, ventricular enlargement, apoptosis, and weight loss-all 
of which characterize AD. Therefore, this animal model should be useful in testing 
the efficacy of antiinflammatory/antioxidant-based drugs with a potential to treat AD. 
Indeed, we have recently utilized our TNF-a infusion model in demonstrating that a 
novel synthetic antioxidant (CPI-1189) can prevent the cognitive impairment, ventricu- 
lar enlargement, apoptosis, and weight loss induced by intracerebroventricular TNF-a 
infusions (79). Thus, antioxidantlantiinflammatory-based therapies for AD can be 
screened in the TNF-a model presented in this chapter. 

As with  any  new animal model for a CNS disease, however, a more extensive char- 
acterization of the TNF-a infusion model is certainly desirable, as are improvements/ 
modifications to the model so as to make it as relevant as possible to the AD process. 
In that context, the following characterizations/improvements, many  of  which  we are 
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Fig. 6. Photomicrographs of the basal ganglia showing parenchymal apoptotic cells. (A) 
The basal ganglia along the ventricle wall of a saline-infused animal. (B) The basal ganglia 
along the ventricle wall of a TNF-a-infused animal. Arrows in (B) point to four apoptotic cells 
as indicated by the ISEL staining method for apoptosis. (C) A higher magnification view of the 
upper three apoptotic cells seen in B. Abbreviations: v, ventricle. Magnification for (A) and (B) 
is 400x and for (C) is 1OOOx. 

currently studying, are desirable to more fully explore the potential of intracerebral 
TNF-a infusion as a model for brain inflammation in AD: 

1. The fact that AD is a disease of aging clearly directs future studies to use "aged" rats for 
TNF-a infusion, rather than young adult rats. 

2. Any inflammatory cell response induced by TNF-a infusions  needs  to be examined 
through  immunostaining  for  activated  microglia  and  astrocytes.  This  is  particularly 
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important in view of the interrelationship between TNF-a and &amyloid (Fig. 1) and, 
therefore, the possibility that TNF-a might encourage at  least  some P-amyloid fibrillary 
formation and/or glial cell accumulation near intracerebral infusion sites. Although it is 
unlikely that infused TNF-a causes neuritic plaque formation, it  is not at all clear if neuritic 
plaques  (or  neurofibrillary  tangles for that  matter)  are  even  involved  in  the  pathogenesis of AD. 

3. Because in vitro studies have shown that TNF-a directly induces free radical formation, 
various brain areas near intracerebroventricular infusion sites should be evaluated for 
TNF-a effects on free radical levels and oxidative damage. 

4. Additional time points following initiation of long-term TNF-a infusion should be charac- 
terized-particularly time points earlier than those selected thus far (i.e.,  7 and 14 d). This 
is of particular importance for characterizing the time course of TNF-a-induced apoptosis, 
as neuronal cell culture studies show that apoptotic cells begin appearing within 48-72 h 
of TNF-a exposure (55,56). 

5.  In view of neuronal loss as a primary neuropathologic feature of AD, it would be desirable 
to quantitate any neuronal losses in neocortical and hippocampal areas resulting from 
TNF-a infusions. 

In summary, this chapter introduced a novel rodent model for brain inflammation 
in AD that involves long-term intracerebral infusion of the inflammatory cytokine 
TNF-a. Results thus far obtained from the model have provided initial evidence link- 
ing brain inflammation, cognitive impairment, and apopotosis-all  of  which are charac- 
teristic of AD. Thus, the model is supportive of TNF-a as a key neuropathologic factor 
in AD. In the context that testing of new antiinflammatory and antioxidant drugs to 
treat AD will require  prior  testing of drug utility in  appropriate  animal models, 
the present TNF-a infusion model would appear to offer a number of desirable 
advantages. 

In a broader perspective, it should be noted that the study of cytokine involvement 
and inflammation in  AD is  in its infancy. Although ever increasing evidence is sup- 
portive of brain inflammation as a key component of the AD process, it is also apparent 
that AD is multifactoral in pathogenesis. Nonetheless, inflammatory cytokines such as 
TNF-a are likely to be key players in the AD process, making it probable that further 
research in this area will advance our understanding of AD and lead to effective thera- 
pies therein. 
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The  Senescence-Accelerated  Mouse as a Possible 

Animal  Model of Senile  Dementia 

Yasuyuki  Nomura,  Yasunobu  Okuma,  and  Yoshihisa  Kitamura 

1. INTRODUCTION 
Recent demographic trends toward a markedly aging population have led to con- 

cerns about more people developing age-associated diseases, in particular  senile 
dementia. Therefore, it is important to clarify the basic mechanism of age-related 
changes in brain functions such as learning and cognitive deficiency and to develop 
safe and effective means of prevention  and treatment of age-associated diseases. To do 
so, a useful animal model  of age-associated diseases is essential. As one alternative 
model, Takeda et al. (1,Z) developed the senescence-accelerated mouse (SAM) as a 
murine model of accelerated aging. SAM strains  have a shortened life-span and 
develop early manifestations of senescence, including decreased activity, alopecia,  lack 
of hair glossiness, skin coarseness, periophthalmic lesions, increased lordokyphosis, 
and systemic senile amyloidosis. The SAMPS strain of senescence-related prone mice 
(SAMP) shows an age-related deterioration in learning ability compared with the con- 
trol strain SAMRl, senescence-resistant mice  (SAMR) (3-5). We studied neurochemi- 
cal changes in the SAMPS brain compared to the SAMRl brain during aging (6,7) and 
the effectiveness of several drugs in preventing age-related changes in the SAMPS 
brain. In this chapter, we  report the neurochemical and pharmacological findings of a 
study of SAMPS  and SAMRl mice and discuss the significance and limitations of 
S A M P S  in basic studies of the aging mechanism and the screening and development of 
novel cognitive enhancers. 

2. NEUROCHEMICAL CHANGES IN THE  SAMPS  BRAIN 
SAMPS  mice  seem to be useful for studying the mechanism of brain aging and 

memory deficiency in  humans.  We studied neurochemical changes in aging related to 
learning and cognition. We examined: (1) the glutamatergic and cholinergic system, 
(2) protein kinase C (PKC), (3) anti-anxiety-related receptors, (4) glial cells, and (5) 
amyloid precursor proteins (APPs) in the cerebral cortex and hippocampus of SAMP8 
and control SAMRl mice. Our results are shown  in Table 1. 

Edited  by: D. F. Emerich, R. L. Dean, 111, and P. R. Sanberg b Humana Press Inc.,  Totowa, NJ 
From: Central Nervous System Disenses 

113 



114 Nomura, Okuma, and  Kitamura 

Table 1 
Neuro- and Histochemical  Alterations in SAMPS Brain 

Neuro- and histochemical  parameters S A " 8  Comments 
Content of glutamate  and  glutamine 
Release of ACh  and NA 
NMDA  receptorlchannels 
mACh receptors 
PKC 

5-HT,, receptors 
Central  BDZ  receptors 

t 
1 
1 Learning  and  memory 1 
1 
1 

cctHp1 Anxiety 4 
CC1'HPk 

Anti-GFAP  antibody  immunostaining 1' 
Peripheral  BDZ  receptors t 

Gliosis ? 

Expression of APP mRNA 1' Aging 1' 
C-terminal  fragment  of  APP 1' 

mACh, muscarinic acetylcholine; NA, noradrenaline; BDZ, benzodiazepine; GFAP, lial fibrillary 
acidic protein; APP, amyloid precursor protein; CC, cerebral cortex; H P ,  hippocampus; 7, increase; &, 
decrease in SAMP8 vs SAMRl. 

2.1. Changes in  Glutamatergic  Functions  in SAMP8 Mice 
The amounts of glutamate (Glu) and glutamine (Gln) were higher in the hippocam- 

pal and cerebral cortex of SAMP8 mice at a younger age than in the SAMRl mice, 
whereas the amounts of aspartate (Asp) and alanine (Ala) were lower. This suggests 
that  the  metabolic pathway from  a-ketoglutarate  to Glu predominates, probably 
because of higher transaminase or lower Glu dehydrogenase (GDH) activity in SAMP8 
mice. Patients with olivopontocerebellar atrophy (OPCA) are GDH deficient, and their 
plasma Glu levels are higher than in healthy controls (8). These patients are character- 
ized by a variable loss of neurons in the inferior olivary nuclei, the ventral part of the 
pons,  and in the cerebellar cortex (9). In addition, the local accumulation of  an excita- 
tory amino acid is known to cause neuronal degeneration, resulting from the neuro- 
toxic effects of high concentrations of  Glu and its analogs in Glu receptive areas (10). 
Several of the observed age-related pathomorphological changes in the SAM brain 
(II), and the learning and memory dysfunction in young SAMP8 mice (3), may be 
caused by changes in Glu  and Gln metabolism in the SAMP8 brain. The depolariza- 
tion-stimuli evoked release of endogenous Glu from slices of the hippocampus and 
cerebral cortex of SAMRl brains is observed to decline with increasing age. Stimulus- 
induced release decreased at an earlier age in SAMP8 mice, but the release of amino 
acids that are either neurotransmitters (Glu, Asp, and  y-aminobutyric  acid  [GABA]) or 
nontransmitters (Gln, Ala, and taurine) in response to high levels of K+ increases in 
older SAMP8 mice ( I Z , I 3 ) .  KC1 at a concentration of 50 mM is a drastic stimulus that 
is known to cause depolarization. Drastic stimuli may cause cytosolic amino acids to 
leak from presynaptic sites in SAMP8 mice more than 9 mo  old. Thus, the nerve termi- 
nals from  which amino acid transmitters are released seem to become increasingly 
fragile in the hippocampus and cerebral cortex of aging SAMP8 mice. 
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2.2. Changes in NMDA-Induced  Acetylcholine and Noradrenaline  Release 
in SAMPB Mice 

N-Methyl-D-aspartate (NMDA) induced Ca2+-dependent release of [3H]acetyl- 
choline ([3H]ACh) and [3H]noradrenaline ([3H]NA) in brain slices (1#,15). The release 
of  [3H]ACh  and  [3H]NA  was inhibited by  AP5, phencyclidine, MK-801,  and  Mg2+, 
suggesting that NMDA-evoked release occurs via  NMDA receptorkhannels. However, 
quisqualate (QA)-  and kainate (KA)-induced release occurs even in the presence of 
Mg2+. Thus, neurotransmitter release seems to be evoked  by  NMDA,  QA, and KA 
through  different mechanisms. In  SAMP8  brains,  the NMDA-evoked release of 
[3H]ACh  and  [3H]NA was markedly lower than in  SAMRl brains (14,151. This sug- 
gests that a significant loss of ACh-  and  NA-containing neurons occurs in the S A M P 8  
brain. 

2.3. Changes in  Neurotransmitter  Receptors  in  the SAMP8 Brain 
The B,,, value of  [3H]MK-801 binding to NMDA receptorkhannels  in the SAMPS 

cerebral cortex was also lower than that in the SAMRl mice (13,16). NMDA receptor/ 
channels are found on the soma of cholinergic neurons in the striatum and on  both 
the soma and terminals of adrenergic neurons in the hippocampus. These modulate the 
release of ACh and NA from the respective terminal (I 7). NMDA receptor activity in 
these  tissues seems to be  specifically  deficient in SAMPS neurons. The B,,, of 
[3H]quinuclidinyl benzoate ([3H]QNB) and [3H]pirezepine binding activity (to MI ACh 
receptors) decreased in the hippocampus (16), and the Bmax of [3H]rauwolscine bind- 
ing (to %-adrenoceptors) increased in the cerebral cortex (18). These alterations in 
cholinergic and noradrenergic activity may be related to the learning and memory dys- 
function of  SAMPS  mice. 

2.4. Changes in PKC and Nitric  Oxide  Synthase  in SAMP8 Mice 
Recently, PKC and calmodulin-dependent protein kinase I1 (CaMKII) were identi- 

fied as key enzymes in long-term potentiation (LTP) in the hippocampus. In fact, an 
exciting study has just reported that PKC-y (19) and a-CaMKII (20) knockout mice 
have learning and memory impairment. We determined that PKC  and CaMKn posi- 
tively regulate NMDA receptorkhannels (21,22). Therefore, we examined the binding 
of [3H]phorbol-12 and 13-dibutyrate (PDBu) (for PKC) to both the cytosol and  mem- 
brane fractions of the hippocampus in SAM (16). The binding activities in both frac- 
tions were lower in SAMP8 than in SAMRl mice. The reduced PKC levels or activity 
in the hippocampus could underlie the learning and  memory dysfunction in S A W 8  
mice. The roles of CaM and CaMKII levels in the SAMP8 brain are now under inves- 
tigation. In addition, activation of NMDA receptorkhannels induces production of 
nitric oxide (NO). NO is also possibly involved in LTP in the hippocampus and LTD in 
the cerebellum. NO is produced from L-arginine  by NO synthase (NOS). There are 
three isozymes of  NOS: neuronal (nNOS), endothelial (eNOS), and inducible (iNOS). 
All three types of  NOS exist in the brain. Because nNOS knockout mice have residual 
NOS activity in the brain (23), it is possible that eNOS or iNOS may  play  a  key role in 
LTP and LTD. In preliminary experiments, we found that the binding activity of 
[3H]fl-nitro-~-arginine (NNA) (for NOS)  was decreased in the cytosol fractions of the 
cerebral cortex and cerebellum of SAMP8 mice. 
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2.5. Changes in  Anti-Anxiety-Related  Receptors  in S A ”  Mice 
Miyamoto et al. (24) suggested that as well as having learning and  memory dysfunc- 

tion, SAMP8 mice are less anxious. Central type (ol and a,) benzodiazepine (BDZ) 
receptor agonists (i.e.,  diazepam  and  clonazepam),  and  1A  type  of  5-hydroxytryptamine 
(~-HTIA) receptor agonists (i.e., buspirone) have anti-anxiety effects. We examined 
the binding of [3H]flunitrazepam (for BDZ receptors) and [3H]8-hydroxy-2-(di-n- 
propy1amino)tetralin  ([3H]8-OH-DPAT) (for 5-HTlA receptors). In  12-mo-old SAMP8 
mice, the binding activities of both [3H]flunitrazepam and [3H]8-OH-DPAT were 
decreased in the hippocampus, but increased in the cerebral cortex (16). Because little 
is known about changes in the levels of endogenous BDZ and 5-HT receptor agonists, 
it is not clear whether the changes seen in the BDZ and 5-HT1, receptors of SAMP8 
mice are the causes or the effects of the reduction in anxiety. 

2.6. Accelerated  Gliosis and Abnormal  Formation of APP-Like  Proteins 
[3H]PK-l 1195 (for a3-BDZ receptors) is known  to selectively bind to glial cells in 

the brain and this binding activity is useful as a neurochemical marker  of gliosis. In 
patients with  Alzheimer’s disease, [3H]PK-1 1195 binding is increased in the brain (25) 
and is an  index  of neuronal damage (26). In addition, this binding is observed in prima- 
rily cultured astrocytes but not  in neuronal cells, and increases in parallel with astro- 
cyte cell growth. In 2-mo-old  mice, the binding activity in the cerebral cortex was 
higher in the SAMP8 strain than in SAMRl . This was followed by a steep increase in 
both strains until the age of 6 mo (16). After the age of 6 mo, the binding continued to 
increase with age in SAMP8 mice, but did not change in SAMR1 mice. In addition, 
marked immunoreactivity of antibodies against glial fibrillary acidic protein (GFAP) is 
observed in the entorhinal cortex and brain stem of SAMP8 mice (27). In Northern 
blotting experiments, we found a slight increase in  APP  mRNA with age. In contrast, 
immunoblot analysis showed that with age there was  an increased reaction of a 27-kDa 
protein with antibody against the C-terminal of  APP,  but no marked changes in the 
reaction of  90-130 kDa APP (probably APP,,,) in SAMP8 mice. Another preparation 
of anti-APP antibody (22C11) immunoreacted with neuron-like cells in the hippocam- 
pus and cerebral cortex of  both SAMRl and SAMP8 mice. However, this antibody also 
reacted with several granular structures in the cerebral cortex and reactive astrocyte- 
like cells surrounding sites of  spongy degeneration in the brain stem reticular forma- 
tion of aged SAMP8 mice (27). These observations suggest that neuronal degeneration 
induces accelerated gliosis and the abnormal formation of  APP-like proteins. These 
events also seem to be related to the learning and memory dysfunction see in SAMP8 
mice. 

3. EFFECTS OF DRUGS ON THE CHANGES IN SAMPS MICE 
Next,  we looked at the prophylactic and therapeutic effects several drugs exert in 

SAMP8 mice. We investigated the effects of: (1) bifemelane, a clinically effective 
nootropic, on  mACh receptors in the hippocampus  of  SAMP8; (2) acidic fibroblast 
growth factor (aFGF) on learning and the reduction of  mACh-  and  NMDA-receptors in 
the brain of SAMP8 mice; (3) facteur thymique sCrique (FTS), a nonapeptide isolated 
from the thymus (281, on superoxide dismutase (SOD) activity and malondialdehyde 
content in SAMP8 mice,  and (4) Dan-shen methanol extract and its major ingredient, 
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Table 2 
Effects  of  Drugs on LearningKognitive  Deficiencies in SAMP8 

Drugs Functions  improved  Neurochemical  effects  References 
Bifemelane - mAChR 1' (31) 
aFGF Spatial  cognition  mAChR 1' (3738) 

FTS 

Dan-shen  extract  Spatial  cognition  NMDAR 1' (46) 
Lithospermate B Ca/Mg  salt  Spatial  cognition PKC 1' (47) 

dismutase; PKC, protein kinase C; 1', increase; J, decrease by treatment vs control. 

NMDAR 1' 

Malondialdehyde 1 
- Cu,Zn  SOD 1' (45) 

mAChR,  muscarinic  acetylcholine  receptors;  NMDAR,  NMDA  receptors;  SOD,  superoxide 

lithospermate B Ca/Mg salt, on cognitive deficiency in SAMP8 mice. The findings are 
summarized  in Table 2. 

3.1. Effects of Bifemelane  on ACh  Receptors 
Bifemelane hydrochloride, 4-(o-benzylphenoxy)-N-methylbutylamine, a nootropic 

used for cognitive and emotional disturbances related to cerebrovascular disease, 
improves scopolamine-induced memory deficits in rats (29) and enhances ACh release 
evoked by high potassium levels (30), suggesting the possible involvement of the cere- 
bral  cholinergic  system in  the  action of bifemelane. We examined  the  effect of 
bifemelane on specific [3H]QNB binding to  mACh receptors in the brain of SAMP8 
mice. Single (10 mgkg, i.p.)  and repeated (10 mgkg/day, i.p. for 10 d) administration 
of bifemelane induced an increase in the B,, of [3H]QNB binding in the hippocampus 
(31). Bifemelane probably exerts its pharmacological effects through activation of the 
cholinergic system in the hippocampus of SAM. 

3.2. Effects of aFGF on Learning  and ACh and NMDA Receptors 
aFGF is known to (1) control food intake, (2) depolarize hypothalamic neurons,  and 

(3) affect protection and differentiation in neurons (32-36). The effects of aFGF on 
learning and memory loss in SAMP8 mice were examined with the passive avoidance 
response test and Morris's water maze task. aFGF was administered in a dose of 
7 pgkg, S.C. to male SAMP8 mice once a week from 3 wk  to 9 mo after birth. We found 
that aFGF prevented the memory  and learning deficits that occur in SAMP8 mice. The 
treatment prevented the reduction in the number of cerebral cortical mACh and NMDA 
receptors. The aFGF treatment also suppresses the immunohistochemical reduction in 
choline acetyltransferase in the septum of SAMP8 mice (37,38). Taken together, aFGF 
prevents the degeneration of ACh-containing neurons during development and aging 
in SAMP8 mice. 

3.3. Effects of  FTS on SOD and Malondialdehyde 
Several studies indicate that FTS exerts a number of immunobiological effects. It 

(1) functions in the activation and differentiation in T cells (39), (2) suppresses experi- 
mental allergic encephalomyelitis ( E m )  (40), (3) improves rheumatoid arthritis (41) 
and cellular immunity (42), (4) stimulates spontaneous DNA synthesis in thymocytes 
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(43), and (5) increases the neurotransmitter levels in the brain (44). With age, FTS 
levels in a  number of tissues decline progressively until it disappears completely. We 
examined the effect of FTS on SOD activity and malondialdehyde content in SAMP8 
mice. FTS (0.1-1 mg/kg/d, S.C. for 21 d) enhanced activity of Mn-SOD and Cu,Zn- 
SOD in the kidneys of SAMP8 mice and Cu,Zn-SOD activity in the brains of  both 
SAMP8 and SAMRl mice. FTS decreased the malondialdehyde content in both the 
brains  and  kidneys of SAMP8  mice (45). We  propose  that  FTS  inhibits  lipid 
peroxidation, and is possibly effective as an anti-aging drug. 

3.4. Effects of Dan-shen  Methanol  Extract and Lithospermate B CalMg  Salt 
on  Cognitive  Deficiency 

Insufficient blood flow to the brain causes memory and learning disturbances. Dan- 
shen (Salviae miltiorrhizae radix) enhances the blood flow in some peripheral organs, 
but the mechanism  of its action is not  well understood. We examined the effects of 
Dan-shen methanol extract (DME) and its major ingredient, lithospermate B Ca/Mg 
salt, on the spatial learning ability of SAMP8 mice  by means of Morris’s water maze 
task.  DME dissolved in water was administered orally for 3 wk  at  a dose of 500 mgkgl 
d. The treatment with DME improved spatial learning and emotional function in 
SAMP8 mice and increased the number of  NMDA receptors in the cerebral cortex 
(46). Lithospermate B Ca/Mg salt (60 mgkg/d, p.0. for 3 wk) also improved spatial 
learning, but not emotional function, in SAMP8 mice. Lithospermate B treatment 
appears to act by increasing the amount of PKC in the cytosol fraction of the hippo- 
campus (47). 

4. POSSIBLE  SIGNIFICANCE AND FUTURE STUDIES OF SAM 
The recent results of the behavioral, neurochemical, and pharmacological studies 

discussed previously suggest that SAMP8 mice are useful for studying the fundamen- 
tal mechanism of brain aging in humans, and are a pertinent animal model  of senile 
dementias, such as Alzheimer’s disease and ischemic dementia. The abnormal APP 
metabolism in the SAMP8 brain suggests that the strain seems to develop Alzheimer- 
type dementia. However, the increased Glu content in  the brain suggests that the 
dementia may be ischemic dementia, as ischemia leads to an increase in the Glu level 
in the extracellular fluid of the brain, followed by neuronal damage by excitotoxic Glu. 
It  is important to determine whether SAMP8 is an animal model of Alzheimer’s type 
dementia  or  cerebral  ischemia-induced  dementia,  both  behaviorally  and  neuro- 
chemically. The genotype(s) responsible for the learning/memory dysfunction and the 
accelerated aging phenotypes have never been identified. We have made  a consider- 
able effort to isolate the genes involved in the functionaVphenotype type aging in the 
SAMP8 brain using molecular biological techniques, but have not yet succeeded. It 
will also be of  interest  to  prepare  transgenic/targeted  gene-disruption animals as models  of 
dementia  and  age-associated  diseases,  once  these  genes  have  been  successfully  isolated. 

SAMP8 animals are useful for evaluating the prophylactic and therapeutic effects of 
drugs for dementia and other age-associated diseases. We have to find and establish 
simple, practical criteria and  methods for screening the effectiveness of medicines  using 
SAMP8 mice and tissues. We believe that SAMP8 mice have several merits in the 
development of novel drugs, especially prophylactics for age-associated diseases, as 
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SAMP8 is a spontaneously manifested loss of  normal function during aging. Another 
accelerated aging strain, SAMP10, also seems to be a possible model of age-related 
learning deficiency. SAM P10 mice develop atrophy  of the forebrain. We found that 
SAMP8 mice had decreased emotional function using the forced swimming test, as 
well as cognitive deficiency using Moms’s water maze  test. The relative merits of 
SAMPlO mice compared to those of SAMP8 mice as models of age-associated dis- 
eases will be clarified in future. 
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Transgenic  Mice  Overexpressing  Presenilin  cDNAs 

Phenotype and Utility in the  Modeling of Alzheimer’s  Disease 

Karen Duff 

1. INTRODUCTION 
Genetic analysis has implicated four genes in the etiology of Alzheimer’s disease 

(AD): the amyloid precursor protein (APP) gene, the presenilin 1 and presenilin 2 (PS1 
and PS2) genes, and the apolipoprotein E gene (reviewed in 1). Transgenic mice with 
mutations in these genes replicate some of the features of the disease (1-8) and while 
molecular analysis of the effects of the mutations in these genes has implicated APP 
metabolism and the production of Apl-42(43)  as important in the initiation of the 
pathogenesis of the disease (6-9), the relationship between the presenilins (PSs) and 
APP remains obscure, although a direct association seems probable (10). 

2. TRANSGENIC MODELS  OVEREXPRESSING  AD-RELATED  GENES 
2.1. APP Mice 

Four transgenic APP lines have been described that show some of the pathology 
(essentially, neuritic plaques) of AD. The most robust of these include the Athend 
Exemplar mouse (PDAPP) (2), the Hsiao mouse (Tg2576) (3), and the Novartis mouse 
(5). The PDAPP mouse uses an APP minigene containing the APP I717F mutation 
with expression driven by the platelet-derived growth factor (PDGF) promoter. The 
Hsiao mouse uses an  APP695 cDNA with the K/M670/1N/L mutation, driven by the 
human prion promoter, whereas the Novartis mouse uses an  APP751  IUM670/1N/L 
construct under the control of a thy-1 promoter. These mice produce high levels of total 
AP (in excess of 20 pm/g  wet  wt of tissue) and all develop amyloid deposits in the 
cortex and hippocampus between  6  mo and 1 yr of age. None develop tangles or PHF- 
paired helical filaments (PHF), although some abnormally phosphorylated z immu- 
noreactivity is seen. The two mice with the highest amyloid load (PDAPP and Tg2576) 
do not  show extensive cell loss (11,12) but claims of cell loss in the Novartis mouse 
have been  made. The Tg2576 mouse has been reported to show behavioral abnormali- 
ties suggestive of age-related hippocampal dysfunction (3) but the PDAPP mouse has 
been shown to be cognitively impaired from a young age, with no further impairment 
developing with increased age and  amyloid burden (13). It therefore seems that these 
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mice are reliable models of  amyloid deposition, but cannot yet be considered to be 
models for human  AD. 

2.2. Presenilin  Mice 
Although the functions of the presenilins are not understood, the identification of 

two C. elegans isologues of PS1 (reviewed in 14) have provided some clues. The first 
isologue is spe-4. Mutations in this gene disrupt spermatogenesis through disruption of 
protein trafficking in the Golgi. The second isologue is sel-12, mutations in  which 
produce an egg laying defect, probably  through disruption of the Notch signaling path- 
way. A functional relationship between sel-12 and PSI  is illustrated by the observation 
that PS 1 can rescue sel-12 mutant C. elegans (reviewed  in 149, and further support for 
a role of the PS in Notch signaling comes from the observation that PS 1 knockout mice 
show developmental abnormalities similar to those seen  in  mice  in  which components 
of the Notch system have been knocked out (15,16). A role for the presenilins (particu- 
larly PS2) in apoptosis has also been proposed (17,18). 

Presenilin biology  has  been examined in vivo through the creation of transgenic 
mice. Mice from different laboratories (6-8) differed in the promoter and strain of 
mice used but were similar in achieving high levels of protein production (one- to 
threefold over endogenous) in neuronal regions of the brain. Full-length PS1 (at 46 
kDa) was  seen only in mice producing large amounts of  human protein, as expected 
from studies of transfected cells that show that the protein is rapidly turned over (19). 
The holoprotein  undergoes endoproteolytic cleavage in a highly  regulated  manner, gen- 
erating terminal derivatives that accumulate to saturable levels at a 1: 1 stoichiometry 
(19). This was also seen in the mouse brain where the transgene derived protein was 
processed correctly into 18-kDa  N-terminal and 28-kDa C-terminal fragments. The 
human fragments have slightly retarded mobility  on a gel compared to the endogenous 
mouse PS 1 derivatives, and  when the levels of  both mouse and  human derivatives were 
directly compared, it was found that the presence of the human protein led to dimin- 
ished accumulation of the mouse PS 1 fragments (20). Both transgenic mice and  trans- 
fected cells overexpressing an exon 9 deletion (AJ39) cDNA do not  show cleavage of 
the mutant protein  but, interestingly, the mice still show a reduction in the amount of 
mouse PS 1 fragments (20). The reason for this diminution in the mouse cleavage prod- 
ucts is as yet unclear. Perhaps the most interesting observation to have come from the 
mice so far is that the fragments derived from mutant PS1 accumulate to a greater 
degree than fragments from wild-type (20). Moreover, the uncleaved AE9 mutant 
cDNA also accumulates to a greater degree than the fragments derived from wild-type 
human  PS 1 (20). These observations together suggest that the mutations in  PS 1 some- 
how affect the protein’s metabolism but  how that relates to the pathogenesis of  AD 
remains to be  seen. 

Perhaps the greatest insight into how mutations in PS1 might cause Alzheimer’s 
disease has come from the analysis of  AP levels in mice overexpressing mutant and 
wild-type PS1 transgenes. A report by Scheuner et al. (9) on AP levels in fibroblasts 
from AD patients with PS1 mutations first indicated a link between PSI and APP pro- 
cessing. Reports have  now  been published that describe the same effect in mouse brain 
tissue in all three sets of  PS 1 transgenic mice. The first report (6) examined the levels 
of mouse APl4O and 142(43) using a sandwich Elisa system. The two subsequent 
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reports (7,8) examined the level of human AP derived from a mutant human APP 
trangene that had  been crossed into the PS 1 mice. All three reports showed essentially 
the same results: overexpressing mutant PS 1 in the brains of transgenic mice led to the 
elevation of Apl-42, but not APl-40. This effect was a direct result of the mutation 
and not overexpression of the human protein as the overexpression of wild-type PS1 
did not have any significant effect on AB levels. The physiological significance of the 
specific elevation of Apl-42(43) appears to be the observation that AD patients with 
PS1 mutations show plaques composed primarily of AP1-42(43) (21). The fact that 
AD causing mutations in APP and PS 1 both led to an elevation in Ab strongly suggests 
that this event is a significant and possibly crucial mechanism underlying the etiology 
of  AD. 

So far, the elevation of Apl-42 is the only AD-related phenotype reported for the 
mutant PS1 transgenic mice. Mice have been examined for AD-related changes in his- 
topathology at 1 yr  of age, but no obvious changes have been observed. The mice are 
currently undergoing intensive analysis in several laboratories for any changes in 
behavior, electrophysiology, pathology, and biochemistry but the results are likely to 
be subtle, especially if the AD phenotype in PS1-linked cases is related solely to Ab 
levels and  not  to a defect in the PS1 protein itself. 

To date, there are no published reports of PS2 mutant  mice, but the effect of PS2 
transgene expression on  AP levels is expected to be the same in mice as has been 
reported for transfected  cells  (22).  There  are  also  no  reports of targeted  (knockin)  mutant 
PS1/2 mice although they are currently under construction in several laboratories. 

3. MODULATING AND ENHANCING THE PHENOTYPE: 
TRANSGENIC CROSSES 
One of the great advantages of transgenic animals is that different mice can be mated 

together so that the effect of transgene interaction on the disease phenotype can be 
observed. This type of cross has been performed with the mutant APP transgenic line, 
Tg2576 (3)  and a mutant PS1 line, PDPS 1 (6). The Tg2576 line has been shown to 
develop AB deposits in the brain between 9 and 12 mo of age, and deposition is tempo- 
rally linked to AB elevation. The PDPS1 line shows  an approx 1.5 fold elevation of 
APl-42(43) from birth. When these two animals are mated together, AP containing 
deposits are observed in the cortex and hippocampus of doubly transgenic progeny as 
early as  12 wk of age (23 and  Duff et al., unpublished observation). It would appear, 
therefore, that marginal increases in Apl-42(43) levels, evoked by the PS1 mutant 
transgene, can accelerate the deposition process by several months (also shown in a 
cross by Borchelt et al., 24). As the mice have a severe AP pathology for an extended 
time relative to singly transgenic APP mice, other features of the disease such as 
z abnormalities or major cell loss may become apparent as the animals age. It may, 
however, be necessary to cross them with yet more transgenic animals such as human 
T overexpressing mice (25) to try  and generate a more complete phenotype. 

4. PS/APP MICE AS A MODEL  SYSTEM  FOR  USE 
IN DRUG DEVELOPMENT 

How can the transgenic models that have been created be used for drug develop- 
ment? If amyloid is  at the root of  AD as suggested by the effect of mutations in  both the 
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presenilins and APP on Ab levels, then drugs that modulate amyloid should be effec- 
tive against the disease. Many pharmaceutical companies are currently developing 
therapeutic agents designed to alleviate Ab elevation and/or deposition which  they 
hope will reverse the cognitive impairment that is so devastating in  AD. These agents 
mainly fall into two categories: secretase inhibitor types of drug designed to lower the 
amounts of amyloid in the cell such that the concentrations do not reach levels required 
for fibrillarization, or drugs designed to reduce the aggregation potential of the fibrils 
themselves.  Although the transgenic mice that have been created so far cannot be con- 
sidered to be accurate models of  human AD, they are excellent models of the deposi- 
tion process. The doubly transgenic (Tg2576/PDPS1) animals routinely form deposits 
by 12 wk  of age and are an ideal resource for the study of drugs designed to either 
reduce Ab levels or break  down deposits. Although it is hoped that modulating amy- 
loid in the human  brain will halt or retard the progression of the disease, one issue that 
seems critical is whether AD patients who  already  have some amyloidosis can be treated 
in the same way. The question of whether amyloid plaques can be resolved once they 
have formed is therefore an important question in potential treatment strategies. We, 
and others, aim to assess whether amyloid deposits can be resolved through the use of 
inducible transgenes. If APP (or PSI in an  APP/PS cross) can be switched off after 
deposits have formed, will the brain be able to remove the amyloid and if so, at  what 
stage in the disease’s progression is this effective? Inducible transgenes for use in the 
brain are currently under development (see 26 for review). 

Although there is good evidence that amyloid deposition lies at the root of  AD 
etiogenesis, it seems likely that AD is a multistep disease, with several parts of the 
phenotype contributing to disease progression. This can be most clearly seen in AD 
patients with a huge amyloid  burden  who do not  show signs of cognitive impairment 
(27), and in transgenic animals that have accumulated amyloid but do not  show cell 
loss (11,12). The identification of a secondary AD type phenotype in the mice other 
than amyloid deposition would help to test the efficacy of drugs that are unlikely to 
affect  the deposition process. This could include drugs against  the inflammatory 
response such as nonsteroidal antiinflammatory drugs (NSAIDs) and antioxidants such 
as vitamin E. In an attempt to examine how the cell responds to  an environment of 
elevated and deposited amyloid, we are examining our PS/APP mice for signs of cell 
disturbance such as z phosphorylation, oxidative damage, inflammatory/immune 
response, and morphological changes at the electron microscopic level. Once a second- 
ary  marker  has been identified, we  will be able to test the effects of a wider range of 
drugs on these downstream events. Unfortunately, until robust behavioral changes can 
be shown in the PS/APP animals, we  will  not be able to investigate the effects of drug 
treatment on cognitive ability, but the difference between  human  and mouse cognition 
might make this an inappropriate area of study in terms of drug efficacy. 

5. OVERVIEW 

Although each type of transgenic mouse  may  not recreate the expected disease phe- 
notype, the potential to cross different animals together to study both the biochemical 
and physiological consequence of gene interaction makes the continued generation of 
transgenic animals carrying Alzheimer’s associated genes a valid  pursuit. We have 
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extended and enhanced the phenotypes of two separate mice such that the doubly 
transgenic PS/APP mouse now shows real utility for the testing of compounds designed 
to modulate AP levels. 
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Intervention  Strategies  for  Degeneration 

of Dopamine  Neurons in Parkinsonism 
Optimizing Behavioral Assessment of Outcome 

Timothy  Schallert  and Jennifer L. Tillerson 

1. INTRODUCTION 
Parkinsonism has a complex and variable neuropathology and etiology (1,2), but the 

major common feature is progressive loss of dopamine (DA) neurons in the substantia 
nigra leading to motor impairment. Although understanding the initial causes and 
molecular mechanisms for degeneration of the nigrostriatal system would be invalu- 
able for eventual treatment, in the meantime effective approaches to preventing the 
pathological and disabling clinical signs of the disorder may come from early detection 
and interventions that have quite general neuroprotective properties. Behavior-based 
diagnostic assessment aimed at detecting threshold level neuropathology  would be criti- 
cal, both in clinical practice and preclinically. 

Many types of animal models of Parkinson’s disease are available. Selecting a clini- 
cally predictive one is crucial, but has always been difficult. Most investigators agree 
that appropriate behavioral methods for assessing the functional effects of interven- 
tions are  as  essential  as neurochemical and anatomical assays of the integrity of 
nigrostriatal DA  neurons. However, no single test can be counted on with certainty to 
provide an optimal screening tool because this would require first discovering reliably 
successful interventions and then backtesting them on various animal models. Until 
this happens, the interim choice of animal models should be based on sensitivity and 
clear  functional  similarities  to  the  neurological  characteristics of Parkinsonism. 
Although some researchers have argued that only primate models are useful, there is no 
consensus or current basis to suggest that one species is more predictive than another in 
the transition from research to patient (3). 

For this chapter we were asked simply to use our experience in developing rat mod- 
els to guide us in writing a selective overview of behavioral tests developed in our 
laboratory that we believe are most useful and promising for determining the efficacy 
of early therapeutic interventions in Parkinson’s disease, and to provide references and 
enough detail about the methods to permit other investigators to use them. 

Featured first and highlighted is a test of spontaneous forelimb use, which is highly 
reliable, easy to score, does not require DAergic drugs, and can detect a wide range of 
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depletion both  acutely and chronically. This test has  been modified from a motor test of 
forelimb asymmetry, described first by Schallert and Lindner (4), who  used it to evalu- 
ate the effects of rescuing SNr neurons from transynaptic degeneration following uni- 
lateral loss of intrinsic neurons in the neostriatum. It has since been  shown to be very 
useful for evaluating the effects of neurotrophic interventions after partial loss of  DA 
neurons caused by unilateral infusions of the DA neurotoxin 6-hydroxydopamine 
(6-OHDA) into the striatum or nigrostriatal projections, which are well-established 
models of important neurochemical characteristics of Parkinson’s disease (5-15). The 
test  has also been adopted for models of unilateral degeneration of neurons intrinsic to 
the striatum, for sensory motor cortex injury, for hemispinal damage, and for other 
sensorimotor regions (4,1618). 

Weight shifting movements initiated by the forelimbs are examined without experi- 
menter handling, and because the movements observed are those typically used  by the 
animal in its home cage, repeated testing does not influence the asymmetry score. In 
rats, the forelimbs are used to initiate movements that require weight shifting, much 
like legs are used  by  humans  when  they  walk. Difficulty in initiating steps from a 
standing posture is one of the primary signs of extensive degeneration of DAergic neu- 
rons in the substantia nigra (2,19,20). Thus, this test has clinical relevance. It has been 
used successfully to determine the effects of gene therapy and other interventions hav- 
ing clinical promise (e.g., 21-24). This chapter describes our most recent version  of the 
forelimb asymmetry test in detail and includes data validating its utility. Additional 
useful tests are also summarized. 

2. TEST  OF  FORELIMB  USE  ASYMMETRY  FOR  WEIGHT SHIFTING 
DURING VERTICAL  EXPLORATION 
Use of the forelimbs for postural support can be analyzed by videotaping rats in a 

transparent cylinder (20 cm  in diameter and 30 cm high) for 10 min (see Fig. 1). The 
cylinder encourages use of the forelimbs for vertical exploration and for landing after 
a rearing movement, although the home cage can be used (4,15,17,18,23,25-32). All 
scoring is done blind to the condition of the animal. 

2.1. Behaviors 
The following behaviors are videotaped and scored in terms of forelimb-use asym- 

metry during vertical movements along the wall  of the cylinder and for landings after a 
rear: (1) independent use of the left or right forelimb for contacting the wall of the 
cylinder during a full rear, to initiate a weight-shifting movement or to regain center of 
gravity  while moving laterally in a vertical posture along the wall; (2) independent use 
of the left or right forelimb to land after a rear; (3) simultaneous, or near-simultaneous, 
use of both the left and right forelimbs for contacting the wall of the cylinder during 
a full rear and for lateral movements along the wall; and (4) simultaneous, or near- 
simultaneous, use of both the left and right forelimbs for landing after a rear. 

2.2. Cylinder  Requirements 
The cylinder can be made  of Plexiglas or glass, and should be kept clean for view- 

ing. The dimensions of the cylinder may  vary according to the size of the animals being 
tested. It should be high enough that the animal cannot reach the top edge by rearing, 
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Fig. 1. Rat in a cylinder  used  to  assess  forelimb  asymmetry  for  weight  shifting during explo- 
ration  of  vertical  surfaces and for  landing  after a rear. 

and it should be wide enough to permit a 2 cm space between the tip of the snout and 
the base of the tail when the animal is standing with all four limbs on the ground. A 
large mirror is placed behind the cylinder at an angle such that the forelimbs can be 
recorded whenever the animal turns away from the camera. To facilitate finding a 
movement sequence for a particular animal when searching the videotape for scoring, 
the tilter function of the camera or a small label depicting the animal’s identification 
number should be placed to the side of the cylinder so that it can be seen during the 
entire videotaped sequence without obstructing the view  of the behavior of the animal. 
However, to maintain blind ratings, no indication of the  specific treatment (e.g., 
6-OHDA vs sham; hemisphere infused; intervention vs sham procedure) should be 
apparent to the raters of the videotapes. 

2.3. Recording  Requirements 
The speed setting on the video camera should be “standard play.” The animal should 

be given two trials of 5 min each per  week, although the amount of time should be long 
enough to obtain at least 20 vertical movements along the wall of the enclosure and at 
least 10 landing movements. More movements may increase the reliability of the score, 
but generally a minimum of 10 movements on the wall and 10 landing movements are 
sufficient for any one trial. 

The light level should be low, or red light can be used, to encourage movement. 
Testing the animals during the dark part of the lighddark cycle increases the number of 
movements. Alternatively, wood shavings from the animal’s own home cage can be 
placed at the bottom of the cylinder. Ensuring that the animals are well handled and 
familiar with the cylinder prior to surgery increases rearing movements. Because the 
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extent of exposure to the cylinder does not affect the degree of limb use asymmetry, 
and because most animals are more active during the first few minutes of a trial, more 
trials of shorter duration may be carried out to obtain a sufficient number of move- 
ments for reliable measurement. 

2.4. Scoring 
A VCR with slow motion and, preferably, frame-by-frame capabilities should be 

used.  If a movement is ambiguous (i.e., the rater cannot determine readily whether one 
limb is being  used independently or simultaneously), that particular movement should 
not be scored. Each behavior (e.g., walls and lands) should be expressed in terms of 
(1) percent use of the ipsilateral (nonimpaired) forelimb relative to the total number 
of ipsilateral, contralateral, and simultaneous (both) limb use observations; (2) percent 
use of the contralateral (impaired) forelimb relative to the total number of ipsilateral, 
contralateral, and simultaneous (both) limb use observations; and (3) percent simulta- 
neous (both) limb use relative to the total number of ipsilateral, contralateral, or simul- 
taneous (both) limb use observations. 

During a rear, the first limb to contact the wall with clear weight support (without 
the other limb contacting the wall within 0.4 s) is scored as an independent wall place- 
ment for that limb. After the first limb contacts the wall, a delayed placement of the 
other limb on the wall while the first limb remains anchored on the wall is counted as 
an additional movement and scored as simultaneous (both). For example, if a 6-OHDA- 
treated animal places its ipsilateral limb on the wall, followed by delayed contact with 
both forelimbs, the animal would receive a score of “one ipsilateral” and “one both” for 
that sequence.  If only one forelimb contacts the wall, all lateral movements thereafter 
are each scored as independent movements of that limb until the other forelimb con- 
tacts the wall with weight support, at which point one “both” is scored. If the rat contin- 
ues to explore the wall laterally in a rearing posture while alternating both limbs on the 
wall (wall stepping) a “both” is recorded, and every additional combination of two- 
limb movements (wall stepping) would receive a “both” score. If one limb remains 
stationary but in contact with the wall while the other makes small adjusting steps, this 
is scored only as one “both.” Thus, both paws  must be removed from the vertical sur- 
face before another movement can be scored. If the animal removes both forelimbs 
from the wall during a rear and then immediately resumes wall exploration, the move- 
ments are again scored as independent (left or right) or simultaneous (both) as described 
previously. 

Landings are scored in the nearly same fashion as wall movements. After a rear in 
which the wall is contacted at least once, the first limb to contact the ground  with clear 
weight support (rear termination) is scored as a land for that limb. If both limbs land 
with clear weight support at the same time (or within 0.4 s of each other), this is scored 
as a “both” land. However, if after landing the rat continues to move along the ground 
(stepping), these movements are not scored because unilateral dopamine depletion does 
not impair use of the contralateral forelimb for regaining center of gravity during hori- 
zontal movements on the ground unless the speed of weight shifting is extreme, as 
when the experimenter imposes rapid weight shifting (I2,33; see Subheading 6.) 

Preoperatively, if  an animal shows a preference for use of a given forelimb, the DA- 
depleting neurotoxin can be placed in the opposite hemisphere so that the postopera- 
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tive effects are not masked or reduced by  any endogenous asymmetry. Note that by 
doing this, some sham-operated animals will have a small asymmetry bias opposite to 
that of animals with unilateral DA depletion (i.e., the limb contralateral to the assigned 
sham-operated hemisphere may  remain the preferred limb for use in vertical explora- 
tion). Animals without a preoperative preference should be randomly assigned to a 
lesion side. Occasionally an animal will be so inactive prior to surgery that it fails to 
rear and make at least 20 exploratory movements along the wall and at least 10 landing 
movements in a  session. In this case, it  is recommended that the animal not be included 
in the study, as it  is possible that this inactivity will continue postoperatively. 

2.5. Analysis 
Separate analyses of wall-associated use vs landing-associated use should be carried 

out because, after preclinical intervention, the two types of movements may  show dif- 
ferent recovery rates or endpoints. Movements involving both forelimbs, as opposed to 
the ipsilateral forelimb, may be particularly sensitive to some beneficial interventions. 

Limb use ratios are calculated as median or mean k SEM “ipsilateral” limb use 
(ipsi / ipsi + contra + both), median or mean f SEM, “contralateral” limb use (contra / 
ipsi+  contra + both),  and  median  or  mean +_ SEM “both” limb  use (both/ ipsi+  contra + both) 
for wall  and again for landing movements (multiply by 100 to obtain percentages). 

However, wall-associated ratios and landing ratios can be averaged together for 
scores that reflect equal contributions from asymmetries in wall movements and land- 
ings (see Figs. 2 vs 3). This corrects for variability in the absolute number of landing 
movements vs wall movements among animals or between  groups. 

To obtain a single overall limb use asymmetry score, the percent contra is subtracted 
from the percent ipsi, for wall behavior as well as for landing. Alternatively, the ipsilat- 
eral limb use ratio, averaged across wall and landing (see earlier), can be used to reflect 
ipsilateral asymmetry. Either of these two methods provides adequate weighting among 
ipsilateral, contralateral, and both limb uses and will produce scores that represent the 
overall asymmetry, which is highly correlated with degree of interstriatal DA differ- 
ences (23). Thus, for example, animals that exclusively use their ipsilateral forelimb, 
without independent use of the contralateral forelimb and without use of the contralat- 
eral forelimb in combination simultaneously with ipsilateral forelimb use, will show 
the maximal limb use bias (100%) and are likely to have sustained DA depletion >95%. 
However, animals that fail to use the contralateral forelimb independent of the ipsilat- 
eral forelimb, yet use the contralateral forelimb in tandem with the ipsilateral forelimb 
(both), will receive a less severe limb use asymmetry score and are likely to have sus- 
tained a less severe DA depletion. 

2.6. Recent  Data 
Rats were treated with various doses of  6-OHDA or vehicle (sham) unilaterally 

infused into the medial forebrain bundle or  at four sites in the rostral striatum, which 
yielded a range of  DA depletion (assayed by HPLC with electrochemical detection) 
from nonsevere (41-79%) to severe (80-99%),  with  a few animals showing very severe 
depletions (9699%). Rats with severe to very severe depletions displayed contralat- 
eral rotational behavior in response to apomorphine. Overall forelimb use asymmetry 
was correlated significantly with the degree of striatal DA loss ( r  = .924; 23). 
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Fig. 2. Median percent limb use for ipsilateral, contralateral, and both movements for sham 
and very severely depleted (>96% DA depletion) animals at 7 d post 6-OHDA. Limb use was 
calculated as (1) ipsilateral limb use (ipsi wall/ ipsi wall + contra wall + both wall) + (ipsi land/ 
ipsi land + contra land + both land)/2, (2) contralateral limb use (contra wall/ ipsi wall + contra 
wall + both wall) + (contra land/ ipsi land + contra land + both land)/2, and (3) both limb use 
(both wall/ ipsi wall + contra wall + both wall) + (both land/ ipsi land + contra land + both 
land)/2. Rats with > 96% DA depletion preferentially used their ipsilateral forelimb for all 
movements. 

As shown in Figs. 2 and 3, rats with depletions >96% used their ipsilateral forelimb 
almost exclusively for vertical exploration along the walls of the cylindrical enclosure 
and for landing after a rear. Accordingly, the asymmetry score for use of the ipsilateral 
forelimb (Fig. 2) and the overall asymmetry score (Fig. 3) were both  about 90%. Sham- 
operated animals used  both limbs, either independently (the forelimb ipsilateral or con- 
tralateral to the assigned sham hemisphere) or simultaneously (both; Fig. 2), which is 
reflected in the absence of a positive overall asymmetry score (Fig. 3). 

Rats sustaining DA depletion <96% also showed preferential use of the ipsilateral 
forelimb, but co-used the contralateral and ipsilateral forelimbs almost as often as sham 
animals did (Fig. 4). As  a group, rats sustaining 30-70% DA depletion used the con- 
tralateral forelimb independent of the ipsilateral forelimb more often than rats with 
>80% depletion (mostly for landing; Fig. 4), which led to  a significantly lower overall 
asymmetry score (Fig. 5). Nevertheless, both groups showed significant overall asym- 
metries. 

Recovery from asymmetry  of forelimb use was  not apparent, even in moderately 
depleted rats up to 40 d after 6-OHDA infusion. Thus the forelimb asymmetries found 
when the animals were tested during the first 2 wk postsurgery (Fig. 6) were compa- 
rable to that found when the animals were tested during d 21-40 postsurgery (Fig. 7). It 
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Fig. 3. Median  overall  asymmetries  for  sham  and  very  severely  depleted (>96%) rats. 
Severely  depleted  animals  displayed an extreme  ipsilateral  limb  use  bias (>90%). See text  for 
method  of  determining  overall  forelimb  asymmetry  score. 

is possible that either no  recovery occurred or degeneration continued at a rate suffi- 
cient to mask ongoing plasticity. 

Figures 8 and 9 show wall-associated movements without landings included. In ani- 
mals that have >80% DA depletion, little or no use of the contralateral forelimb occurs 
along the walls of the enclosure. That is, the ipsilateral forelimb is preferentially used 
and is not co-used with the contralateral forelimb, in contrast to landing movements 
during which the contralateral forelimb may assist the ipsilateral forelimb for postural 
support. Therefore, wall-associated overall movement scores are more extreme (com- 
pare  with Fig. 5 )  and may represent a more sensitive index of the adverse effects of DA 
depletion on the capacity to initiate weight shifting. 

3. BILATERAL  TACTILE STIMULATION TEST 
There are two phases to this test, which  was developed by Schallert et al. (34-41) to 

measure forelimb somatic-sensorimotor asymmetries. Like the limb-use asymmetry 
test, this test can be used repeatedly without being subject to the influence of practice 
(38,43,44). 

3.1. Phase  One:  Detection of Sensorimotor  Asymmetry 
The first phase of the bilateral-tactile stimulation test indicates the presence or 

absence of  an  asymmetry in forelimb tactile sensation. The animal is briefly (5-10 s) 
removed from its home cage and small adhesive backed patches (1 13.1 mm2), which 
can be obtained commercially from Avery, are applied to the radial aspect of the wrist 
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Fig. 4. Mean k SEM percent limb use  averaged  across  wall  and  landing  behavior  for  ipsilat- 
eral,  contralateral,  and  both  limbs in tandem  for  animals with 30-70% depletion  or > 80% 
depletion.  Note  that  animals with ~ 9 6 %  DA depletion  use  the  contralateral  forelimb  substan- 
tially in tandem with the  ipsilateral  forelimb  (both), but rarely  independently  unless  the  deple- 
tion  is  moderate. See Fig. 2 caption and text  for  forelimb  asymmetry  calculations.  *Significantly 
different  from  ipsilateral. 

of both forelimbs. The rat is returned to its home cage and the order (left vs right) in 
which it contacts the stimuli and the order in which it removes the stimuli are recorded, 
along with the latencies to do so. Four to five trials are conducted. Each trial is termi- 
nated  upon removal of  both stimuli, or after 2 min has passed. 

In rats with severe unilateral DA depletion, unlike after cortical injury, the latency to 
remove the contralateral stimulus is typically very much delayed relative to the latency 
to contact the contralateral stimulus (reflecting a  movement initiation deficit). In con- 
trast to the measure of order of stimulus removal, removal of the contralateral stimulus 
is altered by  both recovery mechanisms and experience. Moreover, during the first 
week or so after severe DA depletion, the animal may neglect the contralateral stimu- 
lus altogether, although it may  make  paw shaking movements reflecting sensitivity but 
a lower level of sensorimotor integration (34). If animals are not  housed singly, the 
other animals in that cage should be removed during testing.  If the floor contains saw- 
dust, all but a  thin layer should be removed. Otherwise, the forelimbs may sink into the 
sawdust and displace the adhesive stimuli. Before surgery, all animals should be well 
handled and given at least 10 trial of practice removing the stimuli, each separated by 
at least 2 h. It is not necessary to score this practice behavior.  An additional four or five 
preoperative trials should be scored to determine preoperative bias. After each trial, 
both  preopertively  and postoperatively, an interval of at least 5 min should elapse before 
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movements. See text  for  method of determining  overall  forelimb  asymmetry  score.  *Signifi- 
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the next trial to avoid habituation. To save time, in a testing session all animals in the 
study can be given one trial each before beginning a second trial. 

Any animal that fails to consistently remove both stimuli within 20 s prior to surgery 
should be excluded from the study. Preoperatively, if an animal shows an  80% prefer- 
ence for stimuli placed on a given forelimb, the lesion can be placed in the opposite 
hemisphere so that the postoperative effects are not masked by  any endogenous asym- 
metry.  Animals  without  a preoperative preference would be randomly assigned to a 
lesion side. However, because the limb-use asymmetry test described above is easier to 
adopt and is chronically more sensitive to nonsevere levels of DA depletion than the 
adhesive removal test, it is recommended that the hemisphere selected for DA deple- 
tion should be based on endogenous asymmetry  in the limb-use test. 

3.2. Phase Two: Magnitude of Sensorimotor  Asymmetry 
If the animal contacts and removes stimuli from only one side in 80-100%  of the 

trials, a  second phase of the test, somatosensory neutralization, is administered to assess 
the magnitude of the asymmetry. In the somatosensory neutralization test, the size of 
the stimulus on the limb ipsilateral to the response bias is decreased from trial to trial 
by  14.1 m m 2  while the size of the stimulus contralateral to the response bias is increased 
by 14.1 m m 2 .  The ratio of the size of the ipsilateral relative to the size of the contralat- 
eral stimulus necessary to reverse or neutralize the “contact” response bias is recorded 
as the magnitude of  asymmetry. As in the other behavioral tests, experimenters should 
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Fig.  6. Mean k SEM percent  forelimb  use 7-14 d  after  unilateral  6-OHDA  in  rats  with 
0,30-70% or >80% DA  depletion.  *Significantly  different  from  ipsilateral.  +Significantly  dif- 
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be blind to the condition of the animal. The magnitude of asymmetry, which can be 
reduced to zero or reversed with  low doses of direct acting DA agonists, is more sensi- 
tive to differences in sensory asymmetries between animals than the standard adhesive 
removal test and should be used always to test the effects of  any intervention (34,44). 

4. PLACING TEST 
Asymmetries in forelimb placing behaviors are assessed using the vibrissae-elicited 

forelimb placing and extinction placing tests.  In  both tests, animals are held  by their 
torsos with their forelimbs hanging freely. Each forelimb is tested independently by 
orienting one side of the animal toward a countertop and moving the animal slowly and 
laterally toward the edge of the countertop until the vibrissae of that side make contact 
with the edge. Intact rats typically place the forelimb (both ipsilateral and contralateral 
forelimbs) quickly onto the edge of the counter. Lesioned animals, on the other hand, 
typically place the limb ipsilateral to the lesion but fail to place the contralateral limb 
reliably. Ten trials of each forelimb are performed in a balanced order. The forelimb 
extinction test is identical to the nonextinction placing test except that a light stimulus 
is applied  to  the  opposite  vibrissae  (opposite to the  vibrissae  contacted by the 
countertop) by the experimenter’s finger. In lesioned animals, this stimulus exacer- 
bates placing asymmetries, possibly owing to sensory input impinging on the vibrissae 
ipsilateral to the lesion. Once again, 10 trials for each forelimb are carried out. The 
number  of successful placing reactions for each forelimb are recorded (described in 
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Fig. 7. Mean & SEM  percent  forelimb use 21-40 d  after  unilateral 6-OHDA in  rats  with 
0, 30-70% or >80% DA depletion.  Note that in  these  animals  no  recovery  occurred  relative to 
forelimb  use 7-14 d  postsurgery,  even  in  moderately  depleted  animals  (compare  data  in  Fig. 6). 
*Significantly  different  from  ipsilateral.  +Significantly  different  from 30-70% contralateral. 

18,26,28). The experimenter should be blind to the condition of the animals. Both 
types  of  placing asymmetries are recorded as the percent unsuccessful contralateral 
placements. 

5. SINGLE-LIMB AKINESIA TEST 
To test forelimb akinesia, stepping movements and direction of steps made  by the 

ipsilateral and contralateral forelimbs are assessed using an isolated forelimb test 
(23,26,33,45). In this test, the rat is held by its torso with its hindquarters and one 
forelimb lifted above the surface of a table so that the weight  of its body is supported by 
one forelimb alone. 

To minimize the influence of postural asymmetry  and head turning, the rat's weight 
is centered over the isolated limb, and its head  and forequarters are gently oriented 
forward by the experimenter's thumb and index finger. A normal,  well-tamed animal 
held in this way typically steps about readily when either limb is isolated, but a rat with 
a very severe unilateral 6-OHDA lesion steps only, or primarily, when the ipsilateral 
limb is isolated. Moderate DA depletions yield transient hypokinesia in which the con- 
tralateral limb makes fewer steps than the ipsilateral forelimb. The latency to initiate a 
step is recorded. Also, the number of steps and direction relative to the damaged  hemi- 
sphere made during the 30-60-s trial is recorded for each forelimb. If a directional step 
is less than about 30" from midline, it is counted as forward. Stepping movements are 
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Fig. 8. Mean & SEM percent use of the forelimb for wall-only behavior, calculated for ipsi- 
lateral, contralateral, and both movements. Note that in contrast to wall + landing scores, rats 
with >80% DA depletion used the  ipsilateral  forelimb almost exclusively  (compare with 
Fig. 4, >SO% “both”). *Significantly different from ipsilateral. +Significantly different from 
30-70% contralateral. 

defined as animal-initiated steps that substantially shift the animal’s weight to a new 
location. Dyskinetic, in-place,  or  treading movements (observed frequently  as a 
response to low doses of apomorphine in severely depleted animals) should be noted 
and rated on a 0-4 scale, but should not counted as steps. The order in which the limbs 
are tested should be varied randomly (the experimenter again must be blind as to the 
intervention or surgical condition of the rats). 

Data in severely injured animals (n = 8 per group) indicate that when one forelimb is 
examined independent of the other in its capacity to move spontaneously while the 
other limb is immobilized by the experimenter, only the ipsilateral forelimb can reli- 
ably initiate motor function involving clear shift of weight (see Table 1). 

DA receptor agonists, such as apomorphine or amphetamine, can increase the num- 
ber of steps made  by the contralateral forelimb only if the depletion is not  very severe. 
However, if the depletion is very severe (>97% depletion), akinesia is not reversed 
substantially. DA agonists increase ipsilateral forelimb stepping (see Table 2). How- 
ever, the direction of the stepping in this limb is contraversive in response to apomor- 
phine,  which together with the hypokinesia in the contralateral forelimb, contributes 
substantially to the tight contraversive turning behavior observed in response to this 
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drug (33,46). Indirect acting DA agonists, such as amphetamine, increase stepping only 
in  the  ipsilateral  forelimb  and  the  direction of the  stepping is either  forward  or 
ipsiversive, which leads to wider circling during exposure to amphetamine. 

6. BRACING (ADJUSTING STEPS)  TEST 
An additional test (bracing test) can be conducted to assess the capacity to adjust 

stepping in response to experimenter-imposed lateral movement (12,26,33,45). The 
animal is held as described previously in the single-limb test, but is moved  by the 
experimenter slowly sideways or in the forward direction. The number and size of 
adjusting steps is recorded as the animal is moved 1 m in 5 ,  lo-, and 15s periods. A 
ratio of the number of steps initiated by the contralateral limb compared with the num- 
ber of steps initiated by the ipsilateral limb is calculated for each speed and direction 
(moving ipsilateral to the paw side or contralateral to the paw side). Previous work  has 
indicated that at slow speeds stepping can occur but faster speeds cause 6-OHDA- 
treated animals to brace or drag the affected forelimb rather than  make catchup steps; 
however, direct DA agonists permit adequate stepping even at faster speeds (12,26,45). 
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Table 1 
Median  Steps  per  Minute in Forelimb Akinesia  Test 

Contralateral forelimb Ipsilateral forelimb 

6-OHDA Sham 6-OHDA Sham 

1.5 18.5 21.3  20.4 

Table 2 
Median  Steps  per  Minute in Forelimb  Akinesia  Test 
During  Apomorphine (0.01 mgkg s.c.) or  Amphetamine (2 mgkg) 

Contralateral forelimb Ipsilateral forelimb 

6-OHDA Sham 6-OHDA Sham 

Apomorphine 3 40  50 51 
Amphetamine 2 48  42 41 

6.1. Clinical  Relevance 
The single-limb akinesia test is a model of  movement initiation involving weight 

shifts in Parkinson’s disease. Initiation of weight shift is sensitive to direct DA receptor 
agonists in both humans and rats when the degeneration of  DA neurons is not severe, 
and becomes less sensitive to DA agonists when the degeneration is.very severe. 
Dyskinesias of the impaired forelimb occur more reliably than movement initiation 
with increasing doses of  DA agonists. 

The bracing test is a model  of postural balance that assesses capacity to regain pos- 
tural stability and center of  gravity  when rapid weight shifts are imposed (as in the 
“standing pull test” used  by neurologists in Parkinson’s disease). Deficits in the brac- 
ing test are ameliorated by  DA agonists even at severe levels of degeneration. In end- 
stage Parkinsonism the effects of direct-acting DA receptor agonists on the capacity to 
rapidly move the supporting limbs in response to  an imposed weight shift (including 
that associated with falling) may be one of the reliable benefits of drug therapy. Indeed, 
some patients report that to initiate walking, they let themselves begin to fall; however, 
if their akinesia is severe, this procedure can be dangerous unless they are under the 
influence of a DA agonist, such as  L-Dopa. 

7. ORIENTING  MOVEMENT TIME AND DISENGAGE TESTS 
The animals must be tested in their home cage for head orienting in response to 

perioral tactile stimulation (47,48,49,50). A wooden  probe (23 cm long, 2 mm in diam- 
eter) is used to stimulate the vibrissae on each side of the body. If the cages are not 
comprised of wire mesh, two holes must be drilled in each wall 3 cm from the floor. 

7.1. Orienting  Movement  Time 
Stimulation is presented unilaterally to the right and left side at 2-s intervals until the 

animal either orients to the probe or 300 s elapses. Timing should begin when the 
probe first contacts the perioral region. The rat’s latency to respond to the stimulus is 
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recorded to the nearest second. A detailed comparison can be made between the type of 
orienting movements in the contralateral vs ipsilateral directions, as the topography of 
the lateral head movement can be different on the affected side (47). The normal 
response is a lateral movement toward the probe. Animals with moderate to severe DA 
depletion may learn to use a rotatory movement  of the head, followed by a ventral tuck, 
or other unusual strategy to orient to the probe when the contralateral vibrissae are 
stimulated. Ipsilaterally directed head movements in response to contralateral stimula- 
tion should not be recorded as a positive orienting response, even if  they resulted in 
contact with the probe. A rapid 360" ipsilateral turn in response to contralateral vibris- 
sae touch  would permit such contact if the experimenter cannot remove the probe from 
the cage quickly enough, but this is an abnormal, misdirected movement and thus 
should be discounted. 

7.2. Disengage  Deficit 
Responsiveness to perioral stimulation can be assessed concurrent with or  in the 

absence of eating, drinking, or grooming behavior (47,48). To encourage eating with- 
out food deprivation, a piece of chocolate (3.4 g) is placed in the home cage. When the 
animal begins eating  the chocolate, the perioral stimulation test is carried out  as 
described previously (orienting movement time). During eating, drinking, or groom- 
ing, orienting to contralateral, but not ipsilateral, stimulation is suppressed in animals 
with unilateral, moderate DA depletion. That is, these animals fail to disengage from 
eating  behavior only when stimulated  on  the  contralateral side. However, if the 
depletion is not severe, orienting occurs to contralateral stimulation in the absence of 
ongoing consummatory behaviors. The disengage test has been used to examine the 
success of fetal tissue grafts in DA-depleted rats (52). 

8. DRUG-INDUCED  TURNING 
The most  widely adopted method for screening potentially beneficial therapies is 

the DA-agonist induced turning test, which measures the number and direction of hori- 
zontal circling movements (also called the rotational test; 10,46,51). Lateral turning 
behavior is easy to quantify, and the differential circling response to indirect vs direct 
receptor agonists is quite useful for distinguishing between severe and nonsevere cases 
of  DA depletion after unilateral nigrostriatal injury. The method is not as sensitive to 
partial DA depletion as other tests such as the forelimb asymmetry test described pre- 
viously. However, extensive research indicates that transplanted tissue or trophic fac- 
tors can reduce amphetamine-induced ipsiversive turning or apomorphine-induced 
contraversive turning and these interventions often are found to be associated with 
increased DA in the striatum (10). 

One concern is that apomorphine-induced turning can be reduced by intervention- 
induced damage to the intrinsic striatal neurons, yet this effect might be overlooked 
and viewed as a positive outcome. Moreover, increased striatal DA  may not be the only 
major target for an intervention, or even the most critical. Indeed, increasing intrastriatal 
DA  may  not necessarily improve the condition of Parkinson's disease patients in a 
substantially meaningful way or without adverse  effects,  especially if the DA is 
uncoupled from behaviorally relevant neural systems (see 3,33,45,52,66). Never- 
theless, unless there are concerns about DA neurotoxicity or specific reasons for 
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avoiding exposure to DA agonists, this test could be included routinely in any battery 
of tests used to screen interventions. 

9. OTHER TESTS 
In addition to the tests reviewed in this chapter that do not require pharmacological 

challenges, there are other nondrug tests used to examine the behavior of rats with 
unilateral striatal DA depletion. For example, Whishaw and others have devised inge- 
nious methods for examining forelimb reaching behavior in rats that are sensitive to 
DA depletion caused by unilateral 6-OHDA (42,53-56). 

Spirduso et al. developed an extremely sensitive test of high-speed reaction time 
that could be adapted to examine the reactive capacity of each forelimb independently 
(57). The animals were trained to hold  a lever down and attend to specific cues that 
signal oncoming mild footshock, which could be prevented by releasing the lever as 
fast as possible. The interval between the cue and the footshock was reduced progres- 
sively to obtain the reactive capacity of each animal. Slings were fitted to immobilize 
one or  the other forelimb, which permitted assessment of reactive capacity in each limb 
separately. This test can detect a range of 30-99% DA depletion with considerable 
accuracy. The clinical relevance is obvious. However, during the early laborious shap- 
ing phases of the task it  is imperative to use highly skilled experimenters with good 
instincts about adjusting the cue-shock interval from trial to trial to adapt to individual 
differences among the animals in their responses to success or failure. Others have 
since described a similar reaction time test using food as reinforcement (58), but it is 
unclear whether either test is more advantageous. 

Quick screening tests for large interhemispheric differences in DA depletion include 
various postural asymmetry tests that rely on the animal’s negative geotaxis combined 
with directional responsivity. Among these are a slanted grid test (34,59,60) and a test 
in which the animal is hung upside down and the direction of  body angle is determined 
(34). This latter test recently has been called the elevated body swing test, which has 
been likened to hemiparkinsonian postural asymmetry and other disorders of the basal 
ganglia (61). Thigmotaxic scanning tests developed by Huston and his colleagues 
(10,62,63), like the placing test described previously, exploit asymmetries in vibrissae 
sensitivity to tactile stimulation (9,3447,6465). 

Lindner et al. (66) describe an automated fixed ratio lever press task that appears to 
have considerable utility in detecting bilateral DA depletion without severely depleting 
DA. The task requires the animal to make movements as fast as possible during a 
30-min  period.  By requiring the animal to make more bar presses for each food pellet, 
the level of difficulty can be gradually increased, which increases the sensitivity of 
the task. 

10. CONCLUSION AND FUTURE DIRECTIONS 

Why or how DA neurons degenerate in Parkinson’s disease are important issues for 
research, but it  is possible that the neurons could be rescued without yet answering 
these questions, for example, by  an intervention that imparts a general resistance to cell 
death. The bane of  any biotechnology company is sponsoring a disappointing clinical 
trial after years of expense developing a potentially therapeutic agent that appears to 
work well in their animal model. A worthy goal, therefore, would be to find preclinical 
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tests that are highly likely to reverse the motor symptoms of Parkinson’s disease or halt 
the progression of Parkinsonian symptoms. We recommend that a slow unilateral 
nigrostriatal degeneration model be used to test the effects of the intervention using a 
battery of tests, including the forelimb asymmetry test which is simple to carry out and 
score, is stable chronically, is very sensitive even to partial DA depletion, and does not 
require drug challenges. Moreover, because Parkinson’s disease is an aging related 
disorder and  aging-lesion interactions may be relevant (20,22,35,67), it  is important to 
ensure that the intervention has efficacy in aging animals as well. Finally, consider- 
ation should be given to both preoperative (68) and postoperative (8,17,23,68) experi- 
ential  events that might dramatically enhance or detract from  the efficacy of the 
intervention. A major influence on the ability of the intervention to improve anatomi- 
cal and functional outcome in both the animal model and the patient may be time- 
sensitive motor rehabilitation manipulations. Thus, during ongoing degeneration of 
nigrostriatal neurons, but not at later time points, there may be a window  of opportu- 
nity to take advantage of the compensatory capacity of injury- and use-dependent 
endogenous trophic factor expression (18,23,69). A well-designed  regimen  of com- 
bining  neurotrophic  factors  with  physical  therapy  that  specifically  targets  the 
impaired motor system may modulate and enhance neural events linked to interventive 
mechanisms. 
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9 
Development of Behavioral  Outcome  Measures 

for  Preclinical  Parkinson’s  Research 

Mark D. Lindner 

1. INTRODUCTION 
The discovery and development of novel therapeutics for central nervous system 

(CNS) diseases is dependent on contributions from a wide range of different fields of 
expertise-from initial reductionistic, molecular efforts to identify a specific target 
mechanism and to produce or discover therapeutic agents with the desired mechanism 
of action, to a more molar or systems approach assessing the potential efficacyhafety 
of those therapeutic agents at the behavioral level in animal models. In keeping with 
the goals and objectives of this book, this chapter describes how behavioral pharma- 
cologists participate in the process  of preclinical research and development. Although 
the examples included in this chapter are studies that were conducted to develop novel 
treatments for Parkinson’s disease, they are intended to illustrate the general approach 
or process that should be relevant for many CNS indications with behavioral endpoints. 

First, preclinical scientists should take their direction, and pursue development of 
novel treatments, based on the current needs of the patient population. Although this 
may seem obvious, it  is easy to stray from what should be the focus of preclinical 
discovery and development, and preclinical scientists can easily find that they have 
become engrossed in the pursuit of questions that have tremendous personal appeal but 
are not directly related to the primary objective. For that reason, it  is important to 
ensure explicitly and repeatedly that the focus is maintained on the primary objectives 
of discovering and developing novel therapeutics. 

Selection of a therapeutic target should be based on the needs of the patient popula- 
tion, and the needs of the patient population are perhaps best articulated by the clini- 
cians devoted to treating particular patient populations. For that reason preclinical 
scientists should pay close attention to the clinical literature. In addition, the clinical 
relevance and predictive validity of the preclinical models is dependent on the degree 
to which the models simulate the clinical condition, which is another reason  why it  is 
important to develop familiarity with the details of the clinical condition. 

Finally, the most efficient research process will capitalize on the work that has 
already been conducted, and the tools that are already available. For that reason, pre- 
clinical scientists should be familiar with the preclinical literature and the models that 
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are available. One of the first steps of the preclinical behavioral pharmacologist is often 
to use initial screens to reduce the number of potential therapeutics for further testing. 
These initial screens are selected for their ability to rapidly screen large numbers of 
compounds, but they  usually have little clinical relevance and poor predictive validity. 

More sophisticated models and more clinically relevant behavioral measures pro- 
vide more power and better predictive validity. Typically, continued development and 
validation of the preclinical models and the assessment of potential efflcacyhafety of 
novel treatments are complementary. To address the questions that arise during the 
process of conducting preclinical research to develop novel therapeutic agents, it  is 
often desirable to further develop and improve the existing models. The improved 
models that result from those efforts help to close the gap between the clinical condi- 
tion and the existing models. This usually increases the predictive validity of the 
preclinical assessments and also often increases the sensitivity and power  of the pre- 
clinical model. 

In addition to addressing the question of whether novel agents are active and should 
be pursued into the clinic or not, preclinical research may also provide useful informa- 
tion about how to proceed with  a clinical trial to maximize the potential for demon- 
strating therapeutic efficacy. For example, preclinical studies often provide information 
about how to administer therapeutic agents and  what types of behavioral endpoints are 
most likely to be improved. Preclinical research may also indicate which subpopula- 
tion of patients or which stage of the disease might be most amenable to the therapeutic 
effects of  a particular novel therapeutic. 

Again, this chapter is intended to illustrate the process of preclinical research at the 
behavioral level and the kind of information that can be gleaned from this process, by 
presenting a series of studies conducted to develop novel treatments for Parkinson’s 
disease. It is hoped that the process outlined in this chapter will be useful even for those 
who are pursuing other indications. 

2. CLINICAL CONDITION AND THERAPEUTIC  TARGET 
Initially, details of the clinical condition should be examined, and  unmet needs of 

the patient population should be identified. Parkinson’s disease is characterized by 
behavioral deficits related to the progressive degeneration of nigrostriatal dopaminer- 
gic neurons (1-8). Some beneficial effects can be obtained for a few years during the 
initial phases of the disease by supplementing or replacing the declining levels of stri- 
atal dopamine. The dopamine precursor L-Dopa and the dopamine agonist apomor- 
phine are both effective replacement therapies that improve behavioral function in 
Parkinson’s patients (1,9-15). 

Although systemic administration of  pharmacological doses of  L-Dopa produce some 
beneficial effects, it  is difficult to maintain constant blood levels and impossible to 
confine delivery to the basal ganglia with systemic L-Dopa. These limitations in  the 
control of levels and specificity of delivery sites may be related to the side effects seen 
with systemic L-Dopa: the “on-off” phenomenon  (sudden unexpected periods of aki- 
nesia), dyskinesias, and L-Dopa-induced psychoses (10,16,17). If constant levels of 
L-Dopa could be delivered continuously and selectively to the basal ganglia, these side 
effects and adverse effects might be reduced. Further, if dose selection was  not con- 
strained by side effects, greater reductions in the behavioral deficits might be possible. 
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3. SELECTION  OF  TARGET  MECHANISM 

Having identified specific problems in  the treatment of  a population of patients, the 
next step is to identify a therapeutic mechanism to pursue. One way to achieve continu- 
ous, nonfluctuating, site-specific delivery of therapeutic substances may be to implant 
dopamine and/or  L-Dopa-producing cells into the target site-the striatum or substan- 
tia nigra. In fact, transplants of fetal ventral mesencephalic tissue have exhibited thera- 
peutic potential in animal models of Parkinson’s disease (18-23) and in Parkinson’s 
patients (24-27,28). Adrenal chromaffin transplants have also shown some potential 
for treatment of Parkinson’s disease in animal models (29-31) and in clinical trials 
(32,33). In addition to fetal tissues and adrenal chromaffin cells, PC12 cells, estab- 
lished as a clonal line of rat adrenal pheochromocytoma cells, constitutively release 
dopamine and L-Dopa (34). 

The use of cell lines such as PC12 cells and other genetically engineered xenogeneic 
cells to produce dopamine and L-Dopa would preclude the need to harvest cells from 
fetal or adult hosts, as such cell lines can be produced and maintained in tissue cultures. 
Such cell lines could also be banked, cloned, and purified to reduce the risk of viral 
contamination or the presence of other adventitious agents. In fact, implants of PC12 
cells  have already been shown to have therapeutic potential in animal models of 
Parkinson’s disease (29,35,36), but without immunosuppression of the host, the num- 
ber of surviving cells gradually decreased or  the grafts were completely rejected 
(35,36), and with immunosuppression of the host, some of the implants developed into 
tumors (29). The problem of potential tumorigenicity and/or host rejection can be 
addressed by encapsulating the cells in a semipermeable membrane, and numerous 
studies have shown that PC12 cells encapsulated in semipermeable membrane con- 
tinue to survive and deliver therapeutic agents in animal models of  Parkinson’s disease 
for long periods of time without immunosuppression of the host (3743). 

4. INITIAL  PRECLINICAL  MODEL AND TEST FOR  ”ACTIVITY” 

Having identified a clinical target and a target therapeutic, whenever possible the 
initial test for potential efficacy is conducted in screens that are already available. 
Dopamine depletions can be produced experimentally by infusing 6-hydroxydopamine 
(6-OHDA). Behavioral deficits are not detectable unless severe (>90%) depletions are 
produced, but rats with severe bilateral depletions are adipsic and aphagic and die 
(44,45). Rats with unilateral dopamine depletions live but do not exhibit any apparent 
behavioral deficits upon gross observation. Therefore, severe unilateral dopamine 
depletions are produced in young rats. Denervation supersensitivity develops in the 
depleted striatum, and systemic dopamine agonists can be administered to produce 
asymmetric stereotypies that cause the rats to turn involuntarily in one direction or to 
rotate in circles (46,47). The number of rotations can be easily quantified and is used as 
a measure of drug “activity.” Therapeutic effects of transplants are evident by the 
degree of attenuation of denervation supersensitivity and reductions in the amount of 
drug-induced rotations. 

Polymer-encapsulated PC12 cells have been shown to reduce drug-induced rota- 
tions in numerous studies (42,43,48,49), and rats with striatal implants of polymer- 
encapsulated PC12 cells exhibit substantial decreases in the number of drug-induced 



156 Lindner 

350 

300 
v) 

5 250 
F a g 200 

150 

IMPLANTED 

Y 
100 I. I 
0 4  I I I I I 

2 4 6 8 
TRIALS 

A TEMP.  STRIATAL  IMPLANT 
0 STRIATAL  IMPLANT 

0 VENTRICULAR  IMPLANT 

EXPLANTED 

Fig. 1. Apomorphine-induced  rotations.  The  number of contralateral  rotations  was the same 
for  all  groups  before  surgery.  After  surgery,  the  number of apomorphine-induced  contralateral 
rotations  was  substantially  reduced,  but  only  in  rats  implanted  with PC12 cell-loaded  devices 
in  the  striatum,  and  only as  long  as  the  devices remained  implanted. 

rotations for as long as 6 mo after implantation (42). The specificity of the effect is 
supported by the fact that it  is dependent on catecholamine diffusion through the den- 
ervated striatal parenchyma. Striatal implants of polymer-membrane devices not  loaded 
with PC12 cells  do not affect the number of rotations (43,49), and reductions in 
apomorphine-induced rotations are evident only in rats implanted with encapsulated 
PClZcells in the denervated striatum, not in rats with cell-loaded devices implanted in 
the lateral ventricles (Fig. l), and the effect lasts only as long as the devices remain in 
place in the striatum (48). 

5. RATIONALE FOR  MORE  CLINICALLY  RELEVANT  MEASURES 
The development of the rotometry test measuring drug-induced rotations in rats with 

severe unilateral dopamine depletions was a tremendous contribution to the literature 
and has been invaluable since its initial introduction into the field (46,47,50). How- 
ever, over the years it has become apparent that, although this test continues to be of 
tremendous value, there are certain weaknesses related to its use. Complete reliance on 
changes in drug-induced rotations to assess the potential efficacy of novel treatments 
has been criticized because of this measure’s lack of clinical relevance and specificity 
(e.g., effects that are not therapeutic also reduce the number of drug-induced rotations) 

Although behavioral deficits are not evident upon gross observation of rats with 
severe unilateral dopamine depletions more sophisticated, more clinically relevant 

(50-54). 
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measures of Parkinsonian symptoms have been developed and are available. With the 
use of more sophisticated testing procedures, it has been demonstrated that rats with 
dopamine depletions produced by  medial forebrain bundle (MFB) or nigrostriatal infu- 
sions of 6-OHDA exhibit behavioral deficits similar to those reported in Parkinson’s 
patients (11,49,55-70),  namely: akinesiahradykinesia, rigidity, tremor, paradoxical 
kinesia (temporary restoration of motor function activated by intense environmental 
stimulation), aphagia, and sensorimotor neglect. 

Having demonstrated that polymer-encapsulated PC12 cells implanted in the stria- 
tum exhibit therapeutic potential in the rotometry test, it was important to assess their 
therapeutic potential with these more sophisticated, more clinically relevant behavioral 
tests of parkinsonian symptoms. A battery of tests for Parkinsonian symptoms were 
conducted after striatal implantations of polymer-encapsulated PC12 cells or baby  ham- 
ster kidney cells transfected to produce glial cell  line derived neurotrophic factor 
(GDNF) in rats with severe dopamine depletions. These tests included measures of the 
ability to initiate and control guided movements in response to environmental stimuli 
as described in the following subsections (49). 

5.1. Akinesia 
The experimenter held the rat so that it was standing on one forelimb. The experi- 

menter did not move the rat, but it was allowed to move on  its own. The number of 
steps taken with the forelimb the rat was standing on was recorded during a 30-second 
trial for each forelimb as described previously (72). 

5.2. Rigidity 
Rats were placed on a smooth stainless-steel surface and tested as previously reported 

(70). The experimenter placed one hand  along the  side of the rat and gently pushed it 
laterally across the width of the cart (90 cm) at approx 20 c d s .  The number of steps 
taken with the forelimb on the side in which the rat was moving was recorded. Rats 
were moved two times in each direction in each test session. 

5.3. Sensorimotor  Neglect 
This test assesses the rat’s ability to make directed forelimb movements in response 

to sensory stimuli (80). Rats were held so that their limbs were hanging unsupported. 
They were raised up to the side of a table so that their whiskers made contact with the 
top surface. They were raised with the length of their body parallel to the edge of the 
table top on 10 trials, and on another 10 trials they were raised with their bodies per- 
pendicular to the edge of the tabletop. Each forelimb was tested for 10 trials in re- 
sponse to unilateral tactile stimulation of the vibrissae, and another 10 trials with the 
more salient bilateral tactile stimulation of the vibrissae. 

5.4. PosturallLocomotor  Forelimb  Use 
The amount that each forelimb was used independently and spontaneously was mea- 

sured by observing the rat in a small Plexiglas cage (17 cm x 25 cm x 22 cm). The 
cumulative time,  in seconds, that each forepaw was  used independently for postural 
support or locomotion, was recorded during a 5-min period. Forelimb use was  cumu- 
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Table 1 
Lesion  and  Treatment  Effect Sizes for Parkinsonian Symptoms 

Side  Effect  size (a2)“ 
PC12 or 

Behavioral Unit of Ipsilateral  Contralateral  Lesion BHK-GDNF 
test  measure cells 
Akinesia Spontaneous  steps 17.17 f 0.71 2.74 f 0.26 0.94  0.11 

Rigidity/ Steps  taken while 8.08 f 0.14 4.86 k 0.24 0.82 0.00 
in 30-s trial 

bracing  being  gently  pushed 
laterally  for 90 cm 

Sensori-  Forelimb  placed on 8.30 f 0.30 0.79 f 0.25  0.86 0.00 
motor  tabletop in response 
neglect  to  tactile  stimulation 

of  the  vibrissae 
(10 trials) 

PosturaY  Seconds  of  independent 43.08 k 2.84  12.57 f 1.20  0.61 0.00 
locomotor  forelimb  use in 5-min 
forelimb trial 
use 
a ~ 2  Effect size (proportion of variance  accounted for). 

lated during times when only one forepaw was in contact with the floor or walls of the 
cage (81,82). 

6. DESIRE  FOR ADDITIONAL MODEL DEVELOPMENTNALIDATION 
The behavioral tests of Parkinsonian symptoms were very sensitive to the effects of 

the dopamine depletions, but failed to detect any therapeutic potential related to either 
polymer-encapsulated PC12 cells or BHK-GDNF cells (49). The magnitude of the 
lesion effect was very large and accounted for a tremendous proportion of the variance 
in the data, but the magnitude of the treatment effects were  not statistically significant 
(Table 1). There are several ways to interpret the fact that the polymer-encapsulated 
cells failed to produce detectable, therapeutic effects in these tests of Parkinsonian 
symptoms. First, it  is possible that these “more clinically relevant” measures of  Parkin- 
sonian symptoms are not valid. Although several studies have reported that these mea- 
sures are responsive to drugs that are effective in the clinical setting: L-Dopa (70,83) 
and apomorphine (6I), a full dose-response curve has  not  been conducted under care- 
fully controlled, blinded conditions. Second, it  is possible that these tests are simply 
not sensitive enough to detect effects produced by devices with such low output of 
therapeutic agents. In other words, these tests might not be valid  and/or might not be 
sufficiently sensitive. 

One way to test the potential validity of these measures was to assess the effects of a 
range of doses of oral Sinemet. If these measures of Parkinsonian symptoms are valid, 
they should be responsive to Sinemet. In addition, using these tests to examine shifts in 
the dose-response curve to oral Sinemet might increase their sensitivity to therapeutic 
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effects of transplants. However, assessing potential shifts in the dose-response curve 
to oral Sinemet is of little value unless the dose-response curve to potential adverse 
effects can also be quantified. While the therapeutic gold standard, L-Dopa:carbidopa 
(Sinemet) effectively attenuates Parkinsonian symptoms, the beneficial effects of this 
drug are limited by the dyskinesias that occur at higher doses. The range of effective 
doses, from the minimum dose that produces beneficial effects to the dose that pro- 
duces intolerable dyskinesias, is referred to as the “therapeutic window.” As the dis- 
ease progresses, the threshold dose that produces undesirable dyskinesias decreases, 
closing the therapeutic window and making it progressively more difficult to obtain 
beneficial effects with the drug, approaching the point at which intolerable dyskinesias 
are produced at doses below the minimum effective dose (84). Therefore, increasing 
the sensitivity to the therapeutic effects of Sinemet is of little value unless it can be 
done so that the therapeutic window can be widened-without increasing the sensitiv- 
ity to the adverse effects of oral Sinemet. Because novel treatments such as transplants, 
growth factors, and gene therapies would almost certainly be tested and  used in con- 
junction with Sinemet and because such novel treatments might have some impact on 
the therapeutic window for Sinemet (85), it would be extremely valuable to assess, 
preclinically, the  effects of novel treatments not just on  the beneficial effects of 
Sinemet, but on the therapeutic window for Sinemet. 

7. MODEL VALIDATION AND DEVELOPMENT 

To validate and possibly further develop the model, another study was conducted to 
assess the validity of the “more clinically relevant” behavioral measures of Parkinso- 
nian symptoms, and to determine if these behavioral tests could be used to quantify the 
therapeutic window to oral Sinemet in  rats. The results of this study demonstrate that 
Parkinsonian symptoms are responsive to oral Sinemet (Fig. 2). Furthermore, stereo- 
typies/dyskinesias can also be quantified in rats (Fig. 3), and these two sets of measure- 
ments can be combined to quantify the therapeutic window to oral Sinemet in rats 
(Fig. 4). 

8. IMPROVED  MODEL  INCREASES POWER 
FOR ASSESSING THERAPEUTIC  POTENTIAL 

Having validated that the measures of Parkinsonian symptoms are responsive to oral 
Sinemet and that they can be used to quantify the therapeutic window to oral Sinemet 
in rats, measures of the therapeutic window are now available to test further the thera- 
peutic potential of striatal implants of polymer-encapsulated PC12 cells. Because any 
transplantation procedure would have to be used as an adjunct to oral Sinemet, the 
ability to examine transplants as an adjunct to oral Sinemet in preclinical studies pro- 
vides additional power that was not available before. Furthermore, cell-based delivery 
of dopamine and L-Dopa  may not produce direct effects, but may  widen the therapeutic 
window for oral Sinemet. Therefore, the ability to quantify the therapeutic window to 
oral Sinemet not  only increases the ability to assess therapeutic potential, but it also 
increases predictive validity of the results and increases the sensitivity to potential 
therapeutic effects. 

The next study assessed the effects of striatal implants of polymer-encapsulated 
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Fig. 2. Sinemet  dose-response curve on  neurological  measures  of  Parkinsonian  symptoms. 
Performance  is  shown  for  both  the  affected  limb  (contralateral  to  the  lesion)  and  the  nonaffected 
limb  (ipsilateral  to  the  lesion).  The  Akinesia  task  assesses  the  number of steps  initiated  with 
each  forepaw during a 30-s trial; each  forelimb  is  assessed  independently.  The  test  for  Rigidity 
assesses the number  of  steps  taken with each  forelimb  when  the  rats  is  pushed  sideways  over a 
distance of 90 cm.  The  test  for  sensorimotor  function  requires  the  rat  to  place its paw  on  the 
surface of a table  in  response  to  stimulation  of its whiskers.  The  test  of  somatosensory  function 
assesses  the  latency  to  remove  adhesive  stimuli  attached  to  the  radial  surface of each  forepaw. 

PC12 cells on the therapeutic window  of oral Sinemet (86). While the measures of 
Parkinsonian symptoms were being validated and it was being determined whether the 
therapeutic window to oral Sinemet could be quantified in rats, the cell development 
group worked to increase catecholamine output from the encapsulated cell devices. 
Catecholamine output was successfully increased in the rodent-sized devices (7 mm in 
length, 1 mm in diameter). The devices with more output had approximately five times 
more output than the previous study (49), and the devices with lower output still had as 
much output as in the previous study (Fig. 5). 

Four tests of Parkinsonian symptoms were conducted: (1) For the test of akinesia, 
the experimenter held the rat so that it was standing with most of its body weight rest- 
ing on one forelimb, and allowed to initiate steps with that forelimb. The number of 
steps taken with the forelimb the rat was standing on was recorded separately during 
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rating scale  is adapted from reports in the literature (0-50 mgkg). The measure of dyskinesia 
durations quantifies behaviors that are perhaps more legitimate indices of dyskinesias, not 
affected by changes in wakefulness and simple activity level (0-60 mgkg). Both measures 
revealed a nonlinear function between the dose of oral Sinemet and the degree of stereotypies 
and dyskinesias. 
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Fig. 4. The therapeutic window  of oral Sinemet. Measures of parkinsonism were standard- 
ized (Zscores, see text) for both limbs. Although performance of the affected limb improved, it 
did not reach the level of the nonaffected limb. The performance on the nonaffected limb (not 
shown) was stable at approx -0.73 f 0.15 across all doses of Sinemet. Note that anti-Parkinso- 
nian effects begin to emerge at 3040 mgkg, but that the rats become untestable owing to 
severe dyskinesias at 50 mgkg. 

30-s trials for each forelimb. (2) To assess rigidity or bracing behavior, rats were  placed 
on a smooth stainless-steel surface. The experimenter placed one hand along the side 
of the rat and  gently  pushed the animal laterally 90 cm at approx 20 c d s .  The number 
of steps taken  with the forelimb on the side in which the rat  was moving was recorded. 
Each trial included moving the rat two times in each direction. (3) A test designed to 
assess ability to respond to and remove focal somatosensory stimuli was also included. 
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Fig. 5. Device dopamine  and  L-Dopa  output  before  implantation  and  after  explantation. 

Devices were  arbitrarily  divided  into  two  groups  based  on  postexplant  catecholamine  output. 
Rats  implanted  with  the 50% of the  devices  that  had  more  catecholamine  output  after  explanta- 
tion  were  grouped  together  as  the  “High-Output”  group,  and  the  rats  implanted  with  the 50% of 
the  devices  that  had less  catecholamine  output  after  explantation  were  grouped  together  as  the 
“Low-Output”  group. 

Pairs of circular adhesive papers (with surface areas of 113.1 m m 2 )  were attached to 
the distal-radial areas of each forelimb. The forepaws were  held  away from the animal’s 
mouth  while it was returned to its home cage. The latencies to remove the stimuli with 
the mouth were recorded for each forelimb. The maximum cutoff was 2 min. The rats 
received five trials per session with a 1-2 min intertrial interval. (4) The forelimb plac- 
ing test assesses ability to  make directed forelimb movements in response to sensory 
stimuli. Rats were held so that their limbs were hanging unsupported. They were then 
raised to the side of a table so that their whiskers made contact with the top surface with 
the length of their body parallel to the edge of the table top on 10 trials for each fore- 
limb. Rats normally place their forelimb on the tabletop almost every time. 

The rats implanted with low-output devices were significantly improved after the 
higher doses of oral Sinemet, 24 and 36 mgkg. High-output devices produced a 
significant improvement on their own, without Sinemet, and  with every dose of Sinemet 
(Fig. 6). In addition, Sinemet-induced dyskinesias were not increased by encapsulated 
PC12 cells, which suggests that polymer-encapsulated PC12 cells increase the thera- 
peutic window for oral Sinemet (Fig. 7). 

9. RESULT OF MODEL  DEVELOPMENT 
Results with the initial screen using  drug-induced rotations suggested that polymer- 

encapsulated PC12 cells have therapeutic potential. This was encouraging, but the 
rotometry model  has little clinical relevance and poor predictive validity, so it was 
desirable to assess the therapeutic potential of polymer-encapsulated PC12 cells fur- 
ther with more clinically relevant measures of Parkinsonian symptoms. Polymer- 
encapsulated PC12 cells failed to produce detectable therapeutic effects in these tests 
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mance with the affected limb was significantly improved relative to the control group with 
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Fig. 7. Stereotypy/dyskinesia ratings after a high dose (50 mgkg) of oral Sinemet. Encapsu- 

lated PC12 cell devices did not significantly increase the adverse effects produced by high 
doses of oral Sinemet. 

of Parkinsonian symptoms, which could have been due to a lack of validity or sensitiv- 
ity of these tests. Additional work conducted to test the validity and possibly increase 
the sensitivity of these tests supported the validity of these measures, and demonstrated 
that they could be combined with measures of stereotypies/dyskinesias to quantify the 
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therapeutic window and thus increase the sensitivity of these measures. A final study 
of the effects of striatal implants of polymer-encapsulated PC12 cells demonstrated 
that these devices produce therapeutic effects if device output is high enough, and that 
they  widen the therapeutic window to oral Sinemet. 

In other words, increasing  the  clinical  relevance and sensitivity of the model 
increased the ability to assess the therapeutic potential of novel therapeutic agents, 
which  was  not possible before the model  had  been further developed. The more rel- 
evant and sensitive model could  then be used  to address additional questions about the 
therapeutic potential of this novel treatment. Furthermore, in addition to demonstrating 
that cell-based delivery of  L-Dopa and dopamine from polymer-encapsulated striatal 
devices have therapeutic potential, these results also demonstrate that these devices 
might exhibit more robust effects if they  were  used as an adjunct to oral Sinemet. These 
results not only provide information about the therapeutic potential of these devices, 
but also suggest ways to maximize the probability of identifying their therapeutic 
potential in a clinical trial. 
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Behavioral Assessment in the Unilateral 

Dopamine-Depleted Marmoset 

L. E. Annett, R. E. Smyly, J. M. Henderson, 
R. M. Cummings, A. L. Kendall,  and S. B. Dunnett 

1. INTRODUCTION 
A number of radically different approaches to the treatment of Parkinson’s disease 

are currently under investigation in laboratories and clinics throughout the world. The 
approaches differ greatly in the extent to which  they attempt to repair the neuronal 
circuitry and replace the neurotransmitters destroyed as a result of the disease process. 
For example, a strategy currently popular in the clinic involves the destruction or dis- 
abling of overactive brain areas, whereas alternative approaches include transplanta- 
tion of embryonic neurons or genetic manipulation of remaining intrinsic neurons so 
that they come to release the neurotransmitter dopamine (1-3). Despite fundamental 
differences between these approaches there are no clear predictions as to the extent by 
which the functional recovery that may be achieved in each case may differ. Compari- 
sons across patient groups  may  not  be straightforward, as often only one experimental 
treatment is employed within a single research center and some treatment strategies 
have not yet, or have  only recently, reached the stage of clinical trials. An objective of 
our current research program is to compare systematically within a single paradigm a 
number of these potential novel treatments for Parkinson’s disease. The experimental 
model comprises unilateral stereotaxic 6-hydroxydopamine (6-OHDA) lesions in the 
nigrostriatal bundle of the small  New  World  monkey, the common  marmoset (Callithrix 
jucchus), together with a battery of behavioral tests designed to provide quantitative 
measures of lateralized dopaminergic dysfunction (4,5). 

The purpose of this chapter is to present a critical evaluation of unilateral dopamine 
depletion in the marmoset as a model for the investigation of prospective treatments for 
Parkinson’s disease. Some of the benefits and the disadvantages of the model are illus- 
trated with reference to our work exploring three different treatment strategies: embry- 
onic neural grafts, direct infusions of a dopamine agonist, and lesions of the subthalamic 
nucleus. A particular advantage of the model is that behavioral deficits produced  by the 
unilateral 6-OHDA lesion are profound and long-lasting and can be used  in the func- 
tional assessment of treatment effects, while avoiding some of the difficulties of  work- 
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ing with severely parkinsonian bilaterally lesioned monkeys. The range of behavioral 
tests employed reveals differences in the profile of treatment effects that might not be 
apparent from a limited set of behavioral measures. 

2. WHY USE  MONKEYS AND WHY MARMOSETS? 
Experimental studies employing animal models of neurodegenerative disease play  a 

critical role in the development of techniques first devised in the test tube or cell cul- 
ture dish. Application of a  new technique in vivo may reveal potential difficulties that 
might not otherwise become apparent before clinical application. For treatment strate- 
gies that aim to manipulate the functional interplay between neuronal pathways, for 
example, using drugs or direct interventions in the brain with stimulators or lesions, 
refining the procedure necessarily has to  be done in vivo.  For  many experimental ques- 
tions rodent models will be most appropriate for the further development of  a  proce- 
dure toward clinical application. It  is important that monkeys are used only for those 
experimental questions that cannot be addressed in rodents, or in the case of novel 
treatment strategies developed in rodents when there is doubt as to whether the treat- 
ment will also be effective in primates, or as to  how to translate the procedures into the 
primate brain.  Indeed in the United  Kingdom, primates may  be  used legally only when 
there is no suitable rodent alternative. Examples of specific issues for which primate 
studies are necessary for the advancement of neural transplantation techniques toward 
clinical application include the following. 

(1) The organization and size of the target structures in the basal ganglia differ con- 
siderably between primates and rodents. For example, the monkey and the human (but 
not the rat) striatum is differentiated into discrete caudate nucleus and  putamen.  A  key 
issue for neural transplantation in patients is whether it  is necessary to distribute a 
limited amount of embryonic tissue across as many striatal sites as possible, or whether 
symptomatic relief can be achieved through grafts placements at  a few critical sites at 
which reinnervation is essential for producing functional recovery (2). This issue can- 
not be addressed easily in rodents because grafts often  grow so that they come to occupy 
most  of the dennervated striatum. Obtaining complete reinnervation of the larger stria- 
tum is more problematic in primates. Investigation of the functional importance of 
graft location within the striatum has only just begun in monkeys (6), and needs to be 
extended to include further graft sites and behavioral tests to determine which sites, or 
combination of sites, are likely to bring the greatest benefits to patients. 

(2) Cell survival following transplantation into  the brain may differ fundamentally 
between primates and rodents. We  have consistently found that embryonic marmoset 
tissue, especially nigral tissue, does not dissociate as easily into a cell suspension prior 
to implantation as embryonic rat tissue prepared by the same methods. The uneven 
suspension may contribute to the considerable between-subject variability in graft sur- 
vival in marmosets (7). The variable graft survival and functional recovery observed in 
our marmoset studies mirrors the substantial variability in  the improvements noted in 
one of the largest series of patients with nigral grafts published to date (8). Recent 
developments in the use of neuroprotective and growth factor strategies in rodents show 
promise for increasing the numbers of neurons that reliably survive transplantation 
(9,101. It is important that these strategies are now employed in primates to investigate 
whether the problem of inconsistent graft survival can be resolved. 
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(3) Behavioral studies of graft function in rodents rely heavily on rotation, but 
patients with Parkinson’s disease don’t  rotate. The complex behavioral repertoire of 
monkeys provides greater scope for determining the extent of the behavioral recovery 
produced by grafts, and for comparing the effects of alternative treatment strategies 
across a range of behavioral measures. Subtle but important differences between treat- 
ment effects may become apparent that would not be evident from limited behavioral 
tests in rodents. Our  marmoset models emphasize the assessment of skilled reaching 
ability, which is more obviously relevant to the motoric impairments experienced by 
patients (45).  By employing tests of both reaching and rotation within the same ani- 
mals, the marmoset model provides a real bridge between rodent and clinical studies. 

The advantages of  using marmosets rather than Old  World  monkey species to model 
parkinsonism are numerous. Home Office regulations in the United Kingdom require 
the use of  New  World  in preference to Old  World  monkeys  when the needs  of the 
project can be accomplished by use of the former type of monkey. Their small size 
(adults normally weigh between 300 and 400 g) makes them relatively easy to handle, 
which is an important consideration for studies aiming to make detailed behavioral 
assessments. With the appropriate care and attention to husbandry  they are successful 
laboratory primates (11). Stereotaxic surgery can be conducted with a high degree of 
accuracy based on atlas coordinates, combined in some situations with skull or other 
landmarks, avoiding the need for scans to locate target brain structures (12). An impor- 
tant reason for using marmosets in neural transplantation research is their excellent 
breeding record in captivity. A stable breeding pair of marmosets will normally pro- 
duce twins every 5 mo. The reliable procurement of embryos at predictable stages of 
development is crucial for successful graft survival (7,13). Interestingly, the incidence 
of three embryos in utero is considerably higher than  would be predicted from the ratio 
of  twin  to triplet births, suggesting that reabsorption of one or more embryos may be 
a natural mechanism by which marmosets regulate the number of their offspring 
(14). As well as the unilateral lesion model which is the focus of the present chapter, 
marmosets have been used successfully in the bilateral l-methyl-4-phenyl-lY2,3,6- 
tetrahydropyridine (MPTP) model of parkinsonism (15,16), to assess neural grafts as a 
potential treatment for Huntington’s disease (171, in a model of stroke ( la) ,  and in 
studies of cholinergic, hippocampal, and frontal lobe function employing cognitive 
tests (19,20). 

3. THE  UNILATEAL 6-OHDA LESION 
A key issue in this discussion of the benefits and disadvantages of using the unilat- 

eral 6-OHDA lesion in marmosets is what constitutes a “good” primate model of 
parkinsonism. It may be considered that the best models are those in which the experi- 
mentally induced lesion most closely mimics the disease process and that produce 
behavioral deficits most closely resembling  patients’  symptoms (21). Clearly  such  mod- 
els have the advantage of  being able to address many different types of experimental 
question within the same paradigm, for example, whether the disease process can be 
prevented or delayed and whether a particular treatment effectively relieves all parkin- 
sonian symptoms. An alternative argument is that it may  not be necessary (or indeed 
possible) to mimic precisely all the symptoms of Parkinson’s disease in a monkey in 
order to address specific experimental questions. Indeed, it would be impractical and 
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immoral to induce severe parkinsonism in a monkey if that were not absolutely essen- 
tial to achieve the experimental goals. Rather a balance must be struck between the 
needs of the experiment and the severity of the model system employed. For example, 
if the purpose of the experiment is to investigate whether a novel viral vector has the 
capacity to infect primate neurons in vivo, or whether a particular manipulation  in 
primates increases neural graft survival, then it is not  necessary to use a model that 
induces all the symptoms of Parkinson’s disease. Similarly, if the aim of the study is to 
see whether a certain treatment can affect behavior then a model that provides well 
characterized behavioral deficits is required, but not necessarily one that induces all of 
the disease symptoms. However, if the goal of the study is  to see whether the experi- 
mental treatment provides relief from the full range of parkinsonian symptoms, then 
clearly a model that provides the most complete symptomotolgy possible is required. 
What constitutes a “good” experimental model therefore depends in part on the par- 
ticular purpose of individual experiments. 

3.2. Neuroanatomical  Considerations 
The stereotaxic procedure for producing unilateral 6-OHDA lesions in marmosets is 

relatively straightforward and  can be completed within a single surgical session lasting 
about 1 h. The toxin is injected into five sites distributed across the nigrostriatal bundle 
about 1 mm anterior of the substantia nigra (4). Major effects of the lesion are almost 
complete loss of dopamine cells  from  the substantia nigra and reductions in dopamine 
levels of about 98% throughout the striatum, including the caudate nucleus, putamen, 
and nucleus accumbens. Noradrenaline and 5-hydroxytryptamine in the striatum are 
also affected, although to a lesser extent, as is dopamine in the frontal cortex. The 
lesion model is therefore primarily of dopaminergic dysfunction and does not mimic 
other neuroanatomical aspects of the disease such as the formation of Lewy bodies. 
Nor is the 6-OHDA lesion likely to be of use in investigations of the possible genetic 
bases of Parkinson’s disease, including the role of synucleins (22). Its main advantage 
is the ease with which massive dopamine depletions can reliably be produced. Because 
the dopaminergic lesion is so massive, the behavioral deficits persist for months and 
years. Nevertheless, the marmosets  remain  in excellent health and do not require hand 
feeding or any other extra care because the lesion is unilateral. The same 6-OHDA 
lesion performed bilaterally in marmosets, in a staged procedure, produces a marked 
parkinsonian condition that requires considerable postoperative care (23) and yet if the 
dopaminergic depletion were not so complete spontaneous recovery  would be more 
problematic. 

As a model of dopaminergic dysfunction in Parkinson’s disease, the unilateral 
6-OHDA lesion clearly does not mimic the disease process in two important respects. 
First, although many patients experience asymmetric symptoms, the imbalance in 
dopamine levels between the two sides of the diseased brain is unlikely ever to be as 
massive as that created by the unilateral 6-OHDA lesion. Second, the loss of dopamin- 
ergic function in patients typically occurs gradually over a number of years and  there- 
fore differs markedly from the experimental lesion created in a single surgical session. 
The progressive loss of dopamine neurons characteristic of the idiopathic disease has 
been recreated more accurately in monkeys by Hantraye and colleagues using a regi- 
men  in  which  low doses of MPTP were administered first daily and  then  weekly for 
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21 mo. Both the gradual appearance of parkinsonian symptoms and the pattern of 
dopamine cell loss from the substantia nigra closely resembled clinical features of the 
disease (2425). However, it would be unrealistic to use a primate model that takes 
nearly 2 yr to create to resolve every issue relevant to the development of novel treat- 
ments for Parkinson’s disease. 

Whether differences between the unilateral 6-OHDA lesion model and the idiopathic 
disease process are serious disadvantages depends on the specific goals of particular 
experiments, as discussed previously. For treatments that aim to increase dopamine 
levels in the striatum, the rate at which the dopaminergic lesion is created may  not be 
crucial. However,  if a treatment strategy aims to protect surviving intrinsic dopamine 
neurons from a chronic disease process, then a lesion model in which cell loss is more 
protracted may be preferred (although is not essential [26n. Recent studies of growth 
factors in rodents have favored a terminal lesion model in which the 6-OHDA is 
injected into the striatum rather than into the substantia nigra or nigrostriatal bundle 
(27,28). Dopamine cell loss from the nigra then occurs gradually over a number of 
weeks (29). We have recently made 6-OHDA lesions unilaterally in the putamen of 
marmosets to produce a primate version of this terminal partial lesion model (30). 
Behavioral deficits lasting up to 6 mo after the lesion were recorded on some tests, 
although the deficits were milder and more variable than after our standard nigrostriatal 
bundle lesion. A clear relationship between behavior (measured here as an ipsilateral 
head bias) and dopamine cell loss from the nigra was revealed by these variable lesions 
(Fig. 1). 

3.2. Functional Assessment 
The functional assessment appropriate for a unilateral lesion model differs consider- 

ably from the assessment appropriate in the case of bilateral lesions. In marmosets, 
strong biases in behavior are generated by the unilateral 6-OHDA lesion so that actions 
with the ipsilateral side of the body into ipsilateral space are greatly favored above 
those made  on the contralateral side. This in turn creates opportunities for assessment 
in which different aspects of the bias are quantified using a variety of behavioral tests, 
for example, measuring the bias in the position of the head, spontaneous and drug- 
induced rotation, reaching ability with the impaired compared  with the unaffected hand, 
and contralateral neglect (4,5). For bilateral lesions, rating scales in which  an observer 
formally rates the severity of parkinsonian symptoms, often on a scale of 0-3, are the 
most important and commonly used  method of assessment, together with measures of 
locomotor activity (23,31-33). Behavioral tests that require the monkey to respond and 
interact with a test apparatus or stimulus in some way  may not be possible if the bilat- 
eral lesion results in severe parkinsonism. Importantly, marmosets with unilateral 
6-OHDA lesions are not overtly parkinsonian. We  have therefore not routinely used 
observational rating scales to assess the behavioral deficits, although such scales may 
detect a subtle akinesia (unpublished  observations). To the casual observer, the amount 
of locomotion about the home cage often appears normal (albeit directed in circles). 
However, reductions in activity levels of about 30% over 24-h periods were recorded 
in marmosets with unilateral 6-OHDA lesions using an  infra-red  movement detector 
attached  to the front of the home cage (34). 

Tremor is a symptom of Parkinson’s disease that neither marmosets with unilateral 
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Fig. 1. The  ipsilateral  bias  in  head  position  induced  by  a 6-OHDA lesion  of the  putamen  was 
significantly  correlated  with  the  density of TH  immunoreactivity  in  the  putamen ( r  = 0.81, 
p ~0.01) measured  using  a  SeeScanO  (Cambridge)  image  analyzer.  Head  position  was 
recorded  every  second  for 60 s for  three  tests  on  each of 4 d  during  the  second  week following 
the lesion. 

nor bilateral 6-OHDA lesions exhibit (4,23). Tremor has been described in monkeys 
with MPTP-induced parkinsonism, although it is not always a marked component of 
the syndrome and is most often described as an action tremor rather than the resting 
tremor typical of idiopathic Parkinson's disease (15,351. Resting tremor was reported 
in the baboons that received MPTP chronically for  21 mo (24). Rigidity is another 
symptom that we have not observed in marmosets with unilateral 6-OHDA lesions. 
Although  marmosets  with  MPTP-induced bilateral lesions have been described as rigid 
(15), this symptom does not feature as an item requiring (or perhaps permitting) quan- 
titative assessment in most rating scales (31). 

Dyskinesias are a major long-term complication of  L-Dopa therapy for many patients 
with Parkinson's disease and  have  been reported in several species of  monkey  made 
parkinsonian by MPTP (35-38). Following a report by Pearce  et al. (32) that 
dyskinesias, including chorea, choreoathetosis, and dystonias, were reliably provoked 
by  L-Dopa  in MPTP-lesioned marmosets, we were interested to see whether the same 
drug regimen  would induce dyskinesias in marmosets with unilateral 6-OHDA lesions. 
Sinemet (12.5 mgkg of  L-Dopa 100  mg/Carbidopa  10 mg); Merck, Sharpe and 
Dohme, Hoddeson, U.K.) was administered orally in banana-flavored  milk shake twice 
daily for 3 wk to four marmosets that had received their 6-OHDA lesions 12-18  mo 
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Fig. 2. Mean locomotor (A) and rotation (B) scores of four marmosets with unilateral 
6-OHDA lesions of the nigrostriatal pathway treated either with no drug or with 12.5 mgkg of 
L-Dopa (oral Sinemet). Locomotor and rotation scores were determined from video recordings 
of the marmosets' behavior during 30-min sessions in an observation cage starting 30 min after 
the administration of drug. No drug scores are means from eight sessions during the 2 wk 
preceding and following drug treatment, and L-Dopa scores from six sessions recorded during 
the 3-wk period of daily drug treatment. L-Dopa treatment produced a significant increase in 
locomotion ( t  = 3.104, p < 0.05) and contralateral rotation ( t  = 4.032, p < 0.05). 

previously. The main effects of the drug were to increase locomotion and induce rota- 
tion away from the side of the lesion (i.e., contralaterally) (Fig. 2). There were no clear 
cases of drug-induced dyskinesias, although three of the four did exhibit mild stereo- 
typies.  In one case this comprised grooming of the contralateral foot, another repeated 
scent marking and chewing of the wooden  perch,  and in the third case a locomotor 
stereotypy in which the animal returned repeatedly to a particular comer of the cage. 
The fourth marmoset  was simply more active. None of the stereotypies were obviously 
dyskinetic. Rather, normal sequences of behavior were repeated an abnormal number 
of times. Perhaps dyskinesias would  have developed with repeated and/or intermittent 
dosing, but there was no opportunity to pursue this with these particular marmosets. 
We can conclude that dyskinesias are not readily induced by  L-Dopa in marmosets with 
unilateral 6-OHDA lesions. However, the contralateral rotation and increased locomo- 
tion provide behavioral measures of responsiveness to the drug that can easily be quan- 
tified and used as part of a functional assessment program. 

Akinesia is the parkinsonian symptom that is most dramatically reproduced by the 
unilateral 6-OHDA lesion. Because the lesion is unilateral the akinesia is restricted to 
the side of the body contralateral to the lesion. The spontaneous rotation so character- 
istic of monkeys with unilateral dopaminergic lesions, produced either by  6-OHDA  or 
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intracarotid MPTP, can perhaps best be understood as an inevitable consequence of the 
contralateral akinesia. Because movements are not initiated on the contralateral side, 
any movement is directed ipsilaterally and the animal turns in circles. We have com- 
monly observed marmosets with unilateral 6-OHDA lesions “overshoot” and veer off 
ipsilaterally as they attempt to approach food or a piece of experimental apparatus 
positioned  at  the  front of the  home  cage.  The  monkey  is  then  unable  to  turn 
contralaterally to correct the direction of  motion and instead completes an ipsilateral 
circuit to reach the target. The deficit appears to be primarily in the initiation of  volun- 
tary  movements, as the contralateral limbs may be used  normally in relatively auto- 
matic movements, for example, climbing up the front of the cage. 

Rotation is a useful practical tool for following the progress of  an experimental treat- 
ment in repeated tests over a period of months, for example, charting the development 
of neural grafts. The advantage of rotation is that individual lesioned animals generally 
show consistent rates of turning on test, although rates may  vary considerably between 
animals. A strong rotater will continue to rotate predictably for a year or more after the 
lesion, so that any changes can more confidently be ascribed to the experimental treat- 
ment.  Both amphetamine and apomorphine are useful for increasing ipsilateral and 
inducing contralateral rotation, respectively. A low dose of amphetamine (0.5 mgkg) 
is most effective so as to avoid inducing stereotypies incompatible with rotation. Apo- 
morphine (0.05 or 0.1 mgkg) can reveal whether an animal has a good lesion even if 
that animal does not rotate well spontaneously or in response to amphetamine. How- 
ever, strong conditioning effects are a disadvantage of using apomorphine interchange- 
ably  with  other  rotation  tests.  Thus, a drug-free  marmoset  that  had  previously 
experienced contralateral rotation induced by apomorphine will rotate contralaterally 
again  when placed in the same test environment (unpublished observations). This will 
obviously complicate the interpretation of subsequent tests, especially spontaneous 
rotation and saline control tests. Another complication for rotation tests is the tempo- 
rary switching of bias from ipsilateral to contralateral seen in about 10% of lesioned 
individuals, especially those with severe lesions and in situations of stress, which  may 
be equivalent to the “paradoxical rotation” by rats noted  by Ungerstedt (4,3840).  
Behavior during these episodes is characteristically different from normal, in particu- 
lar head jerks to the contralateral side, so routine behavioral assessment is best avoided 
until the more usual ipsilateral bias returns. 

A criticism of using rotation as the basis of functional assessment is that patients 
with Parkinson’s disease do not rotate. One might predict that if the imbalance in 
dopamine levels between the two striata in patients were as great as in the lesioned 
marmosets, particularly in the dorsal caudate site critical for rotation, and  if patients 
were given a low dose of amphetamine, they  probably  would rotate! Spontaneous bi- 
ases turning toward one side have been recorded in patients by  means  of monitors 
attached to the belt (41). Nevertheless, functional tests that assess motor abilities more 
obviously relevant to the difficulties experienced by patients are important. We have 
therefore focused on the marmosets’ ability to reach out and touch target stimuli or 
retrieve small pieces of  food. A number of tests have been developed for the purpose of 
quantifying hand and arm movements. A strong preference to use the hand ipsilateral 
to the lesion is revealed on most tests, for example, when retrieving small pieces of 
apple or bread from a conveyor belt or from inside tubes. The preference may be so 
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strong that the monkey does not voluntarily attempt any actions at all with the impaired 
contralateral hand. The problem then is how to restrict use of the preferred hand to 
assess contralateral performance more directly. This has  been done either by physical 
restraint or by designing the test apparatus so as to prevent or disadvantage use of the 
ipsilateral hand (5,6). When required to use the contralateral hand  to reach into a tube 
most lesioned monkeys succeed in taking food placed up to 3 cm inside by scrabbling 
with their fingers and  hands, but fail to produce the extended arm reaches necessary to 
take food from 4 cm or further inside the tube. Other monkeys with slightly less severe 
deficits may eventually succeed taking food from the end of the tube (6 cm), but require 
many more attempts than  they did before the lesion. 

To gain more accurate measures of movement and response times we have used  an 
automated test apparatus in which the marmosets are trained to hold down  and  then 
release a lever as they reach for a target stimulus that appears in front of  them on a 
touch-sensitive screen. The lever is placed on the left and then on the right of the appa- 
ratus on alternate test sessions and, because the marmosets are required to lick at a 
central spout while holding the lever down, the body is positioned so that the correct 
hand  must be used. Unilateral 6-OHDA lesions profoundly impair performance of this 
task so that the marmosets fail to complete trials, especially when required to use the 
contralateral hand. They appear unable to put together the sequence of movements 
necessary to complete a trial, that is, hold down the lever-lick  at the spout-release 
the lever-reach to and  touch the square, even though in other tests they  may succeed 
in performing each of the separate component actions. Because so few trials are com- 
pleted on the contralateral side, the test has not provided useful data on response and 
movement times following the lesion. Such a complete dopaminergic lesion produces 
akinesia rather than bradykinesia, that is, absence rather than slowing of movements. 
With slightly less complete lesions, in the range of 85-91% rather than the 98% dopam- 
ine depletions produced  in the marmosets, Apicella and colleagues have succeeded in 
measuring slowed response and  movement times by macaque monkeys performing a 
similar task with the hand contralateral to a unilateral 6-OHDA lesion (42). 

Another task that has the advantage, unlike the touch screen task, of requiring only  a 
short period of training and yet provides detailed information on the accuracy of 
reaches, is analogous to the “staircase test’’ used to assess independent forelimb reach- 
ing in rats (43). Marmosets are required to reach through vertical slots to the left and 
right of a Perspex box for pieces of bread placed on a series of steps ascending from 
each slot toward the midline. The design of the box is such that reaches with the right 
hand through the left slot and vice versa are prevented by  an angled inner wall. Follow- 
ing  a  unilateral  6-OHDA  lesion,  few  response  attempts  are  made  on  the  contralateral  side. 
However, a striking effect in many lesioned monkeys is that those attempts that are 
made  with the contralateral hand are often directed toward the medial before the lateral 
bread, even though paradoxically the former require a longer reach. Thus, reaches with 
the contralateral hand  toward the midline are accomplished more readily than reaches 
into relatively contralateral space (44). This observation illustrates the importance of 
neglect of targets in contralateral space as a component of the lesion-induced deficit. 
Neglect is also revealed to visual targets arriving on the conveyor belt from the con- 
tralateral side, and to somatosensory stimuli in the form of adhesive labels placed 
around the feet in a marmoset version of the test devised by Schallert et al. for rats (45). 
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4. REPAIR  STRATEGIES 
4.1. Neural Grafting 

The marmoset unilateral 6-OHDA lesion model was developed to assess the recov- 
ery that may be achieved by grafts of embryonic nigral tissue into the dopamine 
depleted striatum. Of the behavioral tests discussed earlier, amphetamine-induced 
rotation has  proved particularly useful as the most sensitive and reliable indicator of 
graft viability in vivo, for example, in determining the importance of donor embryo age 
(7). The test is sensitive as the effect of a functional graft is to reverse the direction of 
rotation from ipsilateral to contralateral (5,6). Compared with other behavioral tests 
that may simply measure reductions in lesion-induced deficits, a rotation score that 
changes from positive to negative is easier to detect and can more confidently be attrib- 
uted to the presence of a graft. Indeed, ampethamine-induced rotation is  the only 
behavioral test from which the presence or absence of a graft can be predicted reliably 
from individual monkeys’ scores. 

If rotation were the only behavioral measure used, one might wrongly conclude that 
nigral grafts produce complete recovery of function. Considering the results from a 
wider selection of behavioral  tests,  graft-dependent  recovery is revealed as partial rather 
than complete (46). Thus, marmosets with 6-OHDA lesions and nigral grafts succeeded 
in using their previously impaired contralateral hand  to retrieve food from inside a 
tube, but required more attempts than before the lesion and did not choose to use the 
contralateral hand  when the ipsilateral was free (5,6). Similarly, on the touch screen 
reaching task, trials completed with the contralateral hand improved significantly 
(p < 0.01) in a group of marmosets with nigral grafts compared with lesion alone 
controls, but the extent and rate of recovery were highly variable between subjects and 
performance did not return to prelesion levels (47). 

A fundamental question raised  by these observations is whether the partial recovery 
represents the limits of what  may be achieved with nigral grafts or whether more com- 
plete recovery might be possible with more extensive reinnervation of the striatum. 
The question has been considered in some detail by Bjorklund et al. (48) with reference 
to the incomplete recovery shown by rats with nigral grafts across a range of behav- 
ioral tests. Because the grafts are located ectopically in the striatum and do not  recon- 
struct  the dopaminergic pathway from the nigra to  the striatum, recovery of any 
behaviors dependent on the flow of information in this pathway, for example, homeo- 
static information relayed from the hypothalamus, will inevitably be limited. The extent 
of reinnervation of the denervated striatum is likely to be another important factor 
determining the limits of recovery. The topographic organization of the striatum is 
such that grafts located at restricted striatal sites affect specific functional systems rather 
then producing general recovery (6,48). Therefore, the restoration of more complex 
behaviors is likely to require more complete striatal reinnervation. Although the entire 
striatum has  been targeted in marmosets, graft survival in this species is typically vari- 
able and reinnervation rarely complete (57). The limits of functional recovery have 
therefore probably  not  been reached yet in the marmoset studies completed to date. An 
important goal for future marmoset  work is to improve the extent and consistency of 
nigral graft survival, perhaps by employing the growth factors or antioxidant strategies 
that have proved successful in rodents (9,10). 
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4.2. Dopamine  Agonists 
Several potential novel treatment strategies for Parkinson’s disease depend  upon 

diffuse release of dopamine in the striatum, for example, from encapsulated PC12 cells 
or dopamine-impregnated polymers (3). These pharmacological strategies differ from 
neural transplantation in that transmitter release is nonregulated, whereas grafts offer 
the prospect of at least partial regulation of transmitter release via local neuronal cir- 
cuits. It has  been  argued that more complete functional recovery may be achieved by 
regulated compared with nonregulated transmitter release (49). However, there have 
been few behavioral studies from  which the effects of neural grafts vs diffuse release of 
dopaminergic agents in primate striatum can be compared. Three cynomologous mon- 
keys rendered hemiparkinsonian by intracarotid MPTP improved on a task in which 
the contralateral hand  was  used to remove food treats from a tray following the striatal 
implantation of polymer-encapsulated PC12 cells (50). We decided to assess the effects 
of direct infusions of the dopamine agonist apomorphine into the striatum of marmo- 
sets with unilateral 6-OHDA lesions using the same behavioral tests previously used to 
assess the functional effects of neural grafts. 

Following initial training and testing on the behavioral tasks, seven marmosets each 
underwent a unilateral 6-OHDA lesion of the nigrostriatal bundle followed during the 
same surgical session by implantation of cannulae directed into the caudate nucleus 
and into the putamen on the same side. After a 2-wk recovery period, a series of 
intrastriatal infusions of ascorbate saline vehicle, 1.5 and 3.0 pg of apomorphine were 
made into  either  the  caudate  nucleus, or the  putamen,  or  into  both  structures 
simultaneously. The most striking behavioral effect of the infusions into the caudate 
nucleus was a dose-dependent reversal of rotation (51). Thus, the spontaneous ten- 
dency to rotate ipsilaterally following the 6-OHDA lesion changed to contralateral 
rotation within 5 min  of an apomorphine infusion into the caudate nucleus. The ipsilat- 
eral bias in the position of the head also reversed to become contralateral. In contrast, 
apomorphine infusions into the putamen affected neither rotation nor head position. 
The results confirm the observations made in the nigral graft experiments that dopam- 
inergic activity in the caudate nucleus and  not the putamen determines the direction of 
rotation (6). For the reaching tasks, the clearest effects of the apomorphine infusions 
were observed when the marmosets were required to retrieve pieces of bread from 
inside tubes. Four monkeys required fewer attempts to retrieve the bread after the high 
dose of apomorphine was infused into the putamen  than following infusions of either 
saline into the same site or drug or saline into the caudate nucleus. However, reaches 
by the three monkeys with the severest lesion-induced deficits remained impaired 
despite the infusions of apomorphine (51). Thus, diffuse release of a dopamine agonist 
into the striatum can have similar effects to those of dopaminergic grafts on rotation 
and have some impact on reaching, although it may not be sufficient to support corn- 
plete recovery in the severest cases. 

4.3. Excitotoxic  Lesions of the  Subthalamic  Nucleus 
Recently there has  been a resurgence of interest in the clinic in the use of pallidotomy 

and  subthalamotomy as treatments for Parkinson’s disease (1,52). These treatment strat- 
egies are radically different from  the dopamine replacement therapies considered 
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previously in that they do not attempt to reconstruct basal ganglia circuitry but instead 
aim to restore the balance between interconnected pathways  by destroying brain areas 
that become overactive as a result of the disease process. Beneficial effects have been 
reported in patients of posteroventral pallidotomy in the region that corresponds to the 
site of  entry  of the excitatory fibers projecting from the subthalamic nucleus (STN) 
(53). There  is  also  experimental  evidence  in  MPTP-treated  monkeys  that  sub- 
thalamotomy, pallidotomy, or infusions of glutamate antagonists into the pallidum 
reduce parkinsonian symptoms (33,5455). Basic issues related to the lesion approach 
include, to what extent can destruction of part of the basal ganglia output pathways 
restore normal function in that system, and are the benefits produced by the lesions 
comparable to those produced by nigral grafts? Again,  we  have  used the marmoset 
unilateral 6-OHDA lesion model to examine the behavioral effects of STN lesions 
using the same tests previously used to assess the functional effects of neural grafts. 
Excitotoxic N-methyl-D-aspartate  (NMDA) lesions of the STN made unilaterally on 
the same side as a prior 6-OHDA lesion dramatically reversed the side biases induced 
by the dopaminergic lesion: in several cases the ipsilateral rotational and  head biases 
induced by the dopaminergic lesion became contralateral biases following the STN- 
lesion, whereas in sham STN-lesioned controls the ipsilateral biases remained (34). 

Overcompensation was also apparent in the “staircase” reaching task in which, 
instead of responding first on the ipsilateral side as they  had done after the 6-OHDA 
lesion, the marmosets with additional STN lesions responded first on the contralateral 
side. However, deficits in skilled movements persisted in the STN lesion group in 
that they did not complete the “staircase” task  any faster than the control group and 
remained impaired on the task in which  they were required to reach into tubes. 

Comparisons between the effects of STN lesions and nigral grafts in marmosets 
with unilateral 6-OHDA lesions illustrate the importance of  using a range of  behav- 
ioral tests to assess the consequences of different treatment strategies. Both treatments 
reduced, and in some cases reversed, amphetamine-induced rotation. Based on this 
single measure alone the nigral grafts and STN lesions would appear to be equally 
effective. However,  when the wider range of behavioral measures are considered clear 
differences emerge (Table 1). For the nigral grafts, overcompensation was  seen only in 
the amphetamine and spontaneous rotation tests. In the home cage, the marmosets with 
grafts continued to show ipsilateral biases in head  position  and  in the tests of reaching 
and neglect, hence the conclusion that graft derived recovery is partial rather than com- 
plete (56). In contrast, overcompensation toward contralateral biases characterized 
several aspects of the behavior of the marmosets with STN lesions, including head 
position and the order of responding at the staircase. This overcompensation did not, 
however, benefit successful completion of the skilled reaching tasks.  In contrast, mar- 
mosets with nigral grafts have shown significant improvements in the use of the con- 
tralateral hand (5,6,47). Overall then, there appear to be qualitative differences between 
the impact of nigral grafts compared with STN lesions on the behavioral deficits result- 
ing from dopamine loss. Nigra1 grafts improve function on the lesioned side, but not 
back to the level of the intact side, whereas STN lesions produce a more active bias to 
initiate behaviors on the side affected by the prior dopaminergic lesion. 
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Table 1 
Comparisons  Between  the  Functional  Effects  of  Nigral  Grafts, 
Apomorphine Infusions, and  Subthalamic  Lesions 

Nigral grafts Apomorphine infusions Subthalamic lesions 

Head position 0 * cd * 
Rotation 

Spontaneous * * cd * 
Amphetamine * cd * 
Apomorphine + 0 

Reaches into tubes + put (+ put) 0 
Staircase 

Neglect 0 * 
Skilled reaching (02 0 
0, no effect; +, compensated; *, overcompensated;  cd,  caudate  nucleus; put, putamen. 

5. CONCLUSIONS 
The hemiparkinsonian marmoset provides a useful model for assessing novel treat- 

ment strategies for Parkinson’s disease in a primate species. Advantages of the model 
are the relative ease with  which profound dopamine depletions can be achieved and the 
long-lasting  and  well characterized behavioral deficits produced  by the 6-OHDA  lesion. 
Because the model is primarily of dopaminergic dysfunction, the most appropriate uses 
for  the model are to assess dopamine replacement strategies. The unilateral lesion gen- 
erates strong biases in behavior that in turn create numerous opportunities for func- 
tional assessment, for example, quantifying skilled use of the impaired compared with 
the unaffected hand. However, marmosets with unilateral 6-OHDA lesions are not 
overtly parkinsonian and do not exhibit tremor, rigidity, and dyskinesias. Whether or 
not this is a disadvantage depends on the specific goals of individual experiments. We 
have used the marmoset model to compare the functional effects of neural grafts, 
dopamine agonist infusions, and excitotoxic lesions of the subthalamic nucleus. Quali- 
tative differences between these treatment effects are revealed only  when a range of 
behavioral measures are considered. 
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Molecules  for  Neuroprotection  and  Regeneration 

in Animal  Models  of  Parkinson's Disease 

0. Isacson, L. C.  Costantini, and W. R. Galpern 

1. INTRODUCTION 
Parkinson's disease (PD) is a progressive neurodegenerative disease characterized 

clinically by bradykinesia, rigidity, and resting tremor. The motor abnormalities are 
associated with a specific loss of dopamine (DA) neurons in the substantia nigra pars 
compacts (SNc)  and the secondary depletion of striatal DA levels (1). While the loss of 
striatal DA correlates with the severity of clinical disability, clinical manifestations of 
PD are not apparent until 80-85% of SNc neurons have degenerated and striatal DA 
levels  are  depleted by 60-80971 (2). Administration of  L-Dopa, the  precursor of 
DA, initially relieves Parkinsonian motor signs, but long-term use is associated with 
severe fluctuations in drug response. As pathologic changes precede the manifestation 
of clinical symptoms, it  is reasonable to develop strategies to protect remaining DA 
neurons during the subclinical stage. 

Clinical abnormalities and postmortem findings in PD patients have led to various 
explanations for the observed dopaminergic cell loss. Several lines of evidence suggest 
excitotoxicity coupled with a decline in mitochondrial energy metabolism as the cause 
of SNc DA cell loss (3-5). Exposure to the mitochondrial toxin 1-methyl-4-phenyl- 
1,2,5,6-tetrahydropyridine (MPTP) results in loss of DA cells in the SN and depletion 
of  DA and its metabolites in the neostriatum (6-8). The neurotoxicity of MPP is medi- 
ated by its active metabolite 1-methyl-4-phenylpyridiniumion (MPTP), which inhibits 
mitochondrial oxidative phosphorylation (9) at complex-1 of the electron transport 
chain (10). MPP toxicity can be reduced by inhibition of glutamatergic input by 
glutamine antagonists or decortication, indicating that excitotoxicity is necessary, if 
not sufficient, to produce the death of DA neurons in this paradigm (3,11,12). The 
finding that the neurochemical, anatomical, and behavioral abnormalities of MPTP- 
induced Parkinsonism closely resemble idiopathic PD suggests there may be a com- 
mon final pathway of neuronal degeneration. 

Postmortem analyses indicate increased lipid peroxidation in  the SNc of PD brains, 
implying either an excess production of neurotoxic free radicals or a failure of the 
normal protective mechanisms to clear these radicals (13,14). Several detoxifying sys- 
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tems  may be deficient in the PD brain, including decreased catalase and peroxidase 
activity (15) as well as reduced glutathione free radical scavenging (16,171. In addi- 
tion, postmortem and in vivo studies have demonstrated mitochondrial changes in  PD 
patients. Similar to the inhibition of mitochondrial function produced  by  MPTP, defects 
have  been found in complex I in SNc (18), platelet (19), and muscle (20) mitochondria 
preparations from PD subjects, further supporting a relationship between oxidative 
stress and neuronal degeneration. 

Although there are multiple causes of neurodegenerative diseases including envi- 
ronmental, genetic, and age-associated factors, the treatments may be directed at simi- 
lar  underlying mechanisms via neuroprotective  or  reparative  interventions. In a 
theoretical framework, one working  model  of neuronal damage and the prevention of 
cell death is the concept of “neuronal resilience” (21). Depending on the status of the 
cell with respect to pretraumatic events and gene expression relevant to neuronal pres- 
ervation, the neuron will exist far from or close to the threshold for irreversible neu- 
ronal damage. The neuron can thus be thought of as oscillating between protected and 
vulnerable conditions. This model of neuronal homeostasis suggests that a number of 
separate therapeutic measures, including delivery of neurotrophic factors (NTFs), may 
reduce the overall probability of degeneration in those neuronal populations that 
approach their specific threshold for degeneration (21). 

2. NEUROPROTECTION BY NEUROTROPHIC  FACTOR 
INTERVENTIONS 

2.1. Families of Neurotrophic  Peptides 
A range of NTFs have been shown to protect neurons against a spectrum of cellular 

insults and  may  thus have potential value in  the treatment of neurodegenerative disor- 
ders (22,23). Among the mechanisms by which  NTFs protect are the maintenance of 
calcium homeostasis and the increase of antioxidant enzyme activities (24,25). By 
decreasing cellular oxidative stress, or by interfering in the cascade to cell death, NTFs 
can reduce neuronal vulnerability and protect against ensuing neurodegenerative pro- 
cesses. Classically, NTFs are secreted during specific developmental stages by target 
tissues in limited quantities (26) and are important determinants of neuronal develop- 
ment  and organization, affecting innervation of target tissue as well as survival of neu- 
rons (27). Previously, it was  thought that different neuronal populations were each 
responsive to only a single NTF.  However, evidence indicates that there is overlap and 
redundancy, whereby a single NTF may affect more than one cell type, and a specific 
cell type may respond to several NTFs (28). Moreover, actions of NTFs are associated 
not only with retrograde transport from the target tissue but also autocrine and paracrine 
mechanisms (29,30). The site-specific NTF expression in the adult brain suggests vari- 
ous mechanisms of action in relation to the observed selective neuronal trophism.  NTFs 
are important for neuronal maintenance in the adult brain, and insufficiency of  such 
trophic support owing to decreased NTF supply or impaired target cell response may 
account for some of the cell death in neurodegenerative diseases (31,32). 

The neurotrophin family of  NTFs includes the “classic” nerve growth factor (NGF) 
(33), as well as the structurally related molecules brain-derived neurotrophic factor 
(BDNF) (34,35), neurotrophin-3 (NT-3) (36-40), and neurotrophin-4/5 (NT-4/5) 
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(41-43). The highest levels of NGF are found in the neocortex and hippocampus of 
adult brain, and the projection sites of basal forebrain cholinergic neurons, while lower 
levels are found within the striatum and other brain regions (44,45). BDNF mRNA is 
found throughout the adult brain, with the highest amounts localized to the hippocam- 
pus (exceeding that of NGF [46]) and cortex and lower amounts present in the striatum 
(46,47) and DA neurons of the SNc (48,49). NT-3  mRNA has been detected in the 
hippocampus, cerebellum, and cortex of adult brain (36,3839)  as well as DA neurons 
of the SNc (48,49). The maximum  NT-4/5 expression is seen in the pons-medulla, 
hypothalamus, and cerebellum in adult brain, with lower expression found in the hip- 
pocampus,  midbrain,  striatum,  and  septum (50). The  biological  actions of the 
neurotrophins are mediated  by a family of receptor tyrosine kinases, Trks. These high- 
affinity receptors contain an extracellular domain for ligand recognition, a transmem- 
brane domain, and a cytoplasmic domain that possesses tyrosine kinase activity (51). 
These different receptors each show different and overlapping binding characteristics. 
The  effects of NGF are mediated via the TrkA receptor (52-54), whereas BDNF 
(55-57) and NT-4/5 (42,433) activate the TrkB receptor. NT-4/5 also binds with low 
affinity to the TrkA receptor (42,43). NT-3 binds with high affinity to the TrkC recep- 
tor and with lower affinity to both TrkA and TrkB (55-57,59,60). Trk receptors are 
expressed widely throughout the adult brain, predominantly by  neurons. TrkA recep- 
tors are the least abundant and are expressed by the cholinergic interneurons of the 
striatum, neurons of the basal forebrain, as well as in various brain stem regions 
(61-64). In situ hybridization studies indicate that there is similar regional expression 
of TrkB and TrkC mRNA (61,65). Transcripts for both receptors are found in numer- 
ous brain regions including the striatum, hippocampus, and cortex as well as SN and 
ventral tegmental area (61,65). In addition, the truncated form of  TrkB is localized to 
the ependymal lining of ventricles, choroid plexus, and astrocytes (65,66). 

Separate from the neurotrophin family is a family including ciliary neurotrophic 
factor (CNTF), a member of the a-helical cytokine superfamily (67,68). In the adult 
brain, CNTF mRNA is expressed at moderate levels in the cerebellum and brain stem 
and at low levels in other brain regions including the hippocampus, striatum, cortex, 
and septum (69). Transforming growth factor-p (TGF-P) is expressed in several 
isoforms, with TGF-P2 and 3 mRNA present in cortex, striatum, hippocampus, cer- 
ebellum, and brainstem (70). Glial cell line-derived neurotrophic factor (GDNF) is a 
member of the TGF-P superfamily. GDNF mRNA is widely distributed in the adult 
CNS and has been localized to the striatum, hippocampus, cortex, ventral mesencepha- 
lon, cerebellum, and spinal cord (71-74). Basic fibroblast growth factor (bFGF) is a 
mitogenic growth factor with trophic activity (75),  and its mRNA is widely distributed 
throughout the brain in both astrocytes and neurons (76). Platelet-derived growth 
factor (PDGF) is also a mitogen  and occurs as three isoforms, PDGF-AA,  PDGF-AB, 
and  PDGF-BB: transcripts for both PDGF chains A and B are found throughout the 
brain (77). 

2.2. Immunophilin  Ligands 

More recently, nonpeptidergic molecules, called immunophilin ligands (based on 
their initial description in biological processes of the immune system), have shown 



190 Isacson et al. 

protective and regenerative effects in neuronal systems. Trophic activity has also been 
observed with the immunosuppressant drug FK506 in a variety of  in vitro and in vivo 
models. FK506 increases the ability of NGF to stimulate neurite outgrowth in the PC12 
cell line and dorsal root ganglion explants (78,79) and stimulates nerve regrowth after 
sciatic nerve injury (80). The neurotrophic effects of FK506 are due, in part, to its 
complexing  with  FK506-binding  protein of 12 kDa  (FKBP12), one of several 
immunophilins that is highly concentrated in the brain and localized almost exclu- 
sively to neurons (81). The immunosuppressive properties of FK506 are a consequence 
of the inhibition of the phosphatase calcineurin by the FK506FKBP12 complex. Inhi- 
bition of calcineurin  augments  phosphorylation of several  substrates,  leading  to 
cytokine synthesis (82) and immunosuppression. These effects of FK506 render the 
drug inappropriate for chronic administration to neurodegenerative disease patients. 
However, the neurotrophic activities of FK506 can be separated from calcineurin inhi- 
bition and immunosuppression. Whereas FK506 can increase nerve regeneration after 
sciatic nerve crush, cyclosporin A, whose immunosuppressive properties are  also 
attributed to the inhibition of calcineurin, cannot (83). These data indicate that the 
trophic properties of FK506 involve calcineurin-independent mechanisms. 

Initial findings that FK506 has trophic capacity in vitro and in vivo (79,80,84,85) 
sparked an interest in development of immunophilin ligands that possess neurotrophic 
activities, yet are not  immunosuppressive.  Based  upon the FKBPFK506 complex struc- 
ture, several novel small-molecule immunophilin ligands have  been designed that bind 
the immunophilin FKBP12, yet do not interact with calcineurin, and are thus devoid of 
immuno-suppressive activity. These nonimmunosuppressive immunophilin ligands 
demonstrate neurotrophic activity analogous to that obtained with FK506; they poten- 
tiate the effects of NGF on PC12 cells and sensory neurons in culture by promoting 
neurite extension (78). We and others have  now evaluated these compounds in models 
relevant to PD. 

The effects of such nonimmunosuppressive immunophilin ligands may be mediated 
by their binding with FKBP12  and subsequent effects on Ca2+ homeostasis, consistent 
with the understanding that an optimal Ca2+ concentration is involved in neurotrophic 
effects (86). FKBP12 complexes with several Ca2+ channels via the ryanodine receptor 
(87) and inositol 1,4,5-trisphosphate receptor (88), and transient changes in con- 
centration of neuronal intracellular Ca2+ can trigger various processes including struc- 
tural modifications, neurotransmitter release, modulation of synaptic transmission, 
excitotoxic cell death, and gene expression (89). Intracellular Ca2+ concentrations can 
be altered by flux from internal stores, and distinct Ca2+ channels in subcellular regions 
of the neuron generate highly compartmentalized Ca2+ signaling (go), possibly con- 
tributing to the observed trophic effects. 

3. NEUROPROTECTION AND REGENERATION IN  PD MODELS 
3.1. Effects of Peptidergic  Neurotrophic  Factors 

The supplementation or replacement of a DA NTF may protect or slow the neuronal 
degeneration of  PD. Several NTFs have shown trophic activity in the DA system, 
including BDNF, NT-3, NT-4/5, bFGF, TGF-P, and GDNF (91-97). The effects of the 
neurotrophins BDNF (91,92,98), NT-3 (92), and NT-4/5 (92,93) as well as GDNF (94) 



Molecules for Neuroprotection in PD 191 

on fetal DA neurons were first demonstrated in vitro. PDGF-BB (99), TGF-P(97), and 
bFGF also increase DA cell survival in vitro, yet the effect of bFGF is thought to be 
mediated  by glia (95,96,100). In addition to promoting survival of DA neurons in cul- 
ture, the administration of these factors to the intact adult rat brain is associated with 
significant behavioral and neurochemical alterations. Supranigral delivery of BDNF 
enhances striatal DA turnover and decreases nigra1  DA turnover, as well as causes 
contralateral rotations and locomotor activity in amphetamine-treated rats (101,102). 
The chronic administration of BDNF above the SN enhances the firing rate and  num- 
ber of electrically active DA neurons (103). The localization of  mFWA for BDNF and 
its receptor, TrkB, to the SN in adult brain suggests that BDNF may maintain SNc 
neuronal function in the intact brain, perhaps in an autocrine or paracrine manner 
(48,49,61,65,92). Also, exogenous BDNF delivered to the striatum can act on SNc DA 
neurons via receptor-mediated retrograde transport (104). 

Similar to the in vivo effects of BDNF, supranigral infusion of  NT-4/5 results in 
increased striatal DA turnover and release as well as contralateral rotation following 
the administration of amphetamine (105), and  NT-3 increases amphetamine-induced 
contralateral turning and decreases SN DA turnover (102). Likewise, intranigral GDNF 
administration in intact adult rats increases spontaneous and amphetamine-induced 
locomotor behavior. These behavioral changes are associated with increased DA levels 
and turnover in the SN and increased DA turnover and decreased DA levels in the 
striatum (106). In addition, sprouting of tyrosine hydroxylase (TH)-positive fibers near 
the injection site and increased striatal TH fiber staining were noted (106). By injecting 
GDNF into the striatum, this factor is retrogradely transported to the SN DA neurons, 
suggesting that GDNF may act as a target-derived NTF (107). These actions suggest 
that NTFs  may be able to augment DA neuronal function in the adult brain. Of rel- 
evance to the neurodegenerative processes of PD, pretreatment of  DA neurons with 
BDNF  protects  against  the  neurotoxic  effects of MPP+ and  6-hydroxydopamine 
(6-OHDA)  in vitro, perhaps by increasing levels of the antioxidant enzyme glutathione 
reductase (91,108,109). NT-4/5 (93), bFGF (]IO), GDNF ( I l l ) ,  and TGF-P (112) also 
protect against the toxic effects of M P P  in  vitro. 

Several DA  NTFs can prevent cell death in models of neurodegeneration in vivo. 
BDNF has shown variable efficacy in protection in in vivo lesion paradigms. In rats 
with partial lesions of the nigrostriatal  pathway  induced  by striatal infusion of 6-OHDA, 
concomitant supranigral administration of BDNF enhances striatal DA metabolism and 
reverses lesion-induced rotational asymmetry (113). Yet, BDNF or NT-3 did not alter 
SN DA levels nor protect against the loss of striatal DA nerve terminals in this partial 
lesion paradigm. Initial studies using BDNF failed to  show protection of  DA neurons 
in the SNc following axotomy  of the medial forebrain bundle in rat (114,115). How- 
ever, another study suggests that BDNF is neuroprotective in the axotomy paradigm 
(116). BDNF-secreting fibroblasts implanted in the mesencephalon of adult rats 
attenuate the  SNc DA cell loss caused by subsequent administration of the mito- 
chondrial complex I inhibitor M P P  (117), and increase DA levels in the SNc (118). 
Similarly, intrastriatal grafts of BDNF-secreting fibroblasts prevent DA neuronal 
degeneration associated with intrastriatal administration of 6-OHDA (119). GDNF is 
able to protect against SN neuronal degeneration in MPTP-treated mice (120) as well 
as in rats following axotomy of the medial forebrain bundle (121) or striatal 6-OHDA 
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administration (122,123). Interestingly,  GDNF was shown not only to  be neuro- 
protective, but also regenerative as administration following MPTP administration 
resulted in regeneration of "I fibers (120). In addition, GDNF administration to the 
SN 4 wk after partial 6-OHDA lesioning of the MFB decreased apomorphine-induced 
rotational asymmetry, increased SN DA and DOPAC content, and spared 10% of the 
SN DA neurons (124,125). Additional in vivo studies have demonstrated that NT-4/5 
prevents 6-OHDA denervation-induced changes  in  striatal neurotransmitter gene 
expression (126). Continuous infusion of CNTF near the SN prevents DA neuronal 
degeneration in the SNc following transection of the nigrostriatal pathway in adult rat 
(127). However, in contrast to overall cellular protection effects of GDNF and  BDNF, 
TH expression was only slightly preserved. 

3.2. Immunophilin  Ligand-Mediated  Effects 
We have observed trophic effects of  an orally available, nonimmunosuppressive 

immunophilin ligand on the DA system in an MPTP model of PD in mice (Fig. 1) 
(128). Our findings are consistent with and extend a study that demonstrated neu- 
rotrophic effects of a subcutaneously injected immunophilin ligand (129). Utilizing an 
MPTP mouse model, our  study  demonstrated  that 10-d oral  administration of a 
nonimmunosuppressive immunophilin ligand (overlapping with MPTP for 5 d) pro- 
vides complete protection against MPTP-induced loss of striatal TH-positive fiber 
innervation. This effect can be compared to the approx 85% protection obtained by 
Steiner  et  al. (129) using  subcutaneous  injection of a nonimmunosuppressive 
immunophilin ligand. When the 10-d administration of immunophilin ligands was 
delayed until after the termination of MPTP treatment, the nonimmunosuppressive 
compound showed a trend  toward  recovery of striatal TH-positive fiber innervation, 
similar to effects seen by Steiner et al. (129). However, when animals that were killed 
5 d after the delayed immunophilin ligand treatment (rather than killed immediately) 
there was a significantly increased density of striatal TH-positive fibers relative to 
vehicle/MPTP (p < 0.05) (Costantini et al., unpublished observations). 

By what mechanisms  are  these  effects  mediated?  The observed protection or 
regeneration of striatal DA innervation in vivo may be obtained through mechanisms 

Fig. 1. {see facing  page) Oral  administration of  non-immunosuppressive  immunophilin 
ligand  protects  against  MF'TP-induced loss of striatal DA innervation. (A) Time  line  of  experi- 
mental  paradigm.  To  produce DA degeneration, mice were  treated  with  MPTP (20 mgkg, i.p.) 
twice a day for 2 d (at  12-h  intervals),  then  once  per  day  for  the  following 3 d (black bar). The 
nonimmunosuppressive  immunophilin  ligand  (V-10,367) or FK506 was orally  administered 
twice per  day  30  min  prior  to  MPTP  for 5 d, and then given  for 5 additional days {gray  bar). 
Animals  were  perfused  on  experimental d 15. (B) TH-positive  fiber  density  of  unlesioned, 
normal  mouse  striatum. (C) Loss of TH-positive  fiber  density  after  5-d  intraperitoneal  MPTP 
treatment. (D) Complete  protection  of  striatal  TH-positive  fiber  density with oral  administra- 
tion  of  200 mgkg/d of  V-10,367. (E) Significant  differences  in  striatal  TH-positive  fiber  density 
among  groups  were  apparent (ANOVA; F(8,52) = 1 8 . 4 9 ; ~  e 0.0001);  V-10,367  prevented  the 
loss of striatal  TH-positive  fiber  density  at all doses  utilized  (Tukey fiamer HSD, *p < 0.05: 
significantly  higher  than  veh/MPTP; #p e 0.05, significantly  higher than all  doses  of FK506; 
+p e 0.05, significantly  higher  than  V-10,367 400 mgkg/d). Error burs represent SEM. (Data 
from  Costantini  et  al. [128].) 
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involving neuronal survival, metabolism, and/or neurite outgrowth. To investigate this 
question, we performed in vitro experiments demonstrating that both the nonimmuno- 
suppressive immunophilin ligand and FK506 have effects on neurite outgrowth. As 
discussed  previously,  earlier in  vitro  studies  have  shown  that  both  FK506  and 
nonimmunosuppressive FKBP12 ligands enhance NGF-induced neurite outgrowth in 
the catecholaminergic PC12 cell line and the human neuroblastoma cell line SH-SYSY 
(78,129,130). Because  DA  neurons are directly affected in PD, the in vitro data obtained 
from primary cultures of E14 rat VM provided a more direct analysis of mechanisms 
involved in phenotypic DA survival, growth,  and neurite branching than transformed 
cell lines. While we observed no  effects on total or DA neuronal survival  after 
immunophilin ligand treatments, differences were observed in branching vs elongation 
of TH-positive neurites. Even though both nonimmunosuppressive immunophilin 
ligand and FK506 affected neurite outgrowth of primary  DA neurons at similar con- 
centrations, their effects were not identical: the nonimmunosuppressive immunophilin 
ligand caused increased branching of neurites whereas FK506 increased neurite elon- 
gation, indicating different mechanisms of action for these immunophilin ligands. 

The demonstration that a nonimmunosuppressive immunophilin ligand increases 
branching of  DA neurites in vitro suggests that the increased striatal TH-positive inner- 
vation after treatment in the MPTP-lesioned mouse may be due to stimulation of  DA 
neurite branching in vivo. Another explanation for the preserved striatal TH-positive 
fibers in MPTP-lesioned mice after V-10,367 treatment could be normalization of TH 
levels. As there is no significant loss of TH-positive neurons in the SN using our MPTP 
paradigm, the decrease in TH-positive fiber density in the striatum may be a loss of 
phenotype rather than a loss of fibers. This reduction in TH protein is suggestive of a 
transient deficit of dopaminergic function. If this is the case, the normalization of TH 
levels after treatment with nonimmunosuppressive immunophilin ligand would  poten- 
tially provide increased DA in the striatum. Because we have also found a spontaneous 
increase in striatal TH-positive fiber density at longer time points (30 d) after MPTP 
in this particular lesion paradigm (Costantini et al., unpublished observations), the 
major effects of nonimmunosuppressive immunophilin ligand may be to stimulate 
reexpression of TH. Nonetheless, because nonimmunosuppressive immunophilin 
ligand produced increased branching in vitro, terminal branching may have contrib- 
uted to the observed in vivo effects. To distinguish between  an increase in TH levels 
caused by nonimmunosuppressive immunophilin ligand and branchinghprouting of 
TH-positive fibers, anterograde labeling of the nigrostriatal system  posttreatment  would 
be required. 

The distinction between branching vs elongation of  DA neurites has also been dem- 
onstrated when  DA neurons are grown in the presence of growth factors (131-133) as 
well as their target striatal cells (134). For instance, exposure of DA neurons to condi- 
tioned medium from VM induces growth of dendrite-like neurites (short, with a high 
number of branches), while striatal conditioned medium stimulates growth of  axon- 
like neurites (long, with few branches) (135). This suggests that these factors may 
differentially modify subsets of cytoskeletal proteins, cell adhesion molecules, or 
extracellular matrix components (136). The actions of V-10,367  may also involve 
these modifications, and/or effects on growth cones which have been  shown to serve a 
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stabilizing function in outgrowth (137). In contrast, neurite elongation, which  was 
apparent only after FK506 treatment of  DA neurons in our in vitro study, is consistent 
with previous studies showing enhanced neurite outgrowth in PC12 cells and sensory 
neurons after FK506 treatment (78). Elongation appears to be generated in the neurite 
shaft (137), in contrast to the branching mechanisms described previously. The neu- 
rite-lengthening effect of this immunosuppressive drug could occur in vivo; however 
such effects may  not be sufficient to result in significant increases in TH-positive fiber 
density as was  measured in our model. It has  been previously reported that FK506 can 
increase DA levels in young (5-wk-old) MPTP-treated mice when  given  at doses of 
10 mgkg and above (138). The doses used in the present study (4  mgkgld and lower) 
were  designed  to mimic a standard  human immunosuppressive regimen. Thus, although 
it is possible that higher doses of FK506 might result in increased TH-positive fiber 
density, such doses may not be practical in a therapeutic setting. 

In a wider perspective,  the  bell-shaped dose-response curves seen with both 
neurotrophins and immunophilin ligands on DA neuronal growth in vitro suggest simi- 
lar mechanisms may  be at play for these peptidergic and nonpeptidergic factors in the 
trophic effects observed. This could be achieved if the DA neurons are dependent on a 
basic neurotrophic “tone”  and “activation profile,” as demonstrated by neurotrophic 
peptide concentrations needed for trophic activation of specific set of  neuronal recep- 
tors. These neurotrophin levels can be artificially increased by intracerebral infusion of 
peptides, but perhaps the same intracellular effects can be obtained by nonpeptidergic 
factors (such as the immunophilin ligands) at the second-messenger level by enhancing 
already existing neurotrophin “tone” in the dopaminergic nigrostriatal system. 

4. IS THERE CLINICAL  USE FOR NEUROTROPHIC  FACTORS? 
4.1. Delive y of Peptidergic  Neurotrophic  Factors 
to  the  Central  Nervous  System 

The trophic support and neuroprotection afforded by  NTFs indicate the possible 
therapeutic applicability of these factors to neurodegenerative disorders (139-141). 
However, the  clinical  application of NTFs as a therapeutic modality for neuro- 
degenerative disorders requires an effective means of delivery. Because NTFs cannot 
cross the blood-brain barrier (BBB) by themselves, additional strategies for delivery to 
the central nervous system must be considered. Various approaches to circumvent the 
BBB have been investigated, including direct intraparenchymal or intraventricular 
infusions. While these methods  of delivery allow for dosage control and site specific- 
ity, there is often parenchymal damage at the cannula placement site. Furthermore, the 
delivery efficiency of factors may be limited by diffusion properties of the factor within 
brain parenchyma (142). In addition, intraventricular administration of the TrkB ligand 
BDNF is ineffective owing to binding by truncated TrkB receptors that are present in 
the ependymal lining of the ventricles (143). Similar difficulties may be expected for 
NT-4/5 as this factor also binds to the TrkB receptor. Continuous delivery could be 
achieved by a pump reservoir connected to a cannula. However, growth factor stability 
in the reservoir may be of concern. Moreover, approaches involving intracerebral can- 
nulae introduce a high risk for infection. An additional approach to delivery would be 
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to modify the NTF to enable BBB  passage. It has been  shown that NGF-transferrin 
receptor antibody conjugates are able to cross the BBB and protect neurons from 
excitotoxic lesions, suggesting that such an approach may provide a noninvasive route 
of delivery to the brain (144,145). 

As an alternative to direct infusion, methods for cell-mediated delivery of therapeu- 
tic proteins have been developed including ex vivo as well as in vivo gene transfer. 
Ex vivo gene transfer involves the genetic engineering of cells to express a transgene 
prior to transplantation (see 146 for review). Intracerebral grafting of primary or 
immortalized fibroblasts genetically engineered to release trophic factors allows for 
site-specific biological delivery and  has  been  shown  to prevent cell loss in a variety  of 
in vivo lesion paradigms (e.g., 147-149). In contrast to the use of immortalized fibro- 
blast lines, the use of primary fibroblasts decreases the likelihood of tumor formation 
following implantation and would allow for harvesting cells from the affected indi- 
vidual, thereby eliminating the possibility of immune rejection. Alternatively, cell 
division of immortalized fibroblasts could be arrested prior to implantation or cells 
could be encapsulated in a semipermeable membrane (150). Difficulties with achiev- 
ing stable, long-term gene expression by genetically modified cells remain  an obstacle 
to this approach as gene expression is down-regulated over time after implantation 
(151). Improved vector constructs with alternate promoters may resolve this issue. 
Moreover, the use of inducible promoters (152) may allow for regulated factor delivery 
by the genetically modified cells. Viral vectors have also been  used to infect human 
neural progenitors prior to transplantation (153,154), suggesting the potential utility of 
ex vivo genetic engineering of progenitor cells. Several groups have attempted to infect 
cells in  vivo via herpes simplex virus (155), adenovirus (156,157), or adeno-associated 
virus (158) vectors. These approaches of genetic modification of cells in vivo hold 
promise for future therapeutic interventions, but current methodologies are severely 
limited by limited gene expression as well as potential cytopathogenicity, and the low 
rate of infectivity associated with virus vectors. 

Optimal  methods  of delivery may  vary for NTFs as some are soluble factors and 
others are heparin or extracellular matrix bound. Moreover, for each growth factor, 
effective dose ranges need to be determined as the dose-response relationship for many 
factors indicates higher doses may be less effective. Indeed such a dose-response effect 
has been reported in vitro for the trophic effects of NT-3  and  NT-4/5 on DA neurons 
(92), and studies of axotomized SN neurons as well as axotomized motor  neuron  res- 
cue demonstrate a submaximal response with higher doses of BDNF (116,159). As 
suggested by Vejsada et al. (159), high levels of ligand may result in decreased affinity 
or down-regulation of the high-affinity TrkB receptor or an up-regulation of the inac- 
tive truncated TrkB receptor, thereby accounting for the decreased efficacy of higher 
doses of  BDNF. 

The multiple mechanisms for protection, coupled with the multiple sites for possible 
intervention, suggest that NTFs acting via different cellular mechanisms or at sequen- 
tial sites in these neurodegenerative pathways may provide additive or synergistic pro- 
tective effects. The precise mechanisms of  NTF-mediated neuroprotection are not fully 
characterized, but the trophic and protective effects of NTFs indicate their promise for 
future therapeutic application. Yet, the clinical utility of  NTFs is presently limited by 
delivery and dosage issues. Strategies to circumvent the BBB need to be refined as 
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systemic delivery of NTFs may be associated with untoward effects via actions on 
additional cell populations. Furthermore, the overlap in NTF specificity indicates that 
the delivered factor is likely to affect more than the target neuronal population. The 
evaluation of  dose-response relationships and long-term effects of NTF treatment will 
aid in  the  development of NTFs as a therapeutic  approach  for  the  treatment of 
neurodegenerative disorders. 

4.2. Delive y of Nonpeptidergic  Factors to  the  Central  Nervous  System 
The  trophic  actions of the  systemically  administered  nonimmunosuppressive 

immunophilin ligands are apparent at concentrations comparable to those obtained with 
classic neurotrophic peptides in similar models (128,129,160-168). The necessity for 
intracerebral administration of neurotrophic peptides (such as osmotic pumps for 
GDNF) has  hampered their clinical application, although systemic delivery methods, 
such as conjugation of the trophic factor to a transferrin receptor antibody (169), have 
shown success in animal models. The neurite-branching and neurite-lengthening effects 
of immunophilin ligands observed in vitro and trophic effects observed after oral 
administration (128) encourage further investigation of the therapeutic potential of such 
compounds in PD. 
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Antisense  Knockdown of Dopamine  Receptors 

Simranjit  Kaur and Ian Creese 

1. INTRODUCTION 
Dopamine is one of the more extensively studied neurotransmitters in the central 

nervous system (CNS) and our knowledge of this neurotransmitter as well as its func- 
tions, both physiological and pathological, has continued to expand since the 1950s 
when it first came to the fore. Dopamine is known to mediate a myriad  of functions in 
the CNS ranging from movement to emotion as well as being involved in a number of 
pathologies, including Parkinson’s disease (PD), schizophrenia, Huntington’s disease, 
and tardive dyskinesia (1-8). 

Pathways in the CNS that utilize dopamine include the nigrostriatal pathway (A9), 
which originates in the substantia nigra pars compacta and projects to the dorsal stria- 
tum (9-12). It is primarily the degeneration of this pathway  and the resulting large- 
scale depletion of dopamine that leads to the symptomatology of  PD (1-2,13). PD is a 
progressive neurodegenerative disorder characterized mainly  by bradykinesia, rigid- 
ity, and tremor (14). The dopamine precursor, L-Dopa,  which is the mainstay treatment 
of  PD, acts to increase dopamine levels in the remaining neurons of this pathway, and 
thus to alleviate the Parkinsonian symptoms ( I ) .  

The other major dopaminergic pathway is the mesocorticolimbic pathway  (AlO), 
which originates in the ventral tegmental area, and innervates limbic structures such as 
the ventral striatum; nucleus accumbens; the olfactory tubercle; and the medial  pre- 
frontal, cingulate, and entorhinal cortices. This pathway is thought to be involved in 
emotion and learning and  memory. Alterations in the mesolimbic pathway  may under- 
lie  the  etiology of schizophrenia  and  may  be  where  antipsychotic  drugs  act (3,5,15-16). 

This laboratory has been investigating the use of antisense technology, a novel way 
to arrest gene expression, in determining the roles played  by the individual dopamine 
receptors in behavior and in the responses produced by conventionally used  dopamin- 
ergic agents (17-21). In this chapter, we discuss some of the recent dopamine antisense 
studies in the context of  PD. 

2. INTRODUCTION TO ANTISENSE KNOCKDOWN STRATEGY 
Antisense technology has been coming into its own in the last few years as the inhi- 

bition of gene  expression has increasingly been used in the  investigation of the 

Edited  by: D. F. Emerich, R. L. Dean, In, and P. R. Sanberg 0 Humana  Press  Inc., Totowa, N] 
From: Central Nervous System Diseases 

209 



21 0 Kaur and  Creese 

physiological and pathological functions of a number of neurotransmitters as well as 
in the therapy of conditions such as cancers (22) and as antiviral agents, including in 
AIDS (23,24). The premise behind using antisense technology is that the concept 
behind it  is simple and that, theoretically, it is a selective tool with  which to target 
genes and thus specific functional proteins. 

Antisense  oligodeoxynucleotides  are sequence-specific molecules of synthetic 
single-stranded  DNA  and  are  usually  from  15  to 30 bases  long. The  oligode- 
oxynucleotides are designed to be complementary  and selective to the chosen sequences 
within the targeted messenger RNA  (mRNA)  and “hybridize” to these sequences by 
nucleic acid basepairing. This, in turn, prevents the translation of the mRNA to the 
encoded protein molecule. The mechanisms by  which antisense oligodeoxynucleotides 
inhibit gene expression include interfering with ribosome binding and processing of 
mRNA, interfering with mRNA conformation or mRNA splicing, and ribonuclease-H 
(RNase-H) activation of  mRNA’ digestion (for review see 25) but the exact mecha- 
nisms involved are as yet unclear, especially in the CNS.  In their unmodified form, 
these oligodeoxynucleotides can be easily synthesized and made in reasonable amounts 
and of good  purity using automated methods (25). 

Antisense technology was initially used for the purposes of blocking viral replica- 
tion or tumor cell activity (for review see 26) and has  been  used extensively in in vitro 
studies, less so in in vivo studies. This technology has also recently progressed to 
investigations  into  the  CNS  and  has  been  used  to  arrest  the  synthesis  of  various  receptors 
such as dopamine, neuropeptide, N-methyl-D-aspartate,  and  vasopressin (I 7,21,27-32), 
G-proteins (33), proteins such as SNAP-25 and neuropeptide Y (34-38), enzymes such 
as tyrosine hydroxylase (35,39,40), and early-onset genes such as c-fos (41-43). 

‘Another point in favor of the antisense knockdown as opposed to transgenic knock- 
out strategy is that local infusion of the antisense oligodeoxynucleotides can be used 
selectively to target pre- or postynaptic receptors in a given  brain region using local 
infusions. Also, a major difficulty in using transgenics is that developmental changes 
may occur to compensate for a reduction in the number of receptors. These changes 
may  have a far-reaching effect on steps downstream of the receptor activation and 
possibly also on associated neurotransmitter systems, whereas antisense knockdown 
can be applied in the mature, normally developed CNS. 

2.1. Practical  Considerations in the  Use of Antisense  Technology 
A number of factors should be considered to ensure optimal effectiveness of the 

antisense oligodeoxynucleotides. These include their stability at body temperature, 
uptake into cells, the specificity to the target mRNA, the use of unmodified vs modi- 
fied oligodeoxynucleotides for added stability, the route of administration, and the 
length of the sequence so as to reduce the incidence of non-sequence-specific toxic 
effects and to ensure specificity. 
2.1.1. The  Design of Antisense  Oligodeoxynucleotides 

A number of chemical classes of oligodeoxynucleotides are available, and these 
include  the  unmodified  phosphodiesters,  negatively  charged  phosphorothioates, 
the  nonionic  methylphosphonates (40), conjugated  oligodeoxynucleotides,  the 
a-oligomers,  and  the  end-capped  oligodeoxynucleotides with phosphorothioate 
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groups (26,4445). There are a number of advantages and disadvantages inherent in 
using some of these types as opposed to others. For example, the natural phospho- 
diesters are sensitive to degradation by nucleases (44,46) but  have less propensity to 
produce  toxic  effects  whereas  the  chemically  modified  phosphorothioates  have 
enhanced nuclease resistance but are  liable  to have non-sequence-specific effects 
(39,47,48). Other factors that need to be taken into account are the affinity or the melt- 
ing temperature of the oligodeoxynucleotides, which should be high, and the potential 
for the formation of secondary structures such as a hairpin within the antisense mol- 
ecule itself, which  would reduce its ability to hybridize with the target sequence, and 
this should be minimal (49). 

The unmodified as well as the chemically modified oligodeoxynucleotides enter the 
cell either by receptor-mediated endocytosis or nonselective pinocytosis after binding 
to a 80-kDa membrane-associated protein (50-52). RNase-H,  which degrades the RNA 
strand of the RNA-DNA duplex formed in the hybridization process, is thought to 
be involved in the  inhibition of gene  expression. Another possibility is that  the 
RNA-DNA duplex may block the binding and translocation of ribosomes along the 
unhybridized mRNA  and thus prevent the synthesis of the encoded protein. Antisense 
oligodeoxynucleotides that have greater affinity for the initiation codon of a mRNA 
strand often produce more effective knockdown  than those that bind upstream or down- 
stream of this codon. 

Thus, the treatment regimen and paradigm is of great importance in choosing the 
type of oligodeoxynucleotides to be used. The phosphorothioates have been found to 
be the most stable of the different types of oligonucleotides in terms of exonuclease 
and endonuclease sensitivity (53). Chemical modifications as well as groups linked at 
the end will alter the uptake and the intracellular distribution of oligodeoxynucleotides 
into intact cells. As an example, when the pharmacokinetics of phosphorothioates were 
compared with those of the phosphodiesters after infusion into the amygdala, the 
phosphorothioates were stable and  had better cell penetrability whereas the phospho- 
diesters had better tissue retention (47,5455). Also hydrophobic groups and poly- 
cations, such as polylysine, are linked to antisense oligodeoxynucleotides to increase 
cellular  uptake (26,56). In  this  laboratory,  we  utilize  mainly  the  “S”-modified 
phosphorothioate oligodeoxynucleotides, which have enhanced nuclease resistance and 
are taken up  by neurons (53,57). 

2.1.2. The Limitations of Antisense Technology 
Along with the obvious advantages of  using antisense technology, such as specific- 

ity, there are a number of disadvantages as well, especially as  it stands currently. Owing 
to poor  blood-brain barrier penetrability and potential toxic side effects, including 
decreased blood clotting and cardiovascular problems, such as increased blood pres- 
sure and decreased heart rate (581, it  is unlikely that antisense technology will cross 
over successfully into the clinic as yet. Direct administration into the CNS is required 
at present. The nuclease-resistant phosphorothioate oligodeoxynucleotides have been 
shown to have non-sequence-specific detrimental effects, but progress is being  made 
and it  is likely that more specific, centrally acting antisense oligodeoxynucleotides 
may be developed that can cross the blood-brain barrier relatively easily in the not so 
distant future. 
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Another possible problem is the fact that the knockdown achieved by the antisense 
oligodeoxynucleotides is seldom complete, and owing to the pharmacological phenom- 
enon of “spare receptors’’ it may be difficult to reconcile the knockdown obtained with 
any corresponding  functional  deficits.  However,  studies  done  previously  with 
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ),  an irreversible dopamine 
receptor antagonist, showed that 70-90% receptor occupation may often be needed to 
produce a full behavioral response (59-61). 

To quantify the receptor knockdown, techniques such as homogenate radioligand 
binding assays or autoradiography are often utilized, especially if there are no obvious 
behavioral deficits, but aproblem arises if there are no selective ligands that bind to the 
receptor in question. 

3. CURRENTLY USED MODELS OF PD 
The best model  of PD to date, is the l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 

(MPTP)-lesioned marmoset. The neurotoxicity produced  by 1-methyl-4-phenylpyri- 
dinium ion (MPP), a metabolite of  MPTP, is thought to mimic human  PD. MPTP 
reduces the levels of dopamine and its metabolites in the striatum (62,63). However, 
this model is  far from ideal owing to the high cost of  using primates (MPTP is ineffec- 
tive in rats) and unlike human  PD,  which is progressive, the neurotoxic damage pro- 
duced by MPTP is reversible. 

Other models used  to mimic PD  are: (1) lesions produced by the selective neuro- 
toxin 6-hydroxydopamine (6-OHDA)  in rats; (2) akinesia induced by reserpine via 
dopamine depletion; ( 3 )  catalepsy induced by neuroleptics by blocking dopamine 
receptors; and (4) lesions of dopaminergic terminals produced by the systemic admin- 
istration of  very high doses of amphetamines. Each of these models, although serving a 
purpose in PD research, does not reproduce the human condition fully. For example, 
the 6-OHDA-lesioned rat model does not always look overtly Parkinsonian, and with 
unilateral lesions the only indication of cell damage is the presence of rotations after 
treatment with antiparkinsonian agents. The depletions produced  by reserpine are not 
restricted to dopamine and there is no destruction of neurons, again unlike human  PD. 
Also, the akinesia produced  by reserpine is reversible (64). In these models, it is diffi- 
cult to ascertain the roles played  by the individual dopamine receptors in the pathology 
as well as in the therapy of  PD. 

Thus, there is a need for a dopamine receptor subtype-specific method to address the 
question as to which dopamine receptors are involved in PD, and antisense technology 
appears a likely candidate to fill this need. 

4. THE APPLICATION OF ANTISENSE TECHNOLOGY  TO DOPAMINE 
RECEPTOR  RESEARCH 

In the past, dopamine receptors were classified into two subtypes based  on their 
biochemistry, anatomical localization, and pharmacology: (1) dopamine Dl receptors, 
located pre- and postsynaptically, which act by stimulating adenylyl cyclase via the 
G-protein, G, (65) and (2) dopamine D2 receptors, located pre-  and postsynaptically, 
which inhibit adenylyl cyclase via the G-protein  Gi (66). However, recent molecular 
cloning studies have demonstrated the existence of at least five distinct dopamine 
receptors: the Dl (67), D2 (68), D3 (69), D4 (70), and D5 (71) receptors. 
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These five receptors have been subdivided into two major families; the dopamine 
D1-like receptor family comprising the Dl and  D5 receptors and the dopamine D2-like 
receptor family, which comprises the D2, D3, and D4 receptors (72,73). Within these 
families, there is some homology in the amino acid sequences, G-protein associations, 
and similarities in pharmacological affinities to justify this classification. 

Owing to the lack of selective drugs that bind to the individual dopamine receptors, 
functions of these receptors cannot be ascertained conclusively, especially as the local- 
ization of the receptors overlaps to a certain extent. Thus, antisense technology is, in 
theory, a novel and ideal tool to target the individual receptors and thus investigate the 
functional roles of these receptors. Also, unlike pharmacological interventions that 
induce up-regulation  of the receptors being investigated, antisense treatment is thought 
to be devoid of this problematic consequence (74). 

4.1. Treatment  Protocols  in  Dopamine  Antisense  Experiments 
The efficiency of the antisense dopamine receptor knockdown  has  been reported to 

be dependent on duration of administration and on the dose administered (I8,75). 
Appropriate controls must also be chosen so as to ensure that the knockdown seen is 
specific. Controls used commonly include mismatched oligodeoxynucleotides, in 
which a few bases are mismatched; “random” oligodeoxynucleotides, which contain 
the same bases as the antisense oligodeoxynucleotides but are in a random order; or the 
“sense” oligodeoxynucleotides, but these are problematic as they  may hybridize to a 
specific sequence to which  they are the antisense sequence (76,77). In the studies done 
in this laboratory, random oligodeoxynucleotides have been utilized and  have  been 
found to be devoid of  any receptor-specific effects. The amino acid sequences of the 
controls should be checked in GenBank to ensure that these sequences do not act as 
antisense oligodeoxynucleotides to other known sequences, but it should be kept in 
mind that until the complete genome is sequenced, “nonspecific” hybridization may 
occur to unknown  sequences. 
4.1 .I. Optimal  Dose of the  Oligodeoxynucleotides 

The dose of the oligodeoxynucleotides to be administered must be chosen with great 
care, as high doses of the antisense oligodeoxynucleotides may result in a higher inci- 
dence of hybridization to other related sequences, therefore curtailing specificity and 
increasing toxicity. 

A study done in this laboratory investigated the effect of a range of concentrations 
(1-20 pg/pL administered at a rate of 1 pLh) of the D2 antisense oligodeoxynucleotide 
over a period of 3 d. The maximal D2 receptor knockdown (58%) occurred at the high- 
est dose administered (20 pg/pL) without  any significant accompanying toxicity but 
this was not  much higher than the knockdown observed at 10 pg/pL. Only a 14% 
reduction in receptor number  was achieved with 1 pg/pL (78). 
4.1.2. The  Optimal  Route and Duration of Administration 

Oligodeoxynucleotides are either administered as chronic injections or infusions 
through microosmotic pumps, focally into brain regions, or into the lateral cerebral 
ventricles ( I  7,79,80), as systemically administered oligodeoxynucleotides cannot cross 
the blood-brain barrier. Another reason why chronic administration is desirable is that 
the rate of protein turnover may be slow. Antisense oligodeoxynucleotides inhibit the 
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synthesis of  new receptors but have no effect on the receptors already present. For our 
purposes, chronic infusions via microosmotic pumps are  ideal, as the half-life of 
dopamine D2 receptors is usually 45-160 h depending on the conditions of the study 
(81-83). 

Although the oligodeoxynucleotides are inefficient at crossing the blood-brain  bar- 
rier, focal administration into or close to the brain structures being investigated or con- 
tinuous infusion into the cerebral ventricles results in adequate uptake into the neurons 

The reductions in receptor number appear to increase with increasing duration of 
administration. Zhou et al. (84) reported that while dopamine D2 receptors were sig- 
nificantly reduced after 1 d of repeated injection, the knockdown was,almost complete 
after 6 d of treatment. Receptor numbers only recovered approx 2 d after the cessation 
of the  antisense  treatment.  Our  laboratory  has shown increasing  catalepsy with 
increasing duration of antisense infusion. D, antisense was infused into the cerebral 
ventricles or rats for 3 d and catalepsy was maximal on the third day of treatment ( I  7). 
Tepper et al. (21) administered D2 or D3 antisense oligodeoxynucleotides into the sub- 
stantia nigra of rats over a duration of 3-6 d and found that the knockdown  was maxi- 
mal at 3 d but spontaneous rotations were observed to begin after 24 h of infusion. 

4.2. Antisense  Knockdown of Dopamine  D2  Receptors 
4.2.1. Antisense Knockdown of Postsynaptic D2 Receptors 

The functional roles of the D2 receptors have been investigated with antisense tech- 
nology more so than those of the other dopamine receptors. D2 receptors are abundant 
in the striatum and limbic regions, such as the nucleus accumbens and olfactory 
tubercle, and are thought to be involved in movement and emotion. D2 mRNA is also 
expressed by enkephalin-containing neurons and  by cholinergic neurons (68,72,85,86). 
There are no existing fully selective agents for the D2 receptors; as drugs acting at the 
D2 receptor also have affinity for the D3  and  D4 receptors, thus a novel way to deter- 
mine the functional roles of these receptors is by the use of antisense technology. Suc- 
cessful D2 receptor knockdown has been achieved in a number of studies carried out in 
the rodent brain by this laboratory and others (17,75,79,84,87). 

In vivo administration of D2 antisense inhibited only the behaviors mediated by  D2 
receptors and not those mediated by the other dopamine receptors or by muscarinic 
receptors (17,75,84,87,88). D2 antisense administered in vivo to unilaterally striatally 
6-OHDA-lesioned mice reduced the response to the D2-like receptor agonist quinpirole 
(79,84). Zhou et al. (84) reported that the administration of D2 antisense inhibited the 
rotations induced by quinpirole but had no effect on the rotations produced by a 
D1-like agonist, SKF 38393, or a muscarinic receptor agonist, oxotremorine, in unilat- 
erally 6-OHDA striatally lesioned mice. 

An early study done by this laboratory infused a D, antisense 19-base S-oligodeoxy- 
nucleotide (10 pgIpL), corresponding to codons 2-8 of the D2 mRNA (5’-AGGACAG 
GTTCAGTGGATC-3’) (68), unilaterally into the lateral ventricle via subcutaneously 
implanted osmotic minipumps over a 3 d period. As the control, a random oligodeoxy- 
nucleotide was used, also 19-base S-modified at  the same dose with the same base 
composition but in a randomized order (5’-AGAACGGCACTTAGTGGGT-3’). A 48% 
reduction in the number of D2 receptors was demonstrated by saturation analysis after 

(17,27-28,41,80). 
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the antisense treatment with the largest decreases occurring in the nucleus accumbens 
(72% reduction) compared to the striatum (approx 50% reduction). To determine if this 
reduction in receptor number had functional consequences, catalepsy and locomotor 
activity were measured. A time-dependent increase in the cataleptic response and a 
reduction in spontaneous motor activity was observed over a 3 d administration period. 
Locomotor  activity  after  treatment  with  quinpirole, a D2-like agonist, was also 
decreased in the antisense-treated animals whereas responses to the Dl-like agonist, 
SKF 38393 were  not affected. These data show that the knockdown  was specific to D2 
receptors ( I  7). A more recent study done by this group has corroborated these findings 
(75). In this study, the involvement of D2 receptors was investigated in the response to 
amphetamine in rats, and it was observed that D2 knockdown had no effect on the 
stereotypy response produced by high doses of amphetamine while reducing the 
locomotor response to quinpirole. This finding was ascribed to  the mechanism of 
action  of amphetamine, that is, it increases dopamine release, which also acts at  Dl 
receptors in addition to D2 receptors. 

The administration of D2 antisense oligodeoxynucleotides into the lateral ventricle 
as chronic injections given every 12 h for up to 8 d produced a marked inhibition of 
D2 receptor-mediated behaviors but only a small reduction in the number of dopamine 
D2 receptors in the mouse striatum (88). Administering the D2 antisense after a irre- 
versible D2 receptor antagonist, fluphenazine-N-mustard (FNM), showed that the  D2 
antisense reduced the rate of recovery of D2 receptors in the mouse striatum as well as 
the restoration of normal motor activity after cessation of FNM treatment. In another 
study a D2 receptor antisense oligonucleotide was administered to a primary culture of 
rat pituitary cells and was reported to result in a reduced  number  of D2 receptors and 
also to prevent the inhibition of adenylyl cyclase by the D2 agonist, bromocriptine, as 
well as reducing prolactin mRNA levels (89). Again, these effects were specific only to 
the D2 antisense, with the random oligodeoxynucleotide producing no such effects. D2 
antisense treatment, as in the previously mentioned studies, inhibited or reduced the 
synthesis of functional dopamine D2 receptors. 

The effects of site-specific D2 antisense administration have also been investigated. 
D2 antisense was either injected or infused unilaterally into the striata of rats and was 
found to induce ipsilateral rotations after apomorphine or quinpirole treatment (78). 
These data strengthen the hypothesis that postsynaptic dopamine D2 receptors are 
involved in motor activity. In a similar study, Rajakumar et al. (90) infused D2 antisense 
bilaterally into the striatum and observed a reduction the stereotypic sniffing produced 
by high-dose apomorphine but had no effect on the behaviors seen after low-dose apo- 
morphine administration. D2 mRNA levels were found to be normal in the striatum and 
the substantia nigra but reduced D2 receptor binding was seen, so the authors con- 
cluded that the response to high-dose apomorphine occurs via interactions at postsyn- 
aptic D2 receptors whereas the behaviors induced by low-dose apomorphine are due to 
effects at the presynaptic D2 receptors. 

The observations made after D2 knockdown correspond to earlier findings using D2 
receptor antagonists (91,92) or in D2 receptor-deficient transgenic mice (93). The 
D2 knockout transgenic animals display akinesia and have significantly reduced spon- 
taneous activity. Thus, it  is conceivable that D2 receptor knockdown may be used to 
model some of the motor deficits seen in Parkinsonian patients. 
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In  PD, there is thought to be an initial up-regulation  of dopamine receptors, includ- 
ing D2 receptors, but as the disease progresses and further dopaminergic neurons are 
lost, the density of these receptors decreases in the caudate (94-96). Thus, administer- 
ing D2 antisense continuously could prove to be useful in trying to ascribe functions to 
the dopamine D2 receptors. Also, catalepsy and/or a reduction in spontaneous locomo- 
tor activity, which are taken to be Parkinsonian symptoms, are observed after D2 
antisense treatment. 
4.2.2. Antisense Knockdown of Presynaptic D2 Receptors 

Dopamine neurons in the substantia nigra express D2 receptor mRNA and show D2 
receptor binding and electrophysiological effects (97-99). Dopamine agonists are 
reported to inhibit dopamine neuron firing (100-102). Studies investigating the roles 
of dopamine D2 autoreceptors have been done by Tepper et al. (21) using D2 antisense 
infused directly into the substantia nigra over a period of 3-6 d. Using autoradiogra- 
phy, it was determined that there was a reduction in ipsilateral nigral D2 receptors. The 
D2 antisense oligodeoxynucleotide decreased the inhibitory effect of dopamine on 
nigral dopamine cell firing produced by apomorphine. Another finding obtained in this 
study was that D2 autoreceptor knockdown increased somatodendritic and terminal 
excitability without affecting striatally induced inhibition of dopamine neurons, thus 
showing that D2 autoreceptors are expressed by nigrostriatal neurons at somatodendritic 
and axon terminal areas. 

To investigate the role of D2 autoreceptors in the behavioral response to cocaine, 
Silvia et al. (87) administered D2 antisense oligodeoxynucleotides unilaterally into the 
substantia nigra directly to target the autoreceptors for several days which resulted in 
contralateral rotations after cocaine administration. However, no alterations were seen 
in postsynaptic striatal D2 receptors. The ability of sulpiride, a D2 antagonist, to increase 
electrically stimulated dopamine release was also markedly  reduced,  without  any effect 
on basal striatal dopamine release, which the authors reasoned is consistent with a 
decrease in the striatal D2 autoreceptor number. Using autoradiography, it was ascer- 
tained that there is an approx 40% reduction in the nigral D2 receptor population when 
compared to the untreated side. The authors suggest that nigrostriatal D2 autoreceptors 
play a direct role in the reduction of the motor response to cocaine, and the absence of 
spontaneous rotation  in  antisense-treated animals suggests that autoreceptor effects may 
be compensated for during normal behavior. 

Histochemistry studies have shown that tyrosine hydroxylase (TH), the enzyme 
involved in dopamine synthesis, is increased in the substantia nigra after D2 anti- 
sense treatment (78), indicating increased dopaminergic activity after D2 receptor 
knockdown. 

These findings again bear out the data obtained in other models of  PD, that there is 
increased dopaminergic activity early in the disease, as compensatory mechanisms 
come into play. Therefore, there is a reduction in the activity of the D2 autoreceptors 
and increased turnover of dopamine (94). 
4.3. Antisense  Knockdown of Dopamine D, Receptors 

The  dopamine D3 receptor  is  localized  in  limbic  areas,  such  as  the  nucleus 
accumbens, the Islands of Calleja, the ventral tegmental area, and the hypothalamus as 
well as the substantia nigra (69,103). It  is difficult to discriminate pharmacologically 
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between D, and  D3 receptors because most  D3 agonists and antagonists also have a 
significant affinity for D2 receptors (104-106). 

Unilateral intrastriatal injection of  D3 antisense did not induce ipsilateral rotations 
after apomorphine or quinpirole administration (78). It appears from this finding that 
D3 receptors do not  play a part in the regulation of  motor activity by dopamine ago- 
nists. Nissbrandt et al. (107) reported that D3 antisense, administered intracerebro- 
ventricularly, reduced D3 binding, and increased dopamine synthesis in the nucleus 
accumbens, but had no effect in the striatum. D3 antisense also did not counteract the 
effect of apomorphine on dopamine synthesis. 

A behavioral study carried out using D, antisense showed that it did not induce 
catalepsy but increased spontaneous locomotion. Also, D3 receptor knockdown mark- 
edly attenuated the stereotypic activity induced by amphetamine but  had  no effect on 
amphetamine-induced locomotion, which indicates that D3 receptors may be involved 
in stereotypy (75). 

Accili et al. (108) reported increased locomotion in D3 transgenic mice and pharma- 
cological studies using antagonists with affinity for the D3 receptor have also showed 
increased locomotion in rats (109-111). The administration of  D, agonists into the 
nucleus accumbens reduced spontaneous motor activity and negated the locomotion- 
enhancing effect of dopamine (11 1, 112). , 

The findings in these studies correspond to data obtained from previous pharmaco- 
logical studies showing that 7-hydroxy-2-(di-n-propylamino)tetralin (7-OHDPAT), a 
partially selective D3 agonist, and  U99194A, a D3 antagonist, increased and decreased 
spontaneous locomotor activity respectively (109,113,114). 

An investigation similar to that done with the D, autoreceptors was carried out by 
Tepper et al. (21) with  D3 antisense. As  with D, antisense, D3 antisense reduced the 
inhibitory effect of apomorphine on dopamine release as determined by rotational 
behavior, in addition to increasing somatodendritic as well as terminal excitability. 
Therefore, D3 receptors were concluded to be expressed at the somatodendritic and 
terminal areas of nigrostriatal neurons. Interestingly, when D, and D3 antisense were 
infused together, there was an additive effect on the electrophysiological and  behav- 
ioral effects (19,20). It thus appears that D3 receptors may  play an important role in the 
autoreceptor-mediated regulation of dopaminergic neurons. 

The role of dopamine D3 receptors in PD is unclear but it appears that one of the 
newer antiparkinsonian drugs, ropinirole, appears to have selectivity for the D, recep- 
tor (115,116), although the mechanism for this is unclear, especially as postsynaptic D3 
receptors are reported to  be unchanged in PD (117). Here, antisense treatment may also 
be useful; by producing adequate knockdown of the dopamine D, receptor, and  then 
administering these agonists, it can be determined if these drugs are producing their 
antiparkinsonian effect via actions at D3 receptors, whether  pre- or postsynaptic, and 
not postsynaptic D2 receptors. 

4.4. Antisense  Knockdown of D, Receptors 
There is a low density of dopamine D4 receptors within the brain, with the highest 

numbers expressed in the frontal cortex, midbrain, amygdala, and medulla and  low 
levels seen in the striatum and olfactory tubercle (70,72). 

The continuous infusion of  D4 S-modified antisense intracerebroventricularly over a 
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period of 3 d resulted in decreased spontaneous locomotor activity and a reduced loco- 
motor response to quinpirole or d-amphetamine. The stereotypy response to high  con- 
centrations of d-amphetamine was also decreased by the D4 antisense. However, unlike 
D2 knockdown, D4 antisense did not induce catalepsy (78). 

The typical or classical neuroleptics induce motor side effects such as catalepsy, and 
this is thought to be due to their actions at dopamine receptors in the extrapyramidal 
system. The atypical neuroleptics, which act mainly in limbic areas and decrease loco- 
motor activity without inducing catalepsy (118). Clozapine, categorized as an atypical 
neuroleptic, has been shown to have high affinity for  the dopamine D4 receptor 
(70,119). This differential action of the typical vs atypical neuroleptics shows that the 
antipsychotic effects of the atypical neuroleptics may be mediated by the D4 receptor. 
Dopamine D4 receptors may  not be involved in PD, especially as agents with high 
affinities at D4 receptors do not produce motor deficits. 

4.5. Antisense  Knockdown of Dopamine  Dl  Receptors 

Dl receptors are found in the striatum, nucleus accumbens, and olfactory tubercle 
(120) whereas dopamine D, receptors  are  localized in the hippocampus and the 
parafascicular nuclei of the thalamus (121). Dl receptors are thought  to be involved in 
mediating grooming behavior and  may  need to be costimulated with  Dz receptors to 
produce stereotyped behavior. There have been only a few studies that have investi- 
gated the roles of dopamine Dl receptors using antisense technology to date. Zhang 
et al. (122) reported that Dl antisense administered into the cerebral ventricles reduced 
the grooming behavior induced by the Dl-like receptor agonist SKF 38393, but had no 
effect  on D2-like receptor-mediated quinpirole-induced stereotyped activity. The 
decrease in grooming was directly proportional to the duration of the antisense admin- 
istration. Dl antisense also attenuated the rotations observed after SKF 38393 treat- 
ment  in  mice  with 6-OHDA lesions of the  striatum but not after  quinpirole  or 
oxotremorine administration. Cessation of the Dl antisense administration resulted in 
the reinstatement of these behaviors. These observations all correlate with findings 
obtained using pharmacological agents acting primarily at the Dl receptor (91,123). 

Dopamine Dl receptors have recently been shown to be involved in  PD, as agonists 
with high affinities for the Dl receptor have become available and have been shown to 
be potent antiparkinsonian agents.  Using antisense technology, it would be possible to 
differentiate the responses produced  by the Dl receptor itself and  by the Dl receptor 
acting in concord with the D2 receptor. 

As D5 receptors are found in areas of the brain not directly involved in  the patho- 
physiology of PD,  they are not discussed here. 

5. CONCLUSIONS 
Antisense technology may provide a novel model for PD by allowing the knock- 

down of specific dopamine receptors in brain areas normally associated with PD and at 
the same time allow for the determination of the roles played  by individual dopamine 
receptors in the pathology and/or therapy of PD. Previously, it was  thought that most 
of the antiparkinsonian drugs (124,125), exerted their beneficial effects via the D2 
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receptor and that the Dl receptor had no role in the antiparkinsonian effect. However, 
with the advent of drugs with better affinities for the Dl receptor, such as CY 208-243 
and A-77636 (126,127), it  has been discovered that  these agents are  also potent 
antiparkinsonian drugs, and thus do play  a role in motor control. 

The use of dopamine receptor antisense has to an extent clarified the possible func- 
tional roles played by these receptors in motor behaviors but it  is clear that a lot more 
work is required to come to any conclusions. Cautious interpretation of data obtained 
from the antisense studies is also urged in light of some of the reported nonspecific 
effects that the oligodeoxynucleotides can exert. 
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13 
Is Trophic  Factor  Gene  Disruption a ”Knockout” 

Model  for  Parkinson’s Disease? 

Ann-Charlotte  Granholm  and Barry Hoffer 

1. INTRODUCTION 
Parkinson’s disease is a debilitating and progressive disease of the extrapyramidal 

motor system that occurs due to the degeneration of dopaminergic (DAergic) neurons 
in the ventral mesencephalic (VM) nucleus substantia nigra ( I ) .  Despite numerous 
hypotheses and continued speculation, the triggering mechanisms for this degeneration 
of the DA neurons remain  unknown. Recent studies have suggested that mitochondrial 
oxidative dysfunction may cause premature cell death and  may be linked to accelerated 
apoptosis, excessive free and toxic radicals, deficient neurotrophic factors, or some 
combination thereof (2-6). It has, for example, been shown that certain substances can 
give  rise to significant apoptotic changes in these neurons, such as levodopa (7), 
DA-melanin (8), 1-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine (MPTP; 9), hypo- 
ischemia (IO), as well as axonal transection (I1,12). The standard therapeutic interven- 
tion to date is the administration of the DA precursor levo-Dopa, or L-Dopa ( I3J4 ) .  
However,  with the progression of the disease this drug is less effective, and continued 
administration also leads to significant negative side effects such as hallucinations and 
hyperkinesia ( I J 3 ) .  Therefore, much research effort has  been put forth during recent 
years to develop alternative treatment strategies. 

Several different factors have been identified that are involved in differentiation, 
survival, and/or fiber outgrowth from midbrain DAergic neurons. Partial recovery  of 
striatal DA levels were found in  MPTP-lesioned mice following a stereotaxic injection 
of acidic fibroblast growth factor (aFGF; 1 9 ,  and similar trophic effects on  DA  neu- 
rons in the rodent have been reported for brain-derived neurotrophic factor (BDNF; 
16-18), insulin-like growth factor (16,I9), platelet-derived neurotrophic factor (PDGF; 
20,21), and ciliary neurotrophic factor (CNTF; 22). Transforming growth factor-a 
(TGF-a 23) has also been found to have in vivo effects on DA  neurons.  In 1993, a 
novel member of the TGF-P superfamily of growth factors was isolated and cloned by 
Lin and collaborators (24). The factor was  named glial cell line-derived neurotrophic 
factor (GDNF) and was found to be potent and highly selective for DA neurons, at least 
in tissue cultures of developing rodent mesencephalon. In the past 5 yr, we and others 
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have  worked  on the characterization of the in vivo effects of GDNF,  and it was found 
that this factor had significant effects on both intact and injured adult nigra DA neurons 
in rodents (25-30) and in nonhuman primates (3I),  as well as on survival and fiber 
outgrowth  from  developing  DA  neurons  in  mesencephalic  transplants  to  the 
6-hydroxydopamine (6-OHDA)-lesioned striatum of rat (32,33). To determine if 
absence of GDNF during development correspondingly leads to agenesis of DA neu- 
rons, we studied the development of this neural system in mice  with a GDNF null 
mutation (3435). The results of these GDNF knockout studies are reviewed in detail 
below  (pp.  231-232). 

Most of the earlier work  on trophic dependency during development was done on 
tissue culture preparations of selective neuronal populations. However, culture studies 
may  not always accurately reflect the trophic relationships at a certain developmental 
time point in the whole animal in vivo.  For example, trigeminal ganglion cells show a 
switching from BDNF/NT3 dependency to nerve growth factor NGF dependency in 
culture (36,37). This change in trophic factor dependency may be caused by alterations 
in trophic factor receptors but  may also be the result of altered biological processes in 
neurons that are expressed during in vitro conditions. It is known that neurons also 
switch trophic factor dependency several times during their development in situ, so 
that one factor may be crucial for the proliferation of a specific phenotype, another for 
migration, and yet a third factor for the axonal extension toward the target and estab- 
lishment of synaptic contact. The signaling mechanisms  within the neuron that deter- 
mine the various trophic factor dependencies during the different phases of neural 
development have not  been fully identified, but it is clear that the process of neural 
development is complicated and multifaceted, especially for the central nervous sys- 
tem (CNS). Because of the limitations of earlier methods, there was a need for whole 
animal models of trophic dependency during early development. Targeted gene disrup- 
tion of trophic factors therefore revolutionized the field when first described a decade 
ago (3842;  see 43 for technical details on the gene disruption animal model). 

Even  though gene targeting by null mutation of a certain gene (knockouts, K/O) has 
simplified studies of gene function in vivo, this model system has certain limitations. 
The early lethality of  many trophic factor knockout mice prevents repeated assessment 
after birth, and prevents studies of maturation and age-related alterations (see Fig. 1). 
In addition, marked congenital defects can compromise other systems such that the 
primary effects of a null mutation are difficult to separate from secondary and tertiary 
effects (44). The inserted gene cassette may also in itself exert unwanted side effects 
that may obscure direct effects of the knockout and further complicate interpretation of 
the data. Finally, the normal interactive relationships between different trophic factors 
may be obscured by a compensatory “takeover” by other, closely related, molecules. 
Such a compensation has been described, for example, by Erickson and collaborators 
(45), who found that a double knockout of BDNF and  NT-4 leads to a much greater 
reduction in DAergic neurons innervating the carotid body  than  with each trophic fac- 
tor knockout by  itself (Fig. 2). A prominent adaptability and cross-compensation for 
developing CNS neurons between different trophic factors has also been suspected for 
other knockouts, for example, the NGF-/- and the TrkA-/- animals, which appear to 
develop normal cholinergic neurons with the normal pattern of innervation, albeit with 
a reduced synthesis of the  transmitter enzyme, choline  acetyltransferase, and in 
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Fig. 1. Summary of the  findings  from  the  different  knockout  models  discussed  in  the  present 
chapter. 

TrkA-/-, a reduction in axonal cholinesterase activity in the target areas (42,46). It 
would be incorrect to deduct from these two different knockout experiments that NGF 
does not affect development, differentiation, and axonal growth of cholinergic neurons 
in the CNS, as a multitude of in vivo studies have indicated the opposite. Instead, it is 
more plausible to postulate that a compensatory change between different trophic fac- 
tors within the same family occurs. The most puzzling finding from the trophic factor 
knockout studies is, however, that such compensation does NOT occur to the same 
extent in peripheral neurons. The NGF and TrkA knockout mice exhibit a significant 
decrease in both sensory and sympathetic neurons in the periphery even though these 
peripheral ganglion cells are known to respond to, and have receptors for, the other 
family members  of the neurotrophin family (44). 

Recent developments have led to systems that can generate tissue-specific and/or 
temporally regulated knockouts, for example, the development of antisense technology 
(see, e.g.,  Kaur  and Creese, this volume) and  CreLoxP-mediated gene targeting (47,48). 
Alternatively, classic knockouts can be rescued at a specified developmental time point 
(44). Another  way to determine if compensation  by  other, closely related, ligands occurs 
when the gene for one trophic factor is disrupted is to generate receptor knockouts 
instead of null  mutations of the trophic factor itself (41,42). These different novel model 
systems will allow for more detailed analysis of trophic factors and their role during 
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Fig. 2. Compensation by other  growth  factors  following a selective  knockout. A combina- 
tion of gene  disruption of the  neurotrophins  BDNF  and NT4 leads  to a more  severe  impairment 
in target  innervation of DA fibers  than  either  of  the  knockouts by themselves.  (Adapted  from 
Erickson  et al., re$ 45.) 

both development and in the adult brain, and hold great promise for future studies in 
this field. 

The present chapter focuses on the data available to date from trophic factor knock- 
out strains that may (or should) affect the nigrostriatal DA system. As can be seen from 
the previous description, these factors have potent effects when tested in both in vivo 
and tissue culture experiments, but they do not always have the same effects in knock- 
out experiments. Different explanations for these confounds between in vivo results 
and gene disruption experiments are discussed. 

2. NEUROTROPHIN  KNOCKOUTS 
The neurotrophins are one family of trophic molecules that have great homology 

with each other and that have been intensively studied for possible therapeutic use in 
neurodegenerative  diseases (49-52). The family  consists of  NGF,  BDNF,  neurotrophin 3 
(NT-3), and neurotrophin 415 (NT-4/5), and the recently discovered neurotrophin 
6 (NT-6, 53). They are dependent on three high-affinity subtypes of tyrosine kinase 
receptors-TrkA, TrkB, and TrkC-for their biological  activity (54-56). Of the 
neurotrophins, both BDNF and NT-4 have  been  shown  to exert biological activity on 
midbrain DA neurons (1 7,18,57). Knockout mice for all of the neurotrophins, except 
for NT-6, as well as all of the Trk receptors have been described (for review see 44,58). 
It has been concluded from these gene disruption experiments that, at least in the 
peripheral nervous system (PNS), similar phenotypes result from the knockouts of 
the trophic molecules as from the receptor knockouts and,  in addition, that these phe- 
notypes are roughly in line with  what the neurotrophic hypothesis would predict in 
terms of neuronal loss. In contrast with the in vivo results, however, it was surprisingly 
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found  that BDNF-/- mice  did not develop any observable  abnormalities of the 
substantia nigra, at least not in the early expression of this phenotype (the BDNF 4- 
animals die within  weeks  of birth; see Fig. 1). Similarly, adult NT-4 knockout mice had 
no obvious loss of midbrain DAergic neurons even though  NT-4  mRNA is expressed 
in the mesencephalon (59) and DA neurons are responsive to NT-4 in tissue culture 
experiments (57). The only alteration that was seen in DA neurons in either BDNF or 
NT-4 gene disrupted mice was a reduction in the peripheral DA innervation of the 
carotid body (45). In addition, a regional alteration in neuropeptide and calcium- 
binding protein expression in cerebral cortex, hippocampus, and striatum was found in 
the BDNF-deficient mice (45). Thus, it  is possible that these peptidergic neurons are 
dependent on BDNF for their phenotypic expression, or, alternatively, are affected by 
secondary alterations in the target environment. As has  been discussed previously, it 
was thought that the lack of alterations of DA neurons in the BDNF-/- mice might be 
due  to compensation by other neurotrophins in these mice. The brain appears to 
be significantly more adaptive than peripheral nervous systems, as the BDNF-/- mice 
die shortly after birth due to peripheral neuronal agenesis. 

All of the neurotrophin knockout mice demonstrated significant loss of peripheral 
neurons, including sympathetic, parasympathetic, and sensory neurons (44). Double 
mutant mice that lacked both TrkA and TrkC, or TrkB and TrkC, showed an additive 
loss of dorsal root  ganglion cells (DRG; 93% and 41 %, respectively) compared to single 
knockouts. The authors concluded that this suggests that distinct TrkA, B, and C posi- 
tive populations of neurons innervate different targets in the periphery.  NT-4  and BDNF 
both use the TrkB receptor for their biological effects. Interestingly, the TrkB knock- 
out mice exhibited deficits that were similar to those seen in a combined NT-4-BDNF 
knockout mouse with the exception of motor neurons (44). Motor neuron  numbers 
were found to  be normal in NT-4--, in BDNF-/-, and in the combination knockout 
(60), while TrkB knockouts showed a marked loss of facial and spinal cord motor 
neurons (41). This strongly suggests that another ligand for TrkB exists that may  com- 
pensate for the loss of both  NT-4  and BDNF during development of motor neurons. 

3. TGF-P KNOCKOUTS 
The TGF-P family of trophic factors is a group of secreted proteins that inhibit pro- 

liferation of many cell types in the periphery, regulate the expression of extracellular 
matrix proteins, and are considered important regulators of cell proliferation and dif- 
ferentiation (61). The genes for GDNF and neurturin, two subfamily members with 
actions on midbrain DA neurons in vitro and in vivo (24-26,29-32,62,63), have been 
disrupted and the DA systems investigated in the CNS (34,6446). 

In collaboration with Drs. Liya Shen and Heiner Westphal, we studied the early 
development of tyrosine hydroxylase (TH) immunoreactive neurons of the substantia 
nigra in GDNF null mutated mice and, surprisingly, found no evidence for a dysgen- 
esis or agenesis of DA neurons at this developmental stage, despite the potent effects 
reported from in vivo experiments (Fig. 3). Both central and peripheral noradrenergic 
neurons appeared to be more affected by the GDNF gene disruption, as we found 
approximately a 25% decrease in the TH immunoreactivity in brain stem locus coer- 
uleus neurons, as well as a marked reduction in sympathetic innervation of the head 
and neck (34,35). A dependency on GDNF for  the noradrenergic locus coeruleus 
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neurons has also been reported in vivo in the adult rat, where GDNF-secreting grafted 
cells are able to rescue noradrenergic neurons from 6-OHDA-induced apoptosis (67). 

There are several possible explanations for the lack of effects of the GDNF null 
mutation on DA neurons of the substantia nigra. It is well  known that the DA neurons 
undergo two major  waves  of apoptosis during development. The first wave occurs at 
1-2 d postnatally, and the second wave occurs at 10-14 d of age (68). If it is true that 
GDNF is effective in blocking apoptosis of DA neurons, as suggested by in vitro stud- 
ies (62,63,69), the GDNF knockout animals die before the DA neurons would have 
been subjected to their first wave of apoptosis, and  would thus not  need GDNF until 
later in life. The waves  of apoptosis for DA neurons coincide with the time of synaptic 
contact with their striatal target. This notion is consistent with the hypothesis that 
GDNF is a target-derived trophic factor, and is thus  not required until the neurons 
reach the target and establish contact. Another plausible explanation for the lack of 
effects of the GDNF null mutation on DA neurons is that another, closely related, 
trophic molecule is able to compensate and take over as a ligand for the GFR-al-Ret 
receptor complex (70,71). We  know that at least one more member of this TGF-P sub- 
family, neurturin, shares receptors  and  signal  transduction  pathways  with  GDNF,  which 
suggests that neurturin is a physiologically relevant ligand for the Ret receptor and may 
function in a compensatory fashion in the GDNF knockout animals (72). Interestingly, 
neurturin  knockout mice (66) do not share the same peripheral abnormalities that were 
found in GDNF knockout mice. They grow  well  and are fertile and also exhibit normal 
kidneys and enteric nerve plexa. They do not exhibit any alterations in DA  morphology 
or function, as described in preliminary studies (66). Another member of this TGF-j3 
subfamily of growth factors, persephin, has recently been discovered (73). Persephin 
has approx  40% homology with neurturin and GDNF, and has been found to protect 
adult DA neurons from 6-OHDA-induced lesions in the rat, as well as to act as a differ- 
entiation factor for DA neurons in tissue cultures of fetal midbrain tissue (73). It would 
be interesting to study combined knockouts of these three TGF-j3 subfamily members, 
to see if the combined loss of Ret ligands might alter the fate of  midbrain DAergic 
neurons. It would also be interesting to study aged neurturin knockout mice to deter- 
mine if this factor may be more important for age-related plasticity and target plasticity 
than for early development, when  many other factors are present in abundance. The 
GDNF-related trophic factors represent a novel group of neurotrophic factors, and their 
biological significance has not  yet  been fully elucidated. 

3.1. GDNF Receptor Knockouts 
As was discussed previously regarding the neurotrophin knockouts, additional 

information regarding biological effects of a trophic factor may be obtained if a recep- 
tor  knockout is performed, rather than gene disruption of the trophic molecule itself. It 
has  previously  been  shown that Ret receptor knockout animals display peripheral  symp- 
toms that are similar to those found in the GDNF knockout animals (74). Recently, two 
different research groups (7576) have reported the effects of deletion of the gene cod- 
ing  for the surface membrane binding portion of the receptor complex for GDNF, 
termed GFR-a1. Deletion of this protein using standard homologous recombination 
techniques produced  mice  with agenesis of kidneys and enteric nervous system, as well 
as reduced  numbers  of spinal motor and sensory neurons, analogous to the alterations 
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Fig. 3. The  microphotographs  show sections from  the  substantia  nigra  pars  compacta  from 
embryonic  day 18 mouse  embryos,  incubated  with  antibodies  directed  against  TH.  The  section 
in (A) is from  a  GDNF-/- fetus,  while the section in (B) is from  a  wild-type  fetus  of  the  same 
litter.  Note  that  there  are no  observable  differences in the size,  staining  intensity, or  packing 
density  of  TH-immunoreactive  neurons  in  this  CNS  nucleus,  at  least  not  at  this  early  stage.  The 
GDNW- animals die at  birth,  which  prevents  studies of maturation  and  target  innervation of 
the  DA  neurons.  The  scale  bar  in (B) represents 40 pm. 

seen in GDNF knockout mice.  CNS DAergic neurons, however, were  not altered in 
terms of their morphological development in the GFR-a1 knockout mice.  On the other 
hand, in vitro studies using fetal midbrain  DA neurons or nodose ganglion tissues from 
GFR-a1 null mutations demonstrated a marked loss of GDNF sensitivity in these tis- 
sues (75). However, tissue cultures of submandibular ganglion cells from GFR-a1 
knockout fetuses retained their sensitivity to both GDNF and neurturin, despite the 
lack of the GPI-linked portion of the GDNF receptor complex (75). Thus, GDNF and 
neurturin may mediate some of their activities through a second, unknown, receptor in 
some neuronal phenotypes. The combined results from the Ret and the GFR-a1 knock- 
out studies indicate that both of these receptor components are necessary for normal 
development of kidneys and enteric nerve plexa, but that some adaptability still exists 
in the CNS DA neurons in terms of developmental dependency. The TGF-P subfamily 
knockouts and their receptor knockouts have given valuable information regarding 
peripheral development, and will continue to yield information regarding development 
of  both the PNS and the CNS. 

4. NURR 1 KNOCKOUTS 
NURRl is an immediate early gene product, and  an orphan member of the steroid 

nuclear receptor superfamily (77). These receptors function as transcription factors, 
regulating and programming developmental, physiological, and behavioral responses 
to a variety  of chemical signals. NURRl is expressed in  many regions of the CNS, but 
its function and cognate ligand remain to be investigated (77). NURRl was shown to 
appear in midbrain neurons before expression of DA phenotype occurred in this brain 
region (78). The NURR-1 knockout appears to be the best  model so far for DA  neuron 
agenesis, as NURRl knockout  mice were born with a complete agenesis of mesen- 
cephalic DA  neurons. It was interesting to note from this study that the agenesis of  DA 
neurons appeared to be restricted to the midbrain DA phenotype and unrelated to TH, 
as other TH-positive neurons in the brain stem were present and developed normally. 
The NURR-14- animals died 2 d postnatally of unrelated causes, most likely due to a 
lack of suckling ability. These animals are very interesting from several different per- 
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spectives, not  only because of their complete lack of midbrain DAergic neuron devel- 
opment, but also because they display a completely normal development of peripheral 
sympathetic and sensory neurons, unlike the trophic factor knockouts described previ- 
ously. It is not  known  what causes this selective loss of  DA  neurons,  but the answer 
may be found  in  the  expression  patterns  of  NURR-1  during  early  development.  NURR-1 
appears in the central DA neurons during development, as early as embryonic day 10.5 
(78). In conclusion, the NURR-1 mouse represents a powerful tool for investigation of 
DA dependency for different behaviors. It was found that DA levels were significantly 
decreased in NURR-1 heterozygous mice but it  is not known yet if motor behavior is 
impaired in these heterozygous mice. It would also be interesting to transplant ventral 
mesencephalon from embryonic day 11-12  of NURR-1 knockout fetuses to wild-type 
adult hosts, to determine if the presence of trophic factors may induce development of 
DA phenotype in such transplants. 

5. DOPAMINE AND  DA RECEPTOR KNOCKOUTS 
5.1. DA Knockouts 

A direct approach toward deleting DA  in the brain  was attempted in 1995, when 
Zhou  and collaborators disrupted the TH gene in mice (79). However,  they soon real- 
ized that most TH-/- mice died in utero, and also that they  had disrupted production 
not only of DA in the brain but also of norepinephrine (NE) in the PNS  and  CNS. They 
designed an extremely interesting model,  in  which  they were able to disrupt the DA 
production in DAergic neurons, but  maintain the production of  NE in locus coeruleus 
neurons (80). Their model is described schematically in the diagram below. Basically, 
they first produced TH-/- mice (that had a deficiency in the production of  both NE and 
DA,  and  of which most died in utero). They then inserted the entire TH gene sequence, 
including a neocassette, into the dopamine-P-hydroxylase (DBH) gene, predicting that 
this would disrupt TH in all neurons that did not have the ability to produce NE through 
DBH.  For simplistic reasons,  they called the TH-/-:TH-DBH+/- combination offspring 
DA-/- mice, as this particular combination gave rise to lack of  DA production, but 
maintained NE production in the locus coeruleus (80). 

1. Disruption of the  TH gene + TH-/- mice + loss of both  DA  and NE 
2. Insertion of the TH gene  into  DBH  gene + TH-DBH-/- + loss of only NE, keep  DA 
3. Combination of "I+/- and  TH-DBH+/-+ TI-&/+ TH-DBH+/+ loss of only  DA,  keep NE 

The DA-/- mouse is an excellent model for pharmacology and development of  DA 
neurons, and  probably one of the better approaches that have been described to date. 
The newborn DA-/- are grossly indistinguishable from wild-type littermates, but by 
postnatal d 10 they  become hypoactive, adipsic and aphagic and will die if not treated 
with L-Dopa (80). It is interesting to note that the DAergic neurons of the substantia 
nigra, as well as their projections to the striatum, appeared to develop normally in the 
DA-/- mice, despite a total lack of TH and  DA  in this pathway, as evidenced by  immu- 
nocytochemistry  using  antibodies  against L-aromatic amino  acid  decarboxylase 
(AADC),  which is an enzyme that converts L-Dopa to DA.  In addition, the authors 
found a quite normal development of  many different parameters in the target area stria- 
tum in the DA-/- mice. For example, staining with DAWP32 (DA-  and cyclic AMP- 
regulated phosphoprotein; a protein whose phosphorylation is regulated by Dl receptor 
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stimulation), expression of Dl and D, receptor mRNA, as well as levels of GAD65 and 
GAD67  (y-aminobutyric acid [GABA] synthesizing enzymes) all appeared normal in 
DA-/-, as compared to wild-type striata (80). They drew the conclusion that, despite 
earlier suggestions, DA is not necessary for development of the nigrostriatal system, 
and also not for expression of its receptors or for normal target development. These 
findings have shed light on the complex interrelationship between target and neuronal 
afferents during early neurogenesis. The DA-I- mice had significant alterations in their 
behavior, however, that demonstrated the dependence of  DA for complex behavior in 
mammals. The hypoactivity observed in the DA-/- was easily counteracted by small 
doses of  L-Dopa; the same dose of the drug had no effect on activity in wild-type mice. 
They also exhibited significant reductions in stereotypical behavior (rearing, sniffing, 
etc.) as compared to controls, a deficiency that was also rapidly reversed by the L-Dopa 
treatment. The DA-/- mice are interesting not  only for studies of behavior and  pharma- 
cological assessments. The model  can be used for development of  novel treatment strat- 
egies in Parkinson’s disease as well. A recent presentation by Szczypka et al. (81) 
demonstrated that the aphagia, hypoactivity, and adipsia found in  the DA-/- could be 
counteracted by intrastriatal injections of adeno-associated virus-mediated  L-Dopa,  and 
that one injection resulted in sufficient amounts of  L-Dopa for  at least 9 wk in the 
mouse using this novel drug delivery system. 

5.2. DA Receptor  Knockouts 
Mutant mice lacking the different subtypes of  DA receptors have also been devel- 

oped. Five distinct DA receptor subtypes have  been recognized to date (for review, see 
82). The DA receptor knockouts are particularly interesting in the perspective of 
understanding the interaction of DAergic interaction with other transmitter systems, 
such as the excitatory amino acid input to the striatum from cortex (see, e.g., 83,84). 
Gene disruption of  DIA,  D2, and D3 receptors has  been generated and characterized 
physiologically (85-90; see Fig. 1). The DA receptor knockout mice generally appear 
to do well and survive until adulthood, but they manifest certain behavioral impair- 
ments (see also Fig. 1). The D2 knockout mice are cataleptic (@), whereas the Dl,  and 
the D3 receptor  knockouts  have  been  reported  to  be  hyperactive and to display 
decreased rearing and also a lack of response to cocaine (86,91). The differences in 
behavior of the different receptor knockouts clearly demonstrated the different func- 
tions of the DA receptor subtypes in a behaving animal, and just not on the cellular 
level. None of the DA receptor knockouts have been reported to have agenesis or dys- 
genesis of monoaminergic neurons, either in the CNS or PNS, and the neostriata1 spiny 
neurons exhibited normal morphological features. It  is possible that a combined knock- 
out of all DA receptors would have more severe consequences for DAergic circuitry in 
the brain. Meanwhile, this model serves as an excellent tool for electrophysiological 
characterization of the different DA receptor subtypes, and crucial information has 
been gathered regarding DA transmission using this system. 

6. MONOAMINE TRANSPORTER KNOCKOUTS 
The actions of DA are mediated almost exclusively by G-protein-coupled mem- 

brane receptors, but the intra- and extracellular concentrations of monoamines are pri- 
marily controlled by two types of transporters. The sodium- and calcium-dependent 
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plasma membrane transporters exhibit cell-specific gene expression between the dif- 
ferent monoamines,  and are responsible for transport of DA into the cell following 
release. The vesicular transporters that allow synaptic vesicles to engage in stimulated 
release by transporting monoamines from the cytoplasm to the vesicles, on the other 
hand, exhibit a lack of selectivity for different monoamines (see e.g., 92). There are 
two subtypes of vesicular monoamine transporters, namely VMATl and VMAT2 (931, 
of  which  VMAT2 is expressed primarily in the nervous system and in histaminergic 
cells of the gastrointestinal canal (94). Mice that are homozygous for a gene disruption 
of  VMAT2 die within a few days of birth, showing severely impaired monoamine stor- 
age and vesicular release (95). In heterozygous adult mice, the extracellular striatal DA 
levels are decreased, and the potassium- and amphetamine-evoked DA release is sig- 
nificantly reduced. Because potassium-evoked DA release  has been shown to  be 
reduced also in the aged rat striatum (96), the VMAT2+/- mice may serve as an excel- 
lent model system for age-related decreases in neuronal plasticity and function. These 
presynaptic alterations in DA storage and release are coupled with  an increased sensi- 
tivity to applied neurotoxins such as MPTP,  and also to an increased sensitivity to the 
locomotor effects of the DA agonist apomorphine, the psychostimulants cocaine and 
amphetamine, as well as ethanol (9597). They also do not develop sensitization to 
repeated cocaine administration (lack of adaptability in the system). 

Recently, inactivation experiments of the gene encoding the plasma membrane  DA 
transporter (DAT) have also been  undertaken (98,99). These studies clearly demon- 
strated the importance of  DAT as the key element for maintaining DA levels in the 
brain,  and also its role as an obligatory target for the behavioral and biochemical actions 
of  DAergic drugs such as cocaine and amphetamine (98). The studies on gene disrup- 
tion  of  both the membrane and vesicular DA transporters provide concordant evidence 
for a significant role of the transporters in DAergic transmission in the brain, and these 
findings may have significance for the future treatment of vastly different diseases, 
such as drug addiction, schizophrenia, and Parkinson’s disease. 

7. TRANSPLANTATION EXPERIMENTS USING KNOCKOUT MICE 
AS  DONOR OR  RECIPIENT TISSUE 
Transplantation of ventral mesencephalic neurons from fetuses is a novel treatment 

approach for Parkinson’s disease, which  has  been developed during the last decade 
(52,100-107). However, there is a low survival rate of DAergic neurons in the trans- 
plants and only approx 5-10%  of the transplanted cells survive (108-110). It  is not 
known  what causes this low survival rate, nor is  it known  which factors might be used 
to stimulate increased survival. Initial experiments have demonstrated that GDNF may 
enhance both cell survival and fiber outgrowth from ventral mesencephalic transplants 
into a unilaterally lesioned striatum in the rat (32,331. In addition, in vitro experiments 
by Clarkson and collaborators have indicated that GDNF may also affect the rate of 
apoptosis of  both  human  and rodent DA neurons in the culture dish (62,63,69). These 
data suggest that treatment with trophic factors may enhance the survival of DA-rich 
transplants clinically. Several different lines of research have been recently developed 
using transplantation in combination with transgenic mice to determine factors that 
may enhance graft survival in the clinic. Two different examples of  neural transplanta- 
tion using fetal tissue from knockout animals are briefly described in the following 
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Fig. 4 Transplantation  experiments  using  knockout  animals. (A) Duan et al. ( 1  998) found 
that  transplants of ventral  mesencephalon  from MHC I and MHC I1 knockout  mice  survived 
significantly  better  than  xenotransplants of mouse  tissue  from  wild-type  mice. (B) Trisomy  16 
cross  grafting  experiments. Ts 16  fetal  tissue  survived  well and  grew  in  the  hippocampal 
formation of adult  wild-type  mice.  However,  with  time,  there  was a selective degeneration of 
cholinergic neurons in Ts 16,  as compared  to  wild-type  grafts. 

paragraphs to demonstrate the potential of combining these two useful neuroscience 
models. 

In the first set of experiments, Low and collaborators described experiments involv- 
ing transplantation of tissue from major histocompatibility complex (MHC) class I and 
I1 knockout mice into rats, and found significant effects on survival when the genes for 
both of these cell surface molecules were disrupted (Fig.  4A; 111). The authors showed 
that both MHC class I and MHC class I1 gene disruption significantly enhanced sur- 
vival, and reduced rejection, of mouse tissue that was xenografted into an adult 
6-OHDA-lesioned rat. At 42 d postgrafting, the wild-type,  MHC class I, and  MHC 
class I1 knockout mouse transplants exhibited 5 k 5,262 k 76, and 216 k 81 surviving 
DA neurons per section, respectively. This represented a significant increment in DA 
cell survival in  both classes of  MHC  knockout transplants, compared to  wild-type trans- 
plants. They argued that these two cell surface molecules affected survival of trans- 
planted DA  neurons. These findings are intriguing and could lead to a possible genetic 
manipulation strategy for transplantation of tissue between different human donors and 
recipients, as well. 
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Another interesting possibility for combining transgenic mouse studies with trans- 
plantation models has  been demonstrated by Holtzman and collaborators, who  have 
developed a grafting strategy for studies of trisomic mice with selective forebrain cho- 
linergic deficits (112). These authors transplanted tissue from a fetal mouse model  of 
Down’s syndrome, the trisomy 16 mouse,  to wild-type mice to study the spontaneous 
neurodegeneration seen in the former. The trisomy 16 (Ts 16) mouse model served as 
a model for Down’s syndrome, as the mouse chromosome 16 (“U-16)  is the chro- 
mosome most similar to human chromosome 21(HSA-21; 113). However, the mice 
with Ts  16 do not survive past birth, and age-related degeneration could therefore not 
be studied.  Holtzman and collaborators (112) performed an experiment in  which fetal 
forebrain tissue from Ts 16 or wild-type fetal brains was transplanted to the hippocam- 
pus of young adult mice. Transplanted neurons survived, and  grew processes, in all 
grafts. However, there was a selective cholinergic degeneration with time in the grafts 
from the Ts  16 mice, compared to wild-type grafts (see Fig. 4B). Denervation of 
hippocampus  produced a significant increase in the size of cholinergic neurons in Ts 
16 grafts, consistent with trophic interaction from the denervated host  hippocampus. 
This represents an interesting model for studies of trophic factor effects on neuro- 
degeneration. It would be interesting to determine if spontaneous age-related degen- 
eration also occurs in the DA system of trisomic mice, as the DA system also undergoes 
age-related impairment in the Down’s syndrome patient. 

There are some limitations to the Ts 16 model described previously, for example, 
the fact that the MMU-16 is larger than HSA-21, and contains genes that are located 
both on HSA-21 and on other human chromosomes. Therefore, another model for 
Down’s syndrome was developed, that has a segmental trisomy only on the genetic 
material present on the HSA-21 responsible for the Down’s syndrome genotype. One 
such model is the Ts65Dn mouse that has  been described recently (114). These mice 
survive until adulthood, experience a significant and spontaneous degeneration of 
forebrain cholinergic neurons at approx 6 mo of age, and exhibit specific memory 
impairments consistent with cholinergic hypofunction (114,115). Grafting experiments 
between the Ts65Dn mice and wild-type adult hosts could determine if environmental 
and/or supplemental growth factor treatment in a wild-type host could prevent the spon- 
taneous degeneration occurring in forebrain cholinergic neurons in Ts65Dn mice. Stud- 
ies of cross-grafts between  Ts65Dn fetuses and wild-type adult hosts are ongoing in 
our laboratory. We are also transplanting tissue from trophic factor knockout mice to 
wild-type hosts, to study if deprivation of a specific trophic factor in the target, for 
example, striatal tissue, causes alterations in DA innervation during development. 

8. CONCLUDING REMARKS 

Single gene disruption of trophic factor genes has already generated a wealth of 
information regarding mammalian development, and in particular the development 
of the PNS. It is likely that this approach is only in its infancy, and that many discover- 
ies can be expected in the years to come both from the utilization of knockout mice that 
already exist and those that will be generated, in particular with temporally and/or 
regionally controlled gene disruptions. When studying single gene disruption and its 
effects on development of the brain, one must be cautious in the interpretation of data, 
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as the brain appears to have an inherent adaptability to gene mutations that is unparal- 
leled in the PNS. It  is also clear from these initial studies that the actions of different 
growth factors are more complex, and  in some instances also more interactive, than 
previously thought. Nevertheless, the gene disruption systems that have been reviewed 
here can give us valuable information regarding the signaling of specific trophic mol- 
ecules during neuronal proliferation, migration, and differentiation as well as target 
innervation and phenotypic maintenance.  By utilizing knockout animals in grafting 
experiments, we can take advantage of the single gene disruptions and study effects of 
one trophic factor in, for example, target innervation or synaptic development. 

The different knockout models described in this chapter are clearly important for 
elucidation of factors that may regulate development of midbrain  DAergic  neurons. It 
is puzzling that none of the trophic factor knockouts lead to any impairments of these 
neurons,  with the exception of the NURRl knockout mice, which exhibit an exclusive 
and complete  agenesis of midbrain DAergic neurons. Even the nigra neurons of 
DA-/- mice developed normal connections with the striatum, despite a complete 
absence of DA during the development and axonal extension into the target. This has 
yielded important information regarding the nigrostriatal system; apparently the pro- 
jection is not sensitive to presence or absence of the transmitter itself, but will develop 
normal target connections in the absence of DA synthesis and release. The lack of 
effects of the other trophic factor knockouts demonstrates the marked adaptability that 
exists in the CNS and also suggests that conclusions should not be drawn from knock- 
out experiments regarding trophic factor dependency of specific central neuronal phe- 
notypes. However, the trophic factor knockout mice are valuable as model systems for 
transplantation experiments and, furthermore, combinatorial knockouts may render 
more specific information regarding the importance of several trophic ligands for 
developmental function. 
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Operant Analysis of Striatal Dysfunction 

Peter J. Brasted,  Mitt5 D. Dobrossy, Dawn M. Eagle, 
Falguni  Nathwani, Trevor W. Robbins,  and Stephen B. Dunnett 

1. INTRODUCTION 
Huntington’s disease (HD) is a fatal inherited neurological disorder, the genetic basis 

of  which  has recently been identified as an expanded trinucleotide repeat in a previ- 
ously unknown gene (the normal function of which remains mysterious) on chromo- 
some 4 (I). The disease is characterized pathologically by a primary progressive loss 
of  medium spiny projection neurons within the neostriatum (caudate nucleus and puta- 
men)  in addition to fibrillary astrocytosis. In later stages of the disease the pathology 
spreads beyond the striatum itself to affect other cortical and subcortical systems, 
although predominantly those that are afferent and efferent to the striatum. HD is tradi- 
tionally viewed as a movement disorder, and is typically characterized by dementia 
and psychiatric symptoms in addition to the more conspicuous choreic movements. 
This composition of impairments suggests a striatal influence in many response- 
related functions, mirroring the diversity of its neocortical afferents. 

The anatomical, neurochemical, and morphological progression of the striatal atro- 
phy in HD is well characterized. The disease process begins in the caudate nucleus and 
advances over time through the entire striatum in a medial to lateral and dorsal to ven- 
tral fashion (2,3). Despite this widespread atrophy within the striatum, a preferential 
loss of specific neuronal types is consistently found. Specifically, the y-aminobutyric 
acid-ergic (GABAergic) medium spiny projection neurons are destroyed, in contrast 
with the medium aspiny and large aspiny neurons which are spared (4). Furthermore 
there is evidence to suggest that GABAergic neurons that coexpress enkephalin are 
lost prior to those that coexpress substance P (5-7). The implication is that striatal 
output to the external segment of the globus pallidus (the “indirect” pathway) is 
affected earlier than projections to the internal segment of the globus pallidus and the 
substantia nigra pars reticulata (the “direct” pathway), which  may be relevant to the 
development of symptoms such as chorea. The progression of this striatal pathology 
has also been subject to examination in the context of the striosome/matrix compart- 
mentalization that characterizes the striatum. In a detailed analysis of  HD brains at 
postmortem, Hedreen and Folstein (7) proposed two temporally discrete phases of cell 
loss. First, they reported that the dorsal to ventral progression of neuronal degeneration 
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is specific only to those cells that are located in the matrix. Second, they demonstrated 
that the loss of striosomal neurons occurs early in the course of the disease, and is 
completed prior to the progressive loss of neurons in the matrix. The differential onset 
of behavioral symptoms has also been interpreted with respect to this pathological dis- 
tinction, with the chorea cited potentially as the result of the initial striosomal loss (7). 

Despite the fact that the neural degeneration associated with HD centers almost 
exclusively on the striatum, there are reports of additional pathology, located both  cor- 
tically and subcortically. The primary areas affected are the pyramidal projection cells 
in cortical areas that innervate the striatum (8-101, and target areas of striatal outputs in 
the globus pallidus and substantia nigra (11,12), leading to the suggestion that the 
extrastriatal changes may be direct anterograde and retrograde reactions to a primary 
striatal degeneration, rather than independent consequences of the disease process (13), 
although direct evidence for and against this hypothesis remains sparse. 

2. MOTOR,  COGNITIVE, AND PSYCHIATRIC  DEFICITS IN  HD 
The variety of impairments that are manifest in  HD can be organized into the broad 

categories of motor, cognitive, and psychiatric symptoms, all of which  worsen as the 
disease progresses. Although HD traditionally has been viewed as a movement disor- 
der, the advent of genetic screening and the development of more sensitive clinical 
testing have indicated that it  is the psychiatric and cognitive aspects that often present 
first ( I d ) ,  and can certainly be the more debilitating for the patients and their families. 

Although HD is regarded as a hyperkinetic disorder on account of the uncontrollable 
choreic movements, this often masks an underlying bradykinesia (15). As the disease 
progresses this and other hypokinetic signs such as rigidity, dystonia, and oculomotor 
deficits become  increasingly apparent (16). Although elements of these symptoms,  such 
as dystonia and chorea, are not  well reproduced in rodent models of  HD, other aspects 
of the hyperkinetic syndrome are well reproduced following striatal lesions in rats and 
other experimental animals (17,18). 

The neuropsychological deficits that are associated with HD are similar to those that 
are seen in patients with prefrontal cortical damage, as indeed is the case with other 
“subcortical dementias” (19). Patients typically exhibit mnemonic impairments such 
as reduced digit spans (20) and reduced spatial spans (21) as well as deficits in paired 
associates learning (20) and procedural learning (22). HD is also believed to impact 
upon “executive” functions such as planning and attention-shifting (23-26). Although 
this cognitive profile is similar in many respects to that seen in “frontal” patients, these 
deficits are believed to be due to striatal cell loss rather than cortical atrophy, not least 
because the development  of  many deficits correlates with the severity  of the hypokinetic 
symptoms that are closely and uniquely associated with striatal dysfunction (27). 

A large number of psychiatric symptoms have been reported in HD, perhaps reflect- 
ing a diversity in diagnoses as well as in  pathology. Depression, aggression, and anxi- 
ety are commonly reported, often in the context of a “personality change,” and patients 
also may exhibit inappropriate social and sexual behaviors (16). However,  any inter- 
pretation of these symptoms may be weakened by the uncertainty surrounding the 
knowledge that one is at risk of inheriting a fatal disease. Thus it is unclear the extent to 
which psychiatric symptoms represent a reaction to the diagnosis, although the obser- 
vation that these may be some of the earliest appearing signs in otherwise symptom- 
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free gene carriers suggests that the psychiatriclbehavioral disturbance is an endogenous 
component of the disease. 

3. EXCITOTOXIC LESIONS OF THE  RAT  STRIATUM 
AND THE  NEUROPATHOLOGY OF HD 
Early attempts to study striatal function involved the use of electrolytic lesions, but 

this technique has since been supplanted by the use of excitotoxins. This approach 
conveys two obvious advantages. First, excitotoxins selectively destroy intrinsic stri- 
atal neurons without damaging the fibers of passage, destroyed by electrolytic lesions, 
that project to and from the frontal cortices. Second, excitotoxins have provided the 
basis for animal models of  HD. Although these techniques can never precisely model 
an ongoing pathology in the way that metabolic toxins perhaps can, it is a reliable and 
robust technique that has consistently produced behavioral sequelae that correlate well 
with the clinical symptoms of striatal damage. 

Excitotoxins are glutamate analogues that can bind to different glutamate receptor 
subtypes. They are injected centrally, and induce cell death by increasing neuronal 
firing rate, which gives rise to a sustained period  of cell depolarization. Kainic acid 
was  used initially to model the neuropathology of HD (28,29). Not only did the toxin 
produce selective striatal cell loss, but it also resulted in a reduction in the levels of 
choline acetyl transferase (CUT)  and glutamic acid dehydroxylase (GAD). These 
neurochemical markers for cholinergic and GABAergic neurons are also decreased in 
HD  (28). Since then, ibotenic acid and quinolinic acid have replaced kainic acid as the 
neurotoxins of choice in animal models of  HD (30,31). Although both toxins still cause 
loss of intrinsic striatal neurons, neither results in remote hippocampal damage or the 
seizures that can accompany kainate lesions. Furthermore, quinolinic acid, an endog- 
enous (N-methyl-D-aspartate  (NMDA) agonist, is reported to best model the human 
disease, on account of the preserved or increased levels of somatostatin and neuropep- 
tide Y, in addition to the sparing of NADPH-diaphorase neurons, all of which resemble 
the postmortem findings reported in HD (32,33). However, this difference between 
quinolinic and ibotenic acids is not found consistently, and  in our hands the differences 
in apparent selectivity relate as much to the technical parameters of toxicity, concen- 
tration, and rate of delivery as to any differences in receptor selectivity or toxic profile 
of the two compounds. Moreover, to the extent that they have been compared on simi- 
lar tasks (such as locomotor hyperactivity or deficits in skilled reaching) both toxins 
seem to produce rather similar behavioral effects for a similar sized lesion. 

More recently, other models of HD have been developed that may more closely 
mimic the neuropathological process of the human disease. Striatal neurons appear to 
exhibit deficits in mitochondrial energy metabolism in  HD striatum that can be mim- 
icked  by a variety of metabolic toxins such as malonate and 3-nitroproprionic acid 
(3-NPA)  (343.5). For example ,systemic administration of 3-NPA produces widespread 
disturbances in succinate dehydrogenase activity throughout the brain, but selective 
degeneration of the neostriata1 neurons in both rats and monkeys (3638). Neverthe- 
less, although lesions produced by the metabolic toxins may provide a good  model to 
analyze  the  pathogenesis of the human disease,  they  are  more  variable  than  the 
excitotoxins, both in the doses required and in the extent of striatal damage that results. 
In our experience, the use of excitotoxins is preferable for behavioral studies in which 
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stable and reproducible damage from animal to animal is critically important for tight 
experimental design. 

In the wake of recent development in our understanding of the subdivisions in stri- 
atal circuitry, there has also arisen an interest in the possibilities of  making selective 
lesions in the direct vs indirect pathways and in the striosome vs matrix compartments 
of the striatum (39). Such selectivity may seem plausible from descriptions of the dif- 
ferential distribution of different subtypes of glutamate receptors in the striatum, and 
indeed there has  been a claim that such selectivity can be achieved either by using 
supposedly selective excitotoxins (40) or by disrupting the dopamine innervation 
selectively from the striosomes by making 6-hydroxydopamine (6-OHDA) lesions at a 
brief  window in early development (41). However, neither of these strategies has yet 
proved sufficiently reliable and stable to provide the basis for systematic behavioral 
studies of striatal compartments, and the conventional excitotoxins remain the strategy 
of choice. 

4. THE FUNCTIONAL ROLE OF THE STRIATUM 
IN EXPERIMENTAL ANIMALS 
The striatum has always been recognized as a structure that is critical in mediating 

efficient motor control, a role that has been inferred both  by the pathology of  move- 
ment disorders and also its anatomical connectivity (42). That excitotoxic lesions may 
model both the behavioral as well as the pathological aspects of  HD  was initially noted 
by Coyle and Schwarz (28). Thus, bilateral striatal lesions in rats induce a marked 
hyperactivity (17,181 that is most prominent under circumstances where the rat would 
normally be active, such as during the night cycle or when food deprived (43,44). 

The tendency  of rats to rotate to their contralateral side following unilateral striatal 
lesions is still widely  used as a behavioral index  of striatal damage and regeneration 
(45-48). Why this motoric asymmetry  should manifest itself in this way is not well 
understood. It is usually apparent only  with the systemic administration of dopaminer- 
gic agonists such as amphetamine and apomorphine, and  both the direction of rotation 
and response to different drugs can be critically dependent upon the locus of the striatal 
lesion (47,48). Asymmetrical motor deficits are also apparent in un-drugged rats with 
striatal lesions, in tests varying from axial twisting of the body (49) to skilled paw  use 
in manipulating, reaching, and grasping for food (47,50,51). More recently, the inter- 
pretation of lesion data in terms of a general “motor” dysfunction has since been 
refined so that striatal damage is shown  to produce “response-related” deficits (to be 
developed in Subheading 6.), reflecting the importance of cortico-striatal systems in 
producing stimulus-bound movement. 

Although it has long been established that the striatum is integral in the mediation of 
effective motor output, it  is only relatively recently that it has been assigned a signifi- 
cant role in cognition. Divac and colleagues showed that electrolytic lesions of discrete 
segments of the caudate in monkeys impaired performance in delayed response and 
spatial alternation tasks in much the same way as did lesions of areas of association 
cortex projecting to each striatal segment (52). Excitotoxic lesions have since been 
shown to produce similar impairments in a variety of executive and other cognitive 
tasks in primates, cats, and rodents (53-59). 
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Perhaps the most challenging aspect of examining HD through rodent models is to 
examine psychiatric or motivational components.  Although difficult to examine more 
overt or florid aspects of psychiatric disturbance that are based on language and thought 
processes specific to humans, it is nevertheless possible to examine the role of the 
striatum in aspects of incentive motivation and the ability of rats  to  adapt their 
responses appropriately to  reward  and changes in reward. Classically, the ventral stria- 
tum has  been considered primarily as the critical substrate for limbic and motivational 
aspects of striatal function (60,6I), but this reflects at least in part the fact that the 
dorsal or neostriatum has  been relatively little investigated with regard to this aspect of 
complex function. 

5. WHAT IS AN OPERANT  TASK? 

The term “operant” was originally defined  by Skinner as a set of responses that 
“must operute upon nature to produce its reinforcement” (62). Thus, in an “operant” 
task, a subject learns to respond in a particular way to gain reward (or  to escape punish- 
ment) when a discrete cue, or stimulus, signals that this response will be effective. 

The search for better methods to analyze operant behavior led Skinner to develop 
various types of automated test apparatus, that he called “operant chambers” but are 
now colloquially known as Skinner boxes. A conventional operant chamber typically 
has three main  components: 

1. The operand, something  the  animal  can  operate  on  or  respond  to.  This  is  typically  a  lever 
to  be  pressed, but  may  be a  chain  to  be  pulled,  a  touch-sensitive  panel  to  press, or  indeed 
any  other  element  to  which  a  response  can  be  measured. 

2. Discriminative stimuli that  can be  switched  on  and off to  signal  the  timing  and  location of 
the  response.  These are typically  lights, but  may  be  more complex  stimuli  such  as  visual 
patterns,  or involve other  modalities  such  as  sounds  (pure  tone,  buzzer,  white  noise,  etc.) 
or  indeed  tactile  or  olfactory  cues  also. 

3. Reinforcers, typically  food or water, as positive  stimuli, or an electric  shock,  as  negative 
stimuli. A reinforcer  is  in  fact  anything  that  an  animal  will  work for or learn  a  response to 
gain  access to or to avoid. 

The operant chamber is designed to present discriminative stimuli, to measure and 
record responses to the operand, and to deliver reinforcement (e.g.,  by delivering food 
pellets via a pellet dispenser, or delivering electric shock to the animal’s feet via the 
grid floor), all under microcomputer control. The program that defines the contingen- 
cies under which reward is delivered defines the “schedule of  reinforcement.” One of 
the major triumphs of the operant approach to behavior by Skinner and his colleagues 
has been the detailed specification of the ways  in  which the behavior of animals comes 
under the control of the applied schedule of reinforcement so that the patterns of 
responding can be accurately predicted (63). 

Using operant principles, it is possible to teach animals to perform specific motor 
and cognitive tasks in a well-defined manner that permits a detailed and accurate 
behavioral analysis. Striatal lesions do not impair a rat’s ability to learn a simple oper- 
ant response. Rats readily learn to press a lever press for food reward following striatal 
damage (56,64), and they can go on to acquire more complex schedules requiring con- 
ditional responses under the control of visual and spatial stimuli (65,66). Nevertheless 
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even on simple lever-pressing schedules they do exhibit impairments in the temporal 
organization of their responding, such as distributing their responses inefficiently or 
continuing to respond when that is no longer reinforced. Thus, they continue to respond 
at a higher rate and for longer than controls in “extinction” when a lever press is no 
longer reinforced (64,66,67); they respond prematurely in a “differential reinforcement 
of low rates” (DRL) schedule in which a response is reinforced only if the rat has 
waited longer than a fixed time since the last response (56); and they fail to show the 
normal scallop-shaped distribution of responding on a “fixed-interval” schedule during 
which a response is reinforced only  if it occurs after a certain latency following the last 
reinforcement (67). These disturbances in  the temporal organization of responding are 
particularly apparent after lesions in the ventral parts of the striatum and nucleus 
accumbens (56,66,67). 

These measures  of basic acquisition and maintenance of lever pressing under chang- 
ing conditions of reward indicate that although a rat with a striatal lesion can learn the 
pressing response to acquire food, it may fail to select, initiate, or organize its responses 
over time in the most effective or efficient manner, and continue responding even at 
times when it is counterproductive to do so. Moreover, the nature of the striatal deficit 
is not homogeneous. Several studies have showed that the deficits in maintaining accu- 
rate performance in conditional visual and temporal discriminations are particularly 
associated  with the lateral striatum (56,66), and may be associated with difficulty in 
the acquisition of arbitrary stimulus-response habits (66)’ a function of the striatum 
that transcends the motor, motivational, and cognitive domains. 

The fact that behavior can be controlled in an operant chamber enables a far more 
precise control of the factors determining behavior than can be achieved by conven- 
tional observational and hand testing methods. Using different stimuli to define rein- 
forced and unreinforced responses, we can determine not only an animal’s speed and 
accuracy of learning, but also the nature of the sensory discriminations that it can make, 
and the cognitive problems it can solve. Varying the schedules of reinforcement enables 
us to determine an animal’s level of motivation to work for particular rewards or to 
avoid punishment, as well as its sensitivity to changes in reward and  punishment that 
underlies the emotional control of behavior in animals as well as in humans (e.g., frus- 
tration, anxiety). 

The following sections elaborate the use of operant paradigms to study motor, cog- 
nitive, and motivational aspects of striatal function in the laboratory rat, as  the basis for 
developing more sensitive and valid tests to evaluate brain damage and repair in striatal 
systems relevant to the development of  new therapies. 

6. OPERANT  ANALYSES OF STRIATAL  MOTOR  DEFICITS 
Although gross motor deficits such as hypokinesia, hyperkinesia, and drug-induced 

rotation can be assessed in an  open field or photocell cage, the development of more 
sophisticated tasks has allowed more subtle lesion effects to be exposed. Perhaps the 
clearest example of this was the design of operant paradigms to clearly define the role 
of striatal dopamine in the rat. A unilateral striatal dopamine lesion (produced by cen- 
tral 6-OHDA injections) had previously been shown to produce a general contralateral 
impairment or “striatal neglect” (68). Thus, animals with these lesions display an  asym- 
metric posture and rotate in an ipsilateral manner (69), they fail to respond to stimuli on 
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the side contralateral to the lesion (70,71), and they demonstrate an inefficient use of 
the contralateral limb for reaching and retrieving food (51,70,72,73). 

6.2. Sensorimotor  Neglect 
Operant tests were introduced to analyze this contralateral “neglect” in more detail. 

Turner introduced the fundamental design of using lateralized stimuli and responses to 
distinguish sensory, motor,  and “sensorimotor” consequences of lesions within lateral 
hypothalamic circuits (74). In this study, rats were suspended in a hammock  and were 
trained to escape a lateralized footshock to the left  or right side hindpaw  by  making a 
lateralized turn  of the head to the left side. Two subgroups of trained rats then received 
unilateral lesion in either the lateral hypothalamus or the amygdala, made on the side 
ipsilateral to or contralateral to the trained response. Turner reported that a unilateral 
lesion would disrupt performance only  if both the stimulus and response were to the 
same side, contralateral to the lesion. Animals lesioned on the right could still make the 
left response if the stimulus was applied to the right paw  (i.e.,  they could still respond 
contralaterally to an ipsilateral stimulus, so there was no basic motor deficit), and ani- 
mals lesioned on the left could still respond ipsilaterally to both ipsilateral and  con- 
tralateral stimuli (so there was no basic sensory deficit). Rather the only deficits were 
seen in the animals lesioned on the right, which  were unable to respond  on the con- 
tralateral (left) side to escape a contralateral stimulus, leading to the concept of a “sen- 
sorimotor” deficit, an inability to make coordinated lateralized stimulus-response 
associations on the side contralateral to the lesion. 

At the same time that Marshall and Turner used these observations to hypothesize a 
“sensorimotor” dysfunction associated with lateral hypothalamic lesions, Marshall was 
identifying damage of the nigrostriatal system as the primary substrate for  the sensory 
neglect first described after lateral hypothalamic damage (70,75). However, these 
authors did not undertake the next logical step and go on to evaluate nigrostriatal or 
striatal lesions explicitly on a lateralized conditioning task that had to await the work 
of Robbins and Carli. 

6.2. A Lateralized  Choice  Reaction  Time  Task 
Influenced by the earlier Turner paradigm, Carli et al. (76) introduced an appetitive 

operant task using a novel “nine-hole box” apparatus (see Fig. 1A) to evaluate lateral- 
ized stimulus and response control in the basal ganglia, although this apparatus has 
since seen much wider application (77). In the basic visual choice reaction time task 
only the central three holes are open; the others are all covered with a masking plate 
(Fig. 1B). Rats are trained to keep their noses held in the middle of the three holes for 
100-1500  ms until the presentation of a light cue. This cue appears as a brief flash in 
one or other of the response holes on either side of the center hole. The actual timing 
and location of the cue is unpredictable. Rats are trained to respond to this cue in one of 
two ways to gain food reward. In the “Same” condition, they are required to make a 
nose-poke into the same response hole that had been previously lit. In the “Opposite” 
condition they  must make a nose-poke in the response hole that had not previously 
been lit. In either condition, the response can  be divided into two parts-a non- 
lateralized “Reaction Time” (RT) to withdraw the nose from the central hole, and a 
“Movement Time” (MT) to execute the lateralized response to the same or opposite 
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Fig. 1. Schematic  illustration of the nine-hole box apparatus  and  the sequence of steps in a 
single trial of the  lateralized choice  reaction  time  task  (the  “Carli”  task). 

side (see Fig. 1B). A correct response for the different training conditions results in the 
delivery of a sucrose pellet to the food chamber at the rear of a chamber, whereas an 
incorrect choice is signaled by turning out all the lights for a brief period. 

In the first report using this task, Carli et al. (76) trained rats on either the Same or 
the Opposite versions of the task prior to making a unilateral 6-OHDA lesion of the 
ascending dopamine inputs to the striatum. The lesion resulted in a marked slowing of 
the reaction time for correct contralateral responses but not for correct ipsilateral 
responses, even though the RT component of the response simply involves the latency 
to  withdraw the nose from the central hole and is not as such lateralized. By contrast, 
the lateralized component of the response, the movement time to execute the nose- 
poke  on one side or the other, was  not itself affected by the lesions. Thus the unilateral 
6-OHDA lesion deficit is in the output rather than input stage of the stimulus-response 
association; the deficit appears to involve an impairment in the selection and initiation 
of a response in contralateral space rather than a pure motor deficit per se. 

In subsequent studies, a similar pattern of results  has been shown in rats with 
excitotoxic lesions of intrinsic striatal neurons. Thus unilateral ibotenic acid lesions of 
the striatum induce a response bias toward the ipsilateral side, and those responses that 
are made  toward the contralateral side take longer to initiate (78,79). This accords with 
pharmacological studies in which bilateral injections of NMDA antagonists into the 
striatum increase the time taken to release a depressed lever when cued (80). However, 
one important distinction between the excitotoxic lesion and the dopamine manipula- 



Operant  Analysis of Sfriatal  Dysfunction 257 

tion concerns the “temporal priming” of responding (81). In control animals, reaction 
time invariably decreases as a function of the variable “delay” that precedes the 
imperative light stimulus. Thus, the greater the period of time that elapses between the 
start of the central nose-hold and this imperative cue, the quicker is the subsequent 
reaction  time. This “delay-dependent’’ speeding of  reaction time is abolished by dopam- 
ine depletion, so that the biggest increase in postoperative reaction times is seen at the 
longest delays. This contrasts with excitotoxic striatal lesions that increase reaction 
time uniformly at all delays, and suggests a specific role for striatal dopamine in  “prim- 
ing” an impending motor response as the onset of the action becomes more probable 
(81). 

6.3. A Lateralized  Discrimination  Task 
The specific nature of the contralateral “neglect” has  been quantified with the use of 

both dopaminergic and excitotoxic lesions (82-84). In these studies, animals with  uni- 
lateral lesions are required to choose between one of two responses as before, only now 
the response locations are either both located on the ipsilateral side, or both are located 
on the contralateral side. This methodology addresses the question of precisely what 
the deficit is “contralateral to,”  and thus can reveal how striatally mediated responses 
are coded in the unlesioned animal. So, in the most recent study, animals were trained 
to perform two discriminations, independently, on alternate days: to respond to the 
holes on the left on one day, and to the holes on the right on the next day (84). Once the 
rats could perform both discriminations, they received unilateral striatal injections of 
quinolinic acid  and postoperative performance was then assessed. The animals showed 
a marked disturbance of correct responding and  an induced bias toward the “near” 
hole, that is, the hole closer to the center, in particular on trials on the contralateral side 
to the lesions (see Fig. 2).  

This pattern of results allows a definitive comparison to be made between two spe- 
cific  hypotheses concerning the  coding of striatally mediated response space. If 
responses were coded relative to  an external referent (“allocentric” coding), such as the 
response holes themselves, then a bias might be expected toward the relatively ipsilat- 
eral hole. This would manifest itself as a bias toward the far hole when the task is 
performed to the ipsilateral side, and a bias toward the near hole when the task is per- 
formed to the contralateral side. Alternatively, if responses were coded with respect to 
the subject’s body (“egocentric” coding), then one would predict responding to be dis- 
rupted only on the contralateral side. The data were consistent with the latter, egocen- 
tric, hypothesis: animals were relatively unbiased when responding to the ipsilateral 
holes, and certainly did not bias their responding toward the far (i.e., relatively con- 
tralateral) hole (Fig. 2).  By contrast, when responding on the contralateral side, ani- 
mals were completely unable to select responses to the far (i.e., relatively contralateral) 
hole (Fig. 2). This effect of intrinsic striatal lesions is again similar to the response 
profile seen following unilateral dopamine lesions (83). 

Together, these results indicate a large degree of independence between the two 
striata in mediating responding to each side of  space. These studies illustrate well  how 
the development of  an operant paradigm can provide a systematic and well-controlled 
parametric framework within  which to define the role of the rodent striatum in motor 
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Fig. 2. Striatal  lesions  disrupt  performance  and  increase  near-hole  bias  on  the  contralateral 
side in the  lateralized  discrimination  task.  (Data  from  ref. 84.) 

behavior.  In particular, this has involved the detailed analysis of the “striatal neglect” 
that occurs following unilateral lesions and has utilized the laterality of motor function 
that is evident within the striatum. 

7. OPERANT ANALYSES OF STRIATAL COGNITIVE DEFICITS 
7.1. Cognitive  Deficits  after  Striatal  Lesions 

Although early case reports of HD noted a gradual “cognitive decline’’ in many 
patients, it was not until Rosvold’s experimental work in the 1950s that the concept of 
the striatum as a structure involved purely in motor function was seriously challenged. 
In examining the functional relevance of the dense projection in primates from the 
prefrontal cortex to the caudate nucleus, it was  shown that caudate lesions produced 
similar performance deficits as prefrontal cortex lesions on tasks such as delayed spa- 
tial alternation and delayed response (85-87). This principle was extended empirically 
in primates, such that restricted striatal lesions produced impairments on the same tasks 
as those seen following lesions of the corresponding cortical areas (52). 

A similar functional organization in the rat was initially not found, largely because 
of ambiguity about the locus of prefrontal cortex (PFC) in rodents, or indeed  whether 
they  had prefrontal lobe at all (88). However, once it was realized that PFC could be 
defined in terms of the projection areas of the mediodorsal nucleus of the thalamus, 
Leonard defined the PFC in the rat in terms of projections of the mediodorsal thalamus 
to a medial wall of cortex dorsal and anterior to the genu of the corpus callosum and to 
the orbital cortical strip along the dorsal bank of the rhinal sulcus (89,901. Then, the 
identification of medial PFC projections to the anteromedial striatum and orbital PFC 
projections to the ventrolateral parts of the striatum (89,91) provided an anatomical 
foundation for subsequent behavioral experiments. A functional heterogeneity in the 
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striatum that reflected distinct neocortical inputs was subsequently observed in rodents. 
Both aspirative lesions of the medial PFC (88,92,93) and excitotoxic lesions of the 
medial striatum (55,57,94) induced deficits in delayed alternation and spatial naviga- 
tion  tasks. Meanwhile, lesions of the orbital PFC and the ventrolateral striatum both 
produce “perseverative” errors in extinction and on a DIU schedule (56,64,95,96). 

The emphasis of studies investigating the “cognitive” functions of the striatum then 
turned to dissociating stimulus-response learning from other neuroanatomically dis- 
tinct memory systems (97,98). Meanwhile the idea of functional heterogeneity within 
the striatum based on corticostriatal connectivity became more complex in light of 
evolving concepts of neurochemical compartmentalization of the striatum (99,100) that 
did not correspond easily with disparate PFC innervations. However, the concept of 
functional heterogeneity based on the topographic pattern of cortico-striatal connec- 
tions was resurrected with the proposal of cortico-striatal “loops” (101,102) as well as 
the emergence of disease modeling (103,104). If impairments could be seen clinically 
that were believed to result from damage to the caudate, then the question arose as to 
whether similar deficits could be seen experimentally. 

7.2. Delayed  Matching  Tasks 
One such attempt was the introduction of delayed matching procedures designed to 

test short-term or working memory in experimental animals.  An animal is shown a 
stimulus (the “sample”) which is then removed; after a variable delay the animal is 
given a choice between two stimuli, one being the sample and the other novel; if the 
animal selects or responds to the sample it is rewarded with food, whereas a response to 
the other stimulus goes unrewarded or  is mildly punished. In this way we can deter- 
mine  how  well  an animal can remember a single presentation of the stimulus, and on a 
series of trials we can develop a “forgetting function” of the amount remembered  and 
hence the rate of forgetting over different time intervals. Delayed-matching-to-sample 
(DMTS)  was first developed for use in primates with a large selection of novel junk 
objects as samples (105). The visual modality is not particularly salient for rats, how- 
ever, which are much better at learning about places in space, hence the development 
of delayed-matching-to-position (DMTP) for rats (106). The design of a rat DMTP test 
in an operant box is illustrated in Fig. 3. 

DMTS is sensitive to PFC damage in primates (107-109). Consequently, we  have 
developed DMTP to investigate the comparative contributions of the medial PFC and 
medial striatum in a working  memory task in rats. Animals were trained to respond to 
one of two levers (left or right) in a sample trial (see Fig. 3). The lever was  then retracted 
and a random variable delay period then commenced. The first panel press made after 
the delay was completed resulted in both levers being extended. A correct matching 
response on the same lever as that produced in the sample stage was rewarded with the 
delivery of a food pellet. Cortical lesions that are restricted to the anterior medial pre- 
frontal cortex resulted in a progressive deficit such that accuracy was increasingly 
impaired at progressively longer delays. This delay-dependent pattern of impairment 
suggests a rather specific disturbance in short-term memory. However, a slightly larger 
lesion that extended into the anterior cingulate cortex produced a broader impairment 
at all delays, reflecting a more generalized deficit in the animal’s ability to perform the 
matching rule (110). Similarly, when we looked at impairments following striatal 
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Fig. 3. Schematic  illustration of  the  front  panel of an  operant  chamber  ("Skinner  box")  and 

the  sequence  of  steps in a single trial of the delayed matching  to  position task. 

lesions, lesions in the ventral striatum (which receives restricted prefrontal inputs) 
exhibited a clear delay-dependent deficit, whereas lesions in the dorsal striatum (which 
receives cingulate as well as frontal inputs) disrupted the animal's performance at all 
delays (Fig. 4) (110). 

More recently, we have undertaken a more detailed analysis of the nature of the 
deficit and  recovery after striatal lesions. When animals are pretrained and  then  tested 
for retention after striatal lesions they  show clear deficits in DMTP (111,112), with the 
magnitude of the deficit attributable in part to the size of the lesion. Thus, large striatal 
lesions, as employed in our first study, produced random performance at all delays 
(112), whereas smaller lesions produce a clear delay-dependent disruption, with the 
animals showing good performance at the shortest delays, but greater deficits at longer 
delays (111). Nevertheless, animals will recover from this lesion if given  repeated train- 
ing (see Fig. 5) ( I l l ) .  Similarly, if the animals are lesioned before training on the task, 
although they  show  small deficits early in the course of training, they can recovery and 
show little difference from control animals in overall ability to acquire the task (65). 
The recovery seen after lesions is due to the ability of the animals to relearn the response 
contingency. This is the result of explicit training on the task as opposed to spontane- 
ous recovery due to the simple passage of  time, because if the animals are simply left in 
their home cage for a period of months before testing the initial deficit is as great as that 
seen in animals tested immediately post-lesion (see Fig. 5) (111). 

These studies illustrate, first, the way  in which an operant task may be designed to 
tap discrete aspects of cognitive function-in this case short-term working  memory, 
and second, that selective lesions within the fronto-striatal circuitry yield distinctive 
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Fig. 4. Effects of lesions of the prefrontal  cortex, the dorsal neostriatum,  and  the  ventral 
striatum (nucleus accumbens)  on the delayed matching to  position  task.  (Data  from  ref. 110.) 

patterns of cognitive deficit associated with the particular cortical loop(s) that is (are) 
disturbed. 

Awaiting more detailed analysis is the nature of the functional deficit introduced 
following damage at each level of the neural circuit. For example, we have been able to 
identify specific aspects of trial by trial interference by analyzing the effect of intertrial 
interval on intratrial forgetting (113). However, this analysis has so far been under- 
taken only in intact rats (113), and has  been  used to show that the increased rate of 
forgetting is not attributable to proactive interference in  aged animals (114). We might, 
for example, hypothesize that mPFC lesions would preferentially disrupt the retention 
of information in short-term memory in DMTP, whereas medial striatal lesion would 
disrupt the selection and initiation of an appropriate lateralized response in the same 
task, based on the plan of action organized in the neocortex. Indeed, our initial data 
suggest that whereas the prefrontal lesions may indeed disrupt short-term memory  pro- 
cesses themselves, as revealed by clear-cut delay-dependent deficits in several variants 
of the task, the striatal lesions (although disrupting performance on a short-term 
memory task) do not involve a primary  memory impairment per se but rather disrupt 
the animal’s ability to acquire and maintain the appropriate stimulus-response (or 
“habit”) contingencies involved in accurate task performance. 

7.3. Delayed  Alternation  Tasks 
The spatial delayed alternation (DA) task is another task that involves short-term 

working memory  and requires animals to alternate their responding between two spa- 
tially distinct locations. Like the DMTP  task, it is very sensitive to damage of the medial 
PFC. Indeed deficits in delayed alternation were one of the defining features of the 
prefrontal deficit described by Jacobsen in his classic primate studies in the 1930s, and 
replicated many  times since (115-117). 
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Fig. 5. Effects  of  acute  striatal  lesions  on  the  delayed  matching to position  task,  the  recovery 
observed  in  successive  blocks of training,  and  the  stability  of  the  deficit  over  time  in  animals 
not  tested  during  the  first  two blocks  (the  “delay”  subgroup).  (Data  from  ref. I l l . )  

Rats similarly exhibit clear deficits in delayed alternation after prefrontal lesions 
when tested in a T-maze (92,112,l18,119). There have been several attempts to adapt 
this classic task to the operant box (120,121), although with varying degrees of suc- 
cess. In our adaptation, rats are trained to press the centrally located food panel until 
the end of a variable delay period (5-20 s). A panel press subsequent to the end of the 
delay period results in the extension of  both the left and the right levers. On the first 
trial of the day, pressing either lever produces a food pellet reward. On all subsequent 
trials, the rat is required to press the lever that was not pressed on the previous trial. A 
correct press is rewarded with a food pellet whereas  an incorrect press (repetition of the 
same lesion as on the previous trial) has no consequence. In either case, after pressing 
one lever, both levers are withdrawn and the timer for the next variable delay interval is 
started. The distinctive feature of our variant of operant delayed alternation, as in 
the DMTP task described previously, is that the animal is required to nose-poke at the 
central panel during the delay to trigger presentation of the two choice levers. This 
serves to keep the rat centralized between the two response locations and reduces the 
opportunity for  it to adopt a simple mediating response strategy during the delay (i.e., 
simply waiting at the location where the correct lever will next appear). We vary the 
delay interval on each trial and thereby accumulate information about the animal’s 
level of accuracy over different lengths of time that the last trial response must be held 
in memory. 

In studies that are still ongoing, we find that lesions both  of the medial PFC and  of 
the medial striatum disrupt performance on this task. As might be predicted from the 
DMTP data, animals with medial PFC lesions are particularly impaired at the longer 
delays, whereas striatally lesioned animals are severely impaired (performing at chance 
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Fig. 6. Effects of striatal  and  prefrontal  lesions  on  performance of the  delayed  alternation 
task.  “Long”  delays  of 5-20 s were  used  between  successive  trials  during  the  first  post-lesion 
block  of  testing (A), which  were  reduced  to  “short”  delays of 0.25-10 s in  the  second  block (B). 
(Dunnett, S. B., Nathwani, F., and  Brasted, P., unpublished data.) 

levels)  at  all  delays  (Fig. 6). Detailed  analyses of the different  behavioral  measures further 
demonstrate that the time taken to collect food reward is unaffected, suggesting neither 
a general motor deficit nor a motivational deficit as the basis for these impairments. 

8. OPERANT  ANALYSES OF STRIATAL MOTIVATIONAL DEFICITS 
The third major class of deficits in the HD triad is psychiatric disturbance, which 

includes affective disorder, a variety of disinhibitory symptoms such  as aggressive 
outbursts, and eating disorder including a marked weight loss. It is of course difficult to 
evaluate psychiatric disturbance per se in rats, but we can evaluate the effects of stri- 
atal lesions on changes in motivation and sensitivity to the stimuli of regulatory con- 
trol. Thus, for example, one of the earliest deficits noted  in animals with excitotoxic 
lesions of the striatum is a marked loss of  body weight (57,122,123), just like that seen 
in the patients, and an impairment in the animals sensitivity to the physiological stimuli 
signaling hunger and thirst (123). Similarly, the hyperactivity is not general, but par- 
ticularly  apparent at times of arousal, such as associated with food  deprivation 
(18,43,44). 

To investigate motivational factors in more detail, we turned to an operant progres- 
sive ratio schedule of lever pressing. In this schedule, the number of lever presses 
required for each reinforcer delivery increases step by step during a session. Thus the 
rat has to work progressively harder to obtain each successive reward. We can there- 
fore analyze the extent to which an animal is prepared to work for different levels of 
reinforcement. 
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Optimal performance under a progressive ratio schedule requires precise regulation 
of instrumental behavior in relation to changing contingencies between response out- 
put and reward. This requires the coordination and integration of several distinct psy- 
chological processes, including motivational components, which can be monitored by 
performance on the schedule (124,125). The primary measures of motivation under 
progressive ratio schedules are “breakpoint,” which represents the amount of effort a 
rat is willing to expend to achieve a given level of reinforcement, and the “post- 
reinforcement pause,” which represents the reluctance to resume lever pressing as 
reward becomes more costly. Decreased breakpoints are generally  taken to reflect lower 
levels of motivation, and vice versa (124,125). 

We have used this task to characterize changes in motivation after striatal lesions 
(126). Neither dorso-medial nor dorso-lateral striatal lesions had major effects on the 
primary motivational measures of the task. Thus, neither lesion induced any detectable 
change in either the breakpoint (see Fig. 7A) or the post-reinforcement pause,  which 
was found to increase in all groups as a positively accelerated function of the number 
of lever presses required for reward (127). However, striatal lesions did induce deficits 
in other aspects of task performance. First, the lateral striatal lesions produced  a sig- 
nificant increase in the numbers of perseverative lever presses made  by the animals 
between delivery and collection of the rewards (see Fig. 7B). Second, the lesions sig- 
nificantly lengthened the latencies to collect earned food pellets. Thus, neither medial 
nor lateral striatal lesions affected the animals’ normal motivational ability to regulate 
their rates of responding, adapting efficiently to changes in the costs of earning each 
reward. Rather, the perseverative changes exhibited by the rats with striatal lesions 
suggest an “executive” difficulty in the efficient sequencing and switching of responses 
as signaled by discrete stimulus events in the environment, emphasizing again the close 
relationship between the striatum and the PFC. 

9. ADVANTAGES OF OPERANT PARADIGMS 
Operant paradigms for behavioral testing and analysis have several distinct advan- 

tages, both practical and theoretical, over traditional hand testing and observation. 
The first and foremost practical advantage is that operant tasks permit a greater 

degree of experimental control. Tasks that require precise stimulus control and  a  vari- 
ety of response options impose the requirement for careful specification of all the pos- 
sible or potential outcomes of a trial and quantitative recording of each of the different 
responses an animal could make. 

The tasks are run in a fully automated apparatus. This conveys the distinct advan- 
tage of reducing opportunities for experimental bias that accompanies the observa- 
tional recording of behavior. Nevertheless, periodic observation of performance, via  a 
video link or one-way mirror into the test chamber, is valuable to ensure that the ani- 
mals are indeed engaging in the classes of response that are predicted, scheduled, and 
recorded. 

The automated equipment and online computer control allow for considerable effi- 
ciency in data collection and numerical processing. With a bank of test chambers, mul- 
tiple animals can be  tested simultaneously. This allows the collection of data from 
many more trials than can be practically achieved with hand  testing. This difference is 
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Fig. 7. Effects  of  striatal  lesions  on  performance  of a  progressive  ratio  schedule. (A) 
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well illustrated by contrasting DMTP or operant delayed alternation with classical 
T-maze alternation. Operant versions of the task can yield forgetting curves with  tight 
variance estimates of choice accuracy (% correct) at  seven or more delay intervals 
based on 100-200 trials per day over several weeks  of testing. By contrast, classical 
T-maze alternation (or, e.g., spatial navigation learning in a Moms water maze)  yield 
much more variable measures of learning based on only 4-10 trials per day. In parallel 
with allowing collection of  many more trials, the automated paradigms allow  many 
more parameters of performance to be recorded, including the incidence of different 
types of error and accurate measures of the speed and accuracy of correct responding. 

In addition to the practical advantages, operant tests can provide a more refined 
analysis of complex behavior, as is clearly demonstrated in  many  of the studies out- 
lined previously. Such a detailed analysis of specific aspects of performance has  a rich 
history in the experimental analysis of behavior in normal animals, and there is a rich 
selection of procedures available for discriminating between specific aspects of  motor, 
motivational, and cognitive function. 

Whereas operant behavioural analyses have long been used for critical analysis of 
the psychopharmacology of drug action (128), they have been less widely  used in neu- 
robiological studies of brain damage, regeneration, and repair. Perhaps the major 
experimental strength of operant paradigms is  for behavioral assessment in experimen- 
tal neurology where changes need to be monitored over long periods of  time. In con- 
trast to  many other behavioral tests and measures, operant tasks can provide extremely 
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stable levels of behavioral performance over many  months. Such stable measures of 
functional capacity provide a powerful baseline for assessing changes attributable to an 
experimental treatment. Thus for our purposes, operant tasks provide effective and 
efficient functional assays o f  

drug effects in normal and brain damaged animals; 
deterioration of function associated with neurodegenerative events in the brain, whether 

stability of function associated with neuroprotective treatments, such as trophic molecules 

recovery of function associated with reparative treatments such as neural transplantation 

due  to explicit lesions, genetic mutations, or natural aging; 

that prevent progression of  a lesion; 

or growth factor induced plasticity. 

In the present chapter, we have reviewed some applications of operant paradigms to 
the analysis of disturbed striatal function as the basis for developing improved animal 
models of HD, and which are being  used  to improve the validity of our evaluation of 
strategies for striatal repair using neural transplants (129,130). It is clear that cortical 
and striatal lesions produce deficits on the same cognitive tasks, as predicted by their 
involvement in common fronto-striatal loops. Of greater interest, we have begun to 
differentiate the precise nature of the functional deficits associated with damage at 
different levels of the functional circuit, and this applies to the cognitive and  motiva- 
tional as well as motor domains of analysis. 

Nevertheless, this level of analysis is still at  an early stage. The goal of the present 
chapter is to outline the power of operant paradigms. The proof  of that strategy will be 
in the extent to which it  is successful in actually revealing over the next decade the 
principles of striatal organization and function that are at present still unknown. 
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Intrastriatal  Injections of Quinolinic  Acid 

as a Model  for Developing Neuroprotective 
Strategies in Huntington’s Disease 

Dwaine E Emerich 

1. INTRODUCTION 
Huntington’s disease (HD) is an inherited neurodegenerative disease characterized 

by a relentlessly progressive movement disorder with psychiatric and cognitive dete- 
rioration. HD is found in all regions of the world, even in remote locations, with slight 
variations in prevalence rates. Overall, the prevalence of HD in the United States is 
between 5 and 10 per 100,000 ( I ) .  On average patients suffer 17 yr of symptomatic 
illness. From the time of onset, an intractable course of mental deterioration and pro- 
gressive motor abnormalities begins, invariably resulting in death. Clinically, HD is 
characterized be an involuntary choreiform (dancelike) movement disorder, psychiat- 
ric and behavioral changes, and dementia (2). The age at onset is usually  between the 
mid 30s and the late  OS, although juvenile (<20 yr of age) and late onset (>65 yr of 
age) HD occurs (1,3). Although medications may reduce the severity of chorea or 
diminish  behavioral  symptoms,  there are no  effective  treatments (4)  as  current 
approaches do not increase survival or substantially improve quality of life as it relates 
to cognitive state, gait disorder, or dysphagia (5). 

Pathogenetically, HD is a disorder characterized by a programmed premature death 
of cells, predominantly in the caudate nucleus and the putamen. Initially, the disease 
affects medium-sized spiny neurons that contain y-aminobutyric acid (GABA). These 
cells receive afferent input from cortical glutamatergic and  nigra1 dopaminergic neu- 
rons and provide efferent projections to the globus pallidus. Large aspiny interneurons 
and medium aspiny projection neurons are less affected and degenerate later in the 
disease process (6-10). Other subcortical and cortical brain regions are involved, but 
the degree of degeneration varies and does not correlate with the severity of the disease 
(2,9,10) and is dwarfed by the striatal changes. 

In 1993, it was discovered that an unstable expansion of a CAG trinucleotide repeat 
in the IT15 gene located near the telomere of the short arm of chromosome 4 produces 
the disease (11,12). Although it  is believed that the HD mutation causes an increase 
in excitatory neurotransmission or produces a bioenergetic cell defect that confers 

Edited by: D. F. Emerich, R. L. Dean, HI, and P. R. Sanberg 0 Humana  Press  Inc.,  Totowa, NJ 
From: Centrul Nervous System Diseuses 

275 



276 Emerich 

increased sensitivity to ambient levels of excitation, the precise mechanism of  neu- 
ronal degeneration remains  unknown. Establishing a mechanism  of cell death may offer 
hope for specific medical therapies to prevent or slow the degenerative process. This 
progress, although encouraging, does not obviate the need to develop novel interven- 
tions for patients in  whom the neurodegenerative process is clinically manifest or in 
whom degenerative changes are inevitable. 

An important approach for understanding and treating neurodegenerative diseases 
such as HD is the development of appropriate animal models that closely mimic the 
behavioral and neurobiological sequelae of the disorder. Such models aid in the further 
elucidation of the biological and behavioral expression of HD, and suggest unique 
therapeutic strategies for its treatment. This chapter evaluates the development of  ani- 
mal models of  HD  based  on intrastriatal injections of the endogenous excitotoxic com- 
pound quinolinic acid (QA). First the behavioral pathology of  HD is discussed. Next 
the neurochemical and cellular pathology of  HD is reviewed. Against this backdrop, 
the QA  model of  HD is discussed with special reference to the behavioral, anatomical, 
and neurochemical parallels between the model and the human condition. Finally, the 
use of the QA  model as system for developing new therapies is outlined using several 
recent examples detailing the use of neutrotrophic factors to prevent the cell death and 
behavioral deficits induced by  QA. 

2. BEHAVIORAL  PATHOLOGY OF HUNTINGTON’S DISEASE 

The behavioral changes characteristic of  HD have been detailed elsewhere (13) and 
are briefly outlined here. The onset of the motor and mental features of  HD is variable, 
with the symptoms manifesting themselves over a protracted time course.  Although the 
onset of symptoms typically occurs at 3540 yr of age, it may range from childhood to 
the eighth decade. In the absence of genetic testing, the variability of the clinical fea- 
tures of  HD make a family history essential to avoid misdiagnosing the disease as 
cerebellar ataxia, Creutzfeldt-Jacob disease, Wilson’s disease, tardive dyskinesia, or 
basal ganglia infarction. 

The physical features of HD are constant irregular and  involuntary choreiform move- 
ments of the entire body (2,13). These movements often appear unilaterally, but inevi- 
tably recruit all of the limbs (14). The face often appears quite grotesque because of the 
constant writhing contortions of the facial muscles. Dysthargia, dysphagia, and distur- 
bances in ocular motility may also develop, and the individual’s speech becomes unin- 
telligible (14-18). Expression of the mental symptoms of HD are even more variable 
than the motor features and are generally considered to be similar to dementia (19-25). 
Initially, the individual may show signs of eccentric traits, a lack of grooming, irritabil- 
ity, impairments in memory, emotional instability, and delusions of paranoid grandeur. 
Personality disorders, such as outbursts of rage or violent temper, may occur. Con- 
versely, some patients may be slow and apathetic. Depression is  the most  common 
early psychological symptom and  may be associated with changes in the ability to 
manage daily work and household-related activities. Patients also show a lack of initia- 
tive as well as decreased attention and communicativeness. These early symptoms of 
HD can mimic those of schizophrenia and bipolar affectiveness, leading many patients 
to be misdiagnosed as having schizophrenia (26-28). It is generally agreed that the 
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mental symptoms precede the motor changes, which probably also contributes to mis- 
diagnoses (29,30). 

Often, the HD patient does not appear demented because of a general preservation 
of intellect and language functions (24,25,31,32). This preservation is likely the result 
of the sparing of cortically mediated cognitive functions (33). In other degenerative 
disorders, such as Alzheimer’s disease, the cognitive alterations occur against a back- 
drop of substantial cortical degeneration (24,34). Accordingly, the mnemonic  impair- 
ments  observed in HD are referred  to  as a subcortical  dementia  and  include a 
progressive loss of generalized cognitive powers, psychic apathy, and inertia, which 
progresses to an akinetic mute state (35). 

The often subtle differences between the dementia in various neurodegenerative dis- 
orders illustrate the notion that the cortical and subcortical dementia distinction is a 
relative one. This distinction is based primarily on anatomical grounds, but much like 
the behavioral expression of different diseases, the anatomical differences are not 
always clear cut. Some Parkinson’s patients have changes in cortical morphology that 
resemble those seen in Alzheimer’s patients. Moreover,  Alzheimer’s patients have well- 
documented changes in subcortical nuclei. Accordingly, the dementia associated with 
a given disease state is best considered to involve a relatively greater contribution of 
either cortical or subcortical pathology. Recent metabolic studies support this conten- 
tion (36-39). 

Most studies have made direct comparisons of the cognitive changes in Alzheimer’s 
and HD patients (40-44). Individuals afflicted with Alzheimer’s disease have an 
inability to store or consolidate new material, show increased sensitivity to proactive 
interference, display poor recognition memory,  and have rapid forgetting over time. In 
contrast, HD patients are impaired in their ability to initiate any systematic retrieval of 
already stored information, but exhibit superior retention of information and have nor- 
mal recognition memory. The subcortical dementia in HD patients also appears to be 
different from that observed in other subcortical disorders such as Parkinson’s disease. 
Although many similarities exist in the dementia presented by these two patient popu- 
lations, HD patients have poorer free recall, impaired learning over trials, abnormal 
serial position effects, and increased perseveration (45). These results indicate that 
disorders characterized by a predominant subcortical pathology are still differentiated 
by subtle differences in clinical symptoms. 

Even  in advanced cases, the pattern of dementia in HD is not diffuse and homoge- 
neous, but is characterized by a relative sparing of  many higher cortical functions. In 
addition, the cognitive deficits do not develop uniformly; rather the memory disorders 
precede the more generalized intellectual deterioration. From the time of onset, the 
motor and mental symptoms of HD progress at an increasingly disabling rate. Initially, 
the individual may exhibit subtle shifts in personality or cognition that occur together 
with a mild chorea. As the neuronal degeneration of the disease progresses, the afflicted 
individual undergoes more intense and abrupt personality changes combined with sub- 
stantial cognitive impairments. As the mental features of  HD change over time, the 
motor effects change from a choreic dyskinesia to a more disabling dystonic and 
Parkinsonian-like syndrome (46). Finally, the severity of the cognitive and mood  dis- 
turbances does not correlate well  with the motor impairments. Table 1 lists the psycho- 
logical, psychiatric, and neuropsychological changes reported in HD. 
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Table 1 
Psychological,  Psychiatric, and Neuropsychological  Fundings in HD 

Psychiatric changes 

may be apathetic 
Patients are erratic, impulsive, and prone to emotional outbursts, rage, and violence and 

Lack of initiative, labile affect, decreased communicativeness 
Emotional instability, severe fluctuations in mood, irritability, and anxiety 
Eccentric traits, lack of grooming and delusions of grandeur and paranoia 
Depression (more common in females) and inability to manage work and household- 

Mental restlessness and general feelings of discomfort 
related tasks 

Psychological changes 
Loss of memory 
Difficulty with organization, planning, and temporal ordering of information 
Easily distracted and disturbed by excessive sensory input 
Repetitive thought patterns 
Decreased spontaneity in the absence of strong motivation 
Mental apathy 
No deterioration of higher cortical functions 
Loss of psychomotor inhibition 

Neuropsychological changes 
Impaired performance on neuropsychological test batteries 

California Verbal Fluency Test 
Wechsler Memory Scale 
Wechsler-Bellevue Scale 
Wechsler Adult Intelligence Scale 
Halstead Neuropsychological Test Battery 
Minnesota Multiphasic Personality Inventory 
Bender Visual-Motor Gestalt Test 
Shipley-Hartford Retreat Scale 
Dementia Rating Scale 
Boston Naming Test 

Impaired imagery recall 
Impaired trailmaking 
Increased anxiety 
Normal language performance. Reading, writing, picture naming, and tactual 
performance also normal 
Altered cognitive processes 

Decreased procedural learning 
Loss of immediate memory 
Impaired delayed recall 
Impaired semantic clustering 
Loss of recognition memory 
Increased susceptibility to priming effects 
Poor improvement of learning over repeated trials 
Abnormal serial position effects 
Higher rates of perseveration 
Normal rates of intrusion errors 
Normal vulnerability to proactive and retroactive interference 
Normal retention of information 
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3. ANATOMICAL AND NEUROCHEMICAL  PATHOLOGY OF HD 
Classically, HD is associated with a gross generalized atrophy of the cerebral cortex 

and basal ganglia affecting both the gray and white matter (47). Histologically, this is 
accompanied by an extensive gliotic reaction and loss of small neurons in the striatum 
and in layers 3,5, and 6 of the frontal and parietal cortices. The damage to  the neostria- 
tum results in compensatory, secondary hydrocephalus with  a gross dilation of the ven- 
tricular system (10,47-50). 

The severe atrophy of the striatum is uniformly exhibited among HD patients with 
approx  a 60-90% decrease in mass occurring in cases of juvenile onset. These decreases 
in striatal volume are related to a severe loss of the medium-sized spiny projection 
neurons, the major output neurons of the striatum (51). Neurochemically, the loss of 
these neurons is associated with decreases in GABA, substance P, dynorphin, and 
enkephalin (52) (Table 2). On the other hand, local circuit aspiny neurons reactive for 
NADPH-diaphorase  and somatostatin are relatively spared (6-1033). The large apsiny 
cholinergic neurons, although spared in the early stages of the disorder, may exhibit 
degenerative changes as the disease progresses (Table 3). 

Other regions that have direct interconnections with the striatum also reveal marked 
degenerative changes. The globus pallidus exhibits a marked atrophy (typically about 
50%) which results from the loss of strio-pallidal fibers as well as a substantial decrease 
in the number of pallidal neuronal perikarya (54). The sulcal widening and the loss of 
neuronal weight in the cerebral cortex indicate that the cortex undergoes a substantial 
degeneration (55). However, unlike the relatively ubiquitous cell loss observed in the 
striatum, the degenerative process is more restricted with cell loss occurring in the 
third, fifth, and sixth cortical layers. The small pyramidal cells of these deep cortical 
layers are the source of innervation to the striatum, suggesting that HD is associated 
with severe striatal atrophy concomitant with degeneration of both its major inputs and 

Although HD has  generally  been considered to be a  neurodegenerative disorder char- 
acterized by the restricted loss of certain populations of  neurons, it  is clear that the 
neural degeneration is actually quite widespread. The pathological changes in neural 
regions removed from the basal ganglia are, however, typically not severe and do not 
correlate with the severity of the disease. Nonetheless, the pars reticulata of the sub- 
stantia nigra, thalamic nuclei, subthalamic nucleus, cerebellum, hippocampus, hypo- 
thalamus, and a variety of brain stem regions, including the superior olive and red 
nucleus have all been shown to exhibit reactive gliosis and evidence of neuronal 
degeneration (Table 4). 

outputs (56-59). 

4. EXCITOTOXIC  MODELS OF HD 

An important approach for understanding neurological diseases is to develop appro- 
priate animal models.  Such models help to elucidate the biological  and behavioral mani- 
festations of clinical  disorders, and suggest novel therapeutic strategies for their 
prevention and/or treatment. Although animal models may  not reproduce the complex 
etiologies, pathophysiology, or behavioral abnormalities associated with diseases of 
the nervous system, they do provide a practical way to explore questions concerning 
structure and function. Like other neurodegenerative diseases, therapy for HD is limited 
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Table 2 
Changes in the  Striatum in HD and  Rats  Intrastriatally  Injected with QA 

HD QA 

Neurochemical indices 
GABA 
Dopamine 
Serotonin 
Acetylcholine 
Somatostatin 
Neuropeptide Y 
Substance P 
Angiotenson 
Enkephalin 
Taurine 
Glutamate 

Receptor binding 
GABA 
Muscarinic 
Serotonin 
Dopamine 
Adenosine 

Anatomical indices 
Ventricular size 
Striatal volume 
Striatal GABAegic neurons 
Striatal cholinergic neurons 
Striatal NADPH-diaphorase neurons 
Striatal somatostatin neurons 
Striatal neuropeptide Y neurons 
Striatal calretinin neurons 
Substantia nigra neurons 
Cortical neurons 

Decreased 
Normal 
Normal 
NormaVdecreased 
Normalhncreased 
Normalhncreased 
Decreased 
Decreased 
Decreased 
Normal 
Decreased 

Decreased 
Decreased 
Decreased 
Decreased 
Decreased 

Increased 
Decreased 
Decreased 
Normal 
Normal 
Normal 
Normal 
Normalhncreased 
Decreased 
Decreased 

Decreased 
Normal 
Normal 
NormaVdecreased 
NormaYdecreased 
NormaVdecreased 
Decreased 
Decreased 
Decreased 
Decreased 
Decreased 

Decreased 
Decreased 
Decreased 
Decreased 
Decreased 

Increased 
Decreased 
Decreased 
Normal/decreased 
Normal/decreased 
Normal/decreased 
Normal/decreased 
Normal/decreased 
Atrophied 
AtroDhied 

and does not favorably influence the progression of the disease. However, recent 
advances in our understanding of the genetic and pathogenetic events that cause neural 
degeneration provide optimism that novel experimental therapeutic strategies may be 
devised for the treatment of  HD. 

Various avenues have been explored to develop an animal model of HD (for a review 
see 13). Although models focusing on hyperkinesias in animals resulting from genetic 
conditions and various types of brain lesions have  been used, historically the majority 
of models have centered around motor abnormalities produced by short-term pharma- 
cological stimulation of some of the neurochemical changes found in HD. Although 
useful, there are several inherent problems with pharmacological models of  HD or 
chorea-like syndromes.  Many  of the compounds used in these studies have limited 
central nervous system (CNS) specificity, and affect more than one transmitter or 
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Table 3 
Classes of Striatal  Neurons Affected in HD 

Morphology  Transmittedpeptide  Projection  Effect  in HD 

Medium  spiny  GABA,  substance P, Internal  segment of Decreased 
dynorphin  the  globus  pallidus 

Medium  spiny  GABA,  substance P, Substantia  nigra  Decreased 
dynorphin pars  reticulata 

Medium  spiny  GABA,  enkephalin, External  segment  Decreased 
dynorphin of the  globus  pallidus 

Medium  spiny GABA Substantia  nigra  Decreased 
pars  compacta 

Large  aspiny Acetylcholine Striatal  interneuron  Spared 

Small  aspiny Somatostatin, Striatal  interneuron  Spared 
neuropeptide Y 

receptor type. These compounds may also exhibit a high degree of behavioral toxicity 
or have a short duration  of action and therefore cannot reproduce the chronicity of the 
pathology in HD. Finally, the dyskinesia produced in these models often bears little 
homology to the motor impairments observed in HD. This is not to say that the behav- 
ioral alterations observed are of no relationship to those in HD. In fact, it is unlikely 
that any rodent model  of HD would be able to reproduce with precision the chorea 
found in HD. Considering that rats are quadrupeds and humans are bipeds, it  is not 
surprising that chorea found in HD as such does not develop in these models. Although 
pharmacological manipulations of striatal function do not reproduce the chorea of HD, 
the resulting locomotor abnormalities may be generally considered to resemble those 
in the disease. 

Given these considerations, it is difficult to establish causal or even suggestive rela- 
tionships between drug-induced neural changes and specific behavioral alterations. 
Another approach to mimic the symptoms of HD is to mechanically or electrolytically 
lesion various brain areas, such as the striatum. However, this is an unsatisfactory 
approach in that lesion techniques almost invariably damage supportive structures as 
well as fibers that pass through and terminate in the damaged  area. A better strategy for 
investigating the relationship between striatal damage and locomotor abnormalities 
might involve the use of selective cytotoxic compounds. Selective toxic compounds 
have  been widely used  in neurobiology to examine the functional and structural prop- 
erties of the nervous system. Toxins have also been used  to examine the function and 
molecular biology  of  ion channels, axoplasmic transport processes, neurotransmitter 
systems, and the principles of neurotransmission. In a related context, neurotoxins have 
been successfully used to examine the covariation between altered neurotransmitter 
dynamics and behavior, and to develop animal models of neurological disorders. 

Glutamate is one of the major excitatory neurotransmitters found in the CNS. It can 
act, however, as a potent neurotoxin. Because the corticostriate projections utilize 
glutamate, a number of attempts have been made to develop animal models of HD 
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Table 4 
Regional  Pathology in HD Brain  and in Animals 
Following  Intrastriatal  Injections of QA 

Effect following 
Region Effect in HD brain intrastriatal QA 

Gross brain 

Ventricular system 

Caudate/putamen 

Globus pallidus 

Nucleus accumbens 

Thalamus 

Hypothalamus 

Cortex 

Hippocampus 

Cerebellum 

Subthalamic nucleus 

Substantia nigra 

Brain stem nuclei 

SDinal cord 

Weight and size reduced 

Dilation 

Reduction in volume, neuronal 
loss, gliosis 

Reduction in volume, neuronal 
loss, gliosis 

Slight neuronal loss, gliosis 

Neuronal loss, cell atrophy, gliosis 

Neuronal loss, cell atrophy, gliosis 

Neuronal loss, cell atrophy, gliosis 

Atrophy, gliosis, neurofibriliary 
tangles 

Neuronal loss, cell atrophy, gliosis 

Neuronal loss, gliosis 

Neuronal loss, cell atrophy, gliosis 

Neuronal loss, gliosis 

Gliosis 

Relatively normal 

Dilation of lateral ventricles 

Reduction in volume, 
neuronal loss, gliosis 

Cell atrophy, gliosis 

Normal 

Gliosis 

Normal 

Cell atrophy, gliosis 

Normal 

Normal 

Normal 

Cell atrophy, gliosis 

Normal 

Normal 

based on the relatively cytotoxic effects of excitotoxic compounds. These compounds 
include structural analogs of glutamate, such as kainic acid (KA), ibotenic acid (IA), 
and the endogenous tryptophan metabolite QA. When injected into the brains of rats, in 
extremely small doses, these compounds produce a marked  and locally restricted toxic 
effect while sparing axons of passage and afferent nerve terminals. The behavioral, 
neurochemical, and anatomical consequences of excitoxicity resemble those observed 
in HD and have led to the speculation that the neuronal death occurring in HD is related 
to an underlying endogenous excitotoxic process (6044) .  

5. THE QUINOLINIC  ACID MODEL 
5.1. Neuropathology 

QA, a metabolite of tryptophan has attracted a great deal of attention because of its 
powerful excitotoxic properties and wide distribution in both the rat and human brain 
(6.548). High concentrations of its catabolic enzyme, quinolinic acid phosphoribo- 
syltransferase, and immediate anabolic enzyme, 3-hydroxyanthranilic acid, have  been 
detected within the caudate, suggesting that it normally serves a role in striatal func- 
tioning (69-71). The striatum is also among the structures most vulnerable to  the 
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excitotoxic effects of  QA with the cerebellum, amygdala, substantia nigra, septum, and 
hypothalamus  being  significantly  less  susceptible. Although these  structures  are 
affected in HD,  they are less so than is the striatum, providing further support for a role 
of  QA or some endogenous excitotoxin in the selective neuropathlogy in HD (Table 4). 

QA  has also been reported to exert a more selective degenerative effect in the stria- 
tum than either KA or IA,  which more closely resemble the pathology of HD (72-75). 
Like KA, QA injections cause depletions of GABAergic neurons while relatively spar- 
ing cholinergic neurons and axons of extrinsic origin. Beal and colleagues (72-75) 
have reported that unlike KA or IA, intrastriatal injections of QA spare somatostatin- 
and neuropeptide Y-containing neurons. Because this pattern of cell loss closely mim- 
ics that seen in HD, it has been suggested that this model most closely reproduces the 
neuropthology observed in the disease (Tables 2 and 4). However, controversy exists 
over whether these cell populations are actually spared following QA. Davies and 
Roberts (76) injected QA into the striatum of rats and found no evidence for a sparing 
of somatostatin-containing neurons. Likewise, Boegman (77) reported that QA did not 
spare neuropeptide Y-immunoreactive neurons following intrastriatal QA injection. 
Several other authors have similarly failed to find any obvious selective neurotoxic 
effects of  QA, although the doses of QA used  may be high enough to  mask  any  neu- 
ronal sparing (78-81). Supporting a possible dose-dependent cell sparing are observa- 
tions that QA produces a more generalized toxicity within the primary lesion site, 
together with a more selective pattern of cell loss within the transition zone or periph- 
eral aspect of the lesion zone (74). Moreover, in vitro studies have shown that high 
doses of  QA produced a generalized toxic effect in striatal cultures while lower doses 
were more selective and spared both NADPH-diaphorase and choline acetyltransferase 
(ChAT)-positive cells (82). Similar results have been obtained in cultured cortical neu- 
rons (83,8#). 

5.2. Behavioral  Pathology 
Although the anatomical and neurochemical experiments conducted to date gener- 

ally support the use of  QA as a model of  HD, few systematic behavioral studies have 
been conducted in this model. Like the HD patient, the QA-lesioned rat exhibits a 
hyperkinetic syndrome. Intrastriatal injections of 150-300 nmol of  QA produce sig- 
nificant increases in activity levels beginning 2 wk  postsurgery (85-87). These animals 
show transient losses in body weight that are qualitatively similar to that seen follow- 
ing KA, but smaller in overall magnitude. Together with the generalized increases in 
activity levels, the QA-lesioned rat shows deficits in tasks that require the use of fine 
motor control. For instance, injections of 225 nmol  of  QA produce significant deficits 
in an operant bar pressing task and result in a profound impairment in skilled paw use 
as measured  by the ability to retrieve food pellets in a staircase test (80). Relative to 
normal animals, QA-lesioned rats also exhibit differential responses when  pharmaco- 
logically challenged. Calderon et al. (88) demonstrated that QA lesions abolish dopam- 
ine-mediated catalepsy. Bilateral QA (1 50-225 nmol) decreased the cataleptic response 
to the D l  receptor antagonist SCH23390 and the D2 receptor antagonist haloperidol. 
Exaggerated increases in locomotor activity are seen following bilateral QA lesions 
and amphetamine challenge, and asymmetric rotational behavior occurs following uni- 
lateral QA and apomorphine administration (80). 
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Interestingly, there appears to be a sex-dependent regulation of the behavioral effects 
produced  by  QA administration. In one study,  male, female, and ovariectomized female 
rats received bilateral intrastriatal injections of  QA, and the extent of  body weight loss 
was examined for 30 d (89). Although all rats injected with QA exhibited an equivalent 
initial loss of  body weight, the female rats rapidly regained weight  and did not differ 
from controls after the first postsurgical day.  In contrast, the male and female ovariec- 
tomized rats that received QA exhibited a significant loss of  body weight that did not 
recover until 19 d following surgery. Similarly, QA produces locomotor hyperactivity 
in female but  not in male or ovariectomized female rats (79). These data suggest that 
sex and hormonal variables play  an important role in the regulatory and locomotor 
changes following QA. 

Because HD patients exhibit cognitive as well as motor changes, it  is critical to 
examine any potential changes in learning and memory functions following QA. To 
date, few studies have systematically examined cognitive changes following QA,  but 
the notable exceptions have suggested that QA-lesioned rats may  have a spectrum 
of behavioral changes that extends beyond the motor realm alone. High doses of  QA 
(225 nmol) produce significant impairments in spatial learning as demonstrated by 
their performance in the Morris water maze task (86,87). Caution should be used in 
interpreting a strict cognitive effect in these studies. In each case, the doses of  QA  used 
produced significant motor deficits and at least one study has reported a marked thig- 
motaxis in the water maze following QA (87). Although excitotoxic lesions of the 
striatum may indeed produce changes in cognition, detailed dose-response studies 
together with detailed batteries of behavioral tests are still needed to sort the nature of 
the behavioral deficits following excitotoxic striatal damage. 

Although these data are similar to those obtained following administration of KA 
and other excitotoxins, and resemble the behavioral pathology observed in HD, they do 
not yet adequately permit the evaluation of the behavioral specificity of  QA. The exist- 
ence of no qualitative differences between QA and KA in these experiments may (1) 
support the lack of neural specificity observed by some investigators or (2) indicate 
that the behavioral analysis employed to date is insufficient, and that additional, more 
precise testing paradigms are required to validate the utility of the QA  model. Regard- 
less, the validity of  QA as a model  of HD must be based in part on the behavioral 
consequences of the compound and the resulting homology to HD itself (Table 5). 

6. EXPERIMENTAL  STRATEGIES  FOR  TREATING HD 
Currently, therapy for HD is limited and does not favorably influence the progres- 

sion of the disease. However, recent advances in our understanding of the genetic and 
pathogenetic  events  that  cause  neural  degeneration  provide optimism that  novel 
experimental therapeutic strategies may be devised for the treatment of HD. The ability 
to devise novel therapeutic strategies in HD is tightly linked to the characterization of 
highly relevant animal models. The advent of appropriate animal models has permitted 
the evaluation of multiple therapeutic strategies. These strategies have generally fallen 
into one of two categories. The first encompasses replacement strategies including 
pharmacological manipulation of altered transmitter levels and replacement of degen- 
erative neural systems via tissue/cell transplantation. The practical appeal of  pharma- 
cotherapy is offset by the anatomical and behavioral complexity of HD, together with 
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Table 5 
Behavioral and Elecrophysiological Changes Reported 
in Rodents Following Intrastriatal  Injections of QA 

BehavioraVfunctional  measure  Effect 
General 

Body  weight  lesions  Decreased,  particularly  following  bilateral 
Mortality  Increased  following  bilateral  lesions 

Motor  tests 
Apomorphine-induced  rotation Increased 
Skilled paw use  (staircase  test) Impaired  ability to retrieve  food  pellets 
Bracing Increased  motor  rigidity 

Tactile  adhesive  removal paws Increased  latency  to  remove  adhesive 
Balance  (rotarod) Impaired  balance 
Locomotor  activity Hyperactivity  following  bilateral  lesions 
Haloperidol-induced  catelepsy  responsivity Bilateral  lesions  abolish  catalepsy 
Amphetamine-induced  locomotion  increase Bilateral  lesions  produce  an  exaggerated 

in activity 

Cognitive  Tests 
Morris  water  maze Impaired  spatial  learning  and  memory 
Delayed  nonmatch to position  operant  task Impaired 

Electrophysiological  changes 
Cortical  EEG  Reduced  voltage  amplitude in frontal 

cortex 
Evoked  potentials  Reduced  amplitude  of  evoked  somatosensory 

potentials  in  parietal  cortex,  no  changes in 
visually  evoked  potentials 

Long-term  potentiation  Normal  hippocampal  long-term  potentiation 

the difficulty of titrating effective treatment regimens in the face of the ongoing degen- 
eration of multiple neural systems. The logic of replacing lost populations of neurons is 
equally, if not more, appealing. Animal studies have clearly demonstrated that grafted 
tissue can integrate within the excitotoxic lesioned brain and promote recovery of motor 
and cognitive function (90-95). Given the positive results acquired in the animal mod- 
els to date, clinical trials evaluating fetal tissue grafting in HD patients have recently 
been initiated. Although replacement strategies hold hope for the treatment of  HD, 
they do not affect the continued and insidious degeneration of the striatum and related 
structures. A treatment that stopped or slowed these changes might be more therapeutic 
than neurochemical or cell replacements. Toward this end, it has been suggested that 
trophic factors may  slow the progression of cellular dysfunction and ultimately prevent 
the degeneration of populations of striatal neurons that are vulnerable in  HD (96). Infu- 
sions of trophic factors or grafts of trophic factor-secreting cells prevent degeneration 
of striatal neurons destined to die from excitotoxic insult or mitochondrial dysfunction 
(80,81,87,96-105). The use of trophic factors in a neural protection strategy may be 
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particularly relevant for the treatment of HD. Unlike for other neurodegenerative dis- 
eases, genetic screening can identify virtually all individuals at risk  who  will ultimately 
suffer from HD. This provides a unique opportunity to design treatment strategies that 
can intervene prior to the onset of striatal degeneration. Thus, instead of replacing 
neuronal systems that have already undergone extensive neuronal death, trophic factor 
strategies can be designed to support host systems destined to die  at later time in the 
organism’s life. 

7. NEUROTROPHIC FACTOR  THERAPY IN  CNS DISEASES 
7.1. Use of Genetically-Modified  Cells for Treating CNS Disorders 

If trophic factors prove to  be a worthwhile therapeutic strategy, the method of 
delivery may be critical. To date, long-term administration of growth factors has  been 
limited to intraventricular infusions using cannulae or pumps. These routes of adminis- 
tration require repeated injections or refilling of  pump reservoirs to  maintain specific 
drug levels and avoid the degradation of the therapeutic agent in solution. In addition, 
chronic low-dosage infusion of compounds is difficult to sustain using current pump 
technology. Current pump technology is also suitable for ventricular but not parenchy- 
mal delivery. An alternative method is the implantation of cells that have been geneti- 
cally modified to produce a therapeutic molecule (106-111). This avoids the problem 
of degradation and repeated refilling while allowing a localized distribution within the 
cerebrospinal fluid or parenchyma. The use of immortalized cell lines for delivery of 
trophic molecules avoids many  of these concerns by providing a continuous de novo 
cellular source of the desired molecule, the dose of  which theoretically can be adjusted 
with specific promoters. 

One means  of using genetically modified cells to deliver neurotrophic factors to the 
CNS is to encapsulate them within a semipermeable polymer membrane (112,113). 
Single cells or small clusters of cells can be enclosed within a selective, semipermeable 
membrane barrier that admits oxygen and required nutrients and releases bioactive cell 
secretions, but restricts passage of larger cytotoxic agents from the host immune defense 
system. Use of a selective membrane  both eliminates the need for chronic immunosup- 
pression of the host and allows the implanted cells to be obtained from nonhuman 
sources, thus avoiding the cell-sourcing constraints that have limited the clinical appli- 
cation of generally successful investigative trials of unencapsulated cell transplanta- 
tion. Polymer encapsulated cell implants have the advantage of being retrievable should 
the transplant produce undesired effects, or should the cells need  to be replaced. Cross- 
species immunoisolated cell therapy has been validated in small and large animal mod- 
els of  Parkinson’s disease (112,114), HD (80,81,87), amyotropic lateral sclerosis (115), 
and Alzheimer’s disease (I 13, 1 16). 

7.2. Intrastriatal  Transplants of Encapsulated NGF Secreting Cells 
into  Intact  Rats: Effects on Cholinergic  and  Noncholinergic  Striatal  Neurons 

It appeared from initial studies that nerve growth factor (NGF) delivered from 
genetically modified cells could prevent the loss of both cholinergic and noncholinergic 
neurons in a rodent model  of HD. To further characterize this neuroprotective effect, 
we examined  the  ability of polymer-encapsulated NGF-producing fibroblasts  to 
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influence normal, intact populations of striatal neurons (103). Using an immunoiso- 
latory polymeric device, encapsulated baby hamster kidney cells (BHK) that were pre- 
viously transfected with a DHFR-based expression vector containing the human NGF 
gene (BHK-NGF) were transplanted unilaterally into  the striatum of normal rats. 
Control rats received identical transplants of encapsulated BHK cells that were not 
transfected with the NGF construct (BHK-Control). Rats were killed 1,2,  or 4 wk post- 
implantation and cell size and optical density for immunohistochemical staining was 
performed.  At each time point, ChAT-immunoreactive (ChAT-ir) neurons hypertro- 
phied in response to the BHK-NGF secreting grafts but not in response to control grafts. 
Furthermore, ChAT-ir striatal neurons displayed an enhanced optical density reflect- 
ing a putative increase in ChAT production in rats receiving BHK-NGF. In addition to 
changes in ChAT-ir, encapsulated BHK-NGF secreting grafts induced a significant 
hypertrophy of noncholinergic neuropeptide Y (NPY)-ir neurons. This hypertrophy 
was observed 1,2, and 4 wk  post-implantation. In contrast to CUT-ir, the BHK-NGF 
grafts did not influence the optical density of NPY-ir  neurons. 

To determine whether the hypertrophy  of cholinergic and noncholinergic striatal 
neurons induced by encapsulated BHK-NGF grafts was dependent upon the continued 
presence of the implant, rats received BHK-NGF grafts for 1 wk. The grafts were then 
retrieved and the animals allowed to survive for an additional 3 wk. The size of ChAT- 
ir and NPY-ir striatal neurons in these animals was compared to rats receiving BHK- 
NGF grafts for 4 wk. The hypertrophy of both ChAT-ir and NPY-ir induced by the 
transplant dissipated upon removal of the graft, indicating that chronic NGF is required 
for these effects to occur. 

NGF delivered from encapsulated cells clearly influenced both cholinergic and 
noncholinergic neurons in a reversible manner. However, no data existed concerning 
the extent of diffusion of neurotrophic factors such as NGF from encapsulated cells. 
An understanding of the spread of NGF, or any therapeutic molecule, is an essential 
piece of information that would ultimately determine the feasibility of its delivery into 
discrete CNS sites. To assess the spread of NGF from the capsules, additional rats 
received grafts of either encapsulated BHK-NGF cells or BHK-Control cells and were 
killed 1 wk post-implantation using a specially designed fixation procedure and stain- 
ing protocol to visualize NGF. The spread of NGF secreted from the capsule was deter- 
mined to be 1-2 mm. Interestingly, we were able to visualize neurons within the 
striatum that bound, internalized, and transported NGF secreted from  the BHK-NGF 
implant to the striatal neuron perikarya. In  BHK-Control grafted animals, staining was 
limited to the host basal forebrain system and no staining was observed within the 
striatum. These data provide de facto evidence that NGF transplants can influence both 
cholinergic and noncholinergic neurons and that NGF diffuses a considerable distance 
in the striatum, and provide the basis for further evaluating this approach in animal 
models of HD. 
7.2.1. Transplants of Encapsulated  Cells Genetically Modified to Secrete NGF: 
Rescue of Cholinergic  and Noncholinergic Neurons Following Striatal Lesions 

Having determined that encapsulated NGF-producing fibroblasts could affect cho- 
linergic as well as noncholinergic striatal neurons, the next series of studies evaluated 
the neuroprotective effects of BHK-NGF cells in a rodent model of  HD. Rats received 
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unilateral NGF-producing or control BHK cell implants into the lateral ventricle (98). 
Three days later, all animals received unilateral injections of  QA (225 nmol) or saline 
vehicle into the ipsilateral striatum. Rats were killed 4 wk later. Nissl-stained sections 
revealed a comprehensive shrinkage of the size of the lesion within the striatum fol- 
lowing NGF treatment with a concomitant diminution of glial fibrillary acidic protein 
(GFAP)-ir astrocytosis. Qualitatively, rats receiving BHK-NGF grafts displayed sig- 
nificantly more ChAT-ir and NADPH-positive neurons within the striatum ipsilateral 
to the lesion relative to BHK-Control grafted animals. As measured  by enzyme-linked 
immunosorbent  assay  (ELISA), NGF was released by the encapsulated BHK-NGF cells 
prior  to  implantation and following removal. Morphology of retrieved  capsules 
revealed numerous viable and mitotically active BHK cells. These results supported 
the initial studies by Frim et al. (99-101) and suggested that implantation of polymer- 
encapsulated NGF-secreting cells can be used to protect cholinergic and  noncholinergic 
neurons from excitotoxic damage in a rodent model of HD. 

To determine if the anatomical protection afforded by NGF treatment was  mani- 
fested as a functional protection, QA-lesioned animals were tested on a battery of 
behavioral tests. Approximately 2 wk following surgery, animals were tested for apo- 
morphine-induced rotation behavior. Animals receiving QA  lesions together with 
BHK-Control cells showed a pronounced rotation response to apomorphine that 
increased over repeated test sessions. In contrast, animals that received BHK-NGF 
cells rotated significantly less than those animals receiving BHK-Control cells or QA 
alone. To characterize further the extent of behavioral recovery produced by NGF in 
QA-lesioned rats, a series of animals were bilaterally implanted with  BHK-NGF or 
BHK-Control cells. One week later, these animals received bilateral intrastriatal injec- 
tions of  QA (150 nmol)  and were tested for changes in locomotor activity and respon- 
siveness to haloperidol in a catalepsy test. Animals receiving QA lesions without BHK 
cell implants or implants of  BHK-Control cells showed a pronounced hyperactivity 
when tested in automated activity chambers as well as a diminished cataleptic response 
to haloperidol. In contrast, animals receiving BHK cells producing NGF showed a sig- 
nificant attenuation of the hyperactivity produced by  QA. These same animals showed 
a normal cataleptic response to haloperidol, further indicating the anatomical protec- 
tion afforded by NGF in this model was paralleled by a robust behavioral protection 
(Table 6).  

7.3. Transplants of Encapsulated  Cells  Genetically  Modified 
to  Secrete CNTF: Rescue of Cholinergic  and  GABAergic  Neurons 
Following  Striatal  Lesions 

When delivered via genetically modified cells, NGF has a clear and potent effect 
upon both normal and damaged cholinergic and noncholinergic striatal neurons. It 
remains important, however, to determine whether these effects are limited to NGF and 
if not to compare the potency of NGF to other neurotrophic factors in these model 
systems. Ciliary neurotrophic factor (CNTF) is a member of the a-helical cytokine 
superfamily which  has  well documented functions in the peripheral nervous system 
(117-125). Recently it has become clear that CNTF also influences a wide range of 
CNS neurons. CNTF administration prevents the loss of cholinergic, dopaminergic, 
and GABAergic neurons in different CNS lesion paradigms (126-128). Importantly, 
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Table 6 
Behavioral  Protection  Produced by NGF and CNTF in Rodent  Models of HD 

BehavioraVfunctional  measure 

Neurotrophic  Factor 
NGF  CNTF 

General 
Body  weight 
Mortality 

Motor  tests 
Apomorphine-induced  rotation 
Skilled paw use  (staircase test) 
Bracing 
Tactile  adhesive  removal 
Balance (rotarod) 
Locomotor  activity 
Haloperidol-induced  catelepsy 

+ 
+ 

+ 
- 

NE 
NE 
NE 
+ 
+ 

+ 
+ 

+ 
+/- 
+ 
+ 
+ 
+ 
NE 

Cognitive  tests 
Moms water  maze NE + 
Delayed  nonmatch  to  position  operant task NE + 
NE, not examined, +, positive outcome, -, negative outcome. 

an initial study demonstrated that infusions of CNTF into the lateral ventricle pre- 
vented the loss of Nissl-positive striatal neurons following QA administration (97). To 
confirm and expand upon these studies we conducted a series of studies examining the 
ability of CNTF to protect against QA lesions (80). In these studies, animals received 
intraventricular implants of  CNTF-producing  BHK cells followed by  QA lesions as 
described previously. Animals were again tested for rotation behavior, but  were also 
examined for their ability to retrieve food pellets using a staircase apparatus. Rats 
receiving BHK-CNTF cells rotated significantly less than animals receiving BHK- 
Control cells. No behavioral effects of CNTF were observed on the staircase test. An 
analysis of Nissl-stained sections demonstrated that the size of the lesion was signifi- 
cantly reduced in those animals receiving BHK-CNTF cells (1.44 f 0.34 mm2) com- 
pared with those animals receiving control implants (2.81 f 0.25  mm2). Quantitative 
analysis of striatal neurons further demonstrated that both ChAT and glutamic acid 
decarboxylase (GAD) ir neurons were protected by  BHK-CNTF implants. The loss of 
ChAT-ir neurons in those animals receiving CNTF implants was  12% compared to 
81% in those animals receiving control cell implants. Similarly, the loss of GAD-ir 
neurons was attenuated in animals receiving CNTF-producing cells (20%)  compared 
to those animals receiving control cell implants (72%). In contrast, a similar loss of 
NADPH-diaphorase-positive cells was observed in the striata of  both implant groups 
(65-78%). Analysis of retrieved capsules revealed numerous viable and mitotically 
active BHK cells that continued to secrete CNTF. 

A separate series of animals were tested on a battery of behavioral tests to determine 
the extent or behavioral protection produced by CNTF (87). Bilateral infusions of  high 
doses of QA  produced a significant loss of  body weight and mortality that was  pre- 
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Table 7 
Striatal  ChAT  and  GAD  Neurochemistry 

Group 
Lesion + CNTF  Control Lesion Only 

Neurochemical  measure 
ChAT 267.0 (1 1.2) 266.3  (13.3)  172.6  (38.7)" 
GAD 26.4  (1.4) 29.5 (1.13)  15.8  (5.2)a 

ChAT  and GAD levels are  expressed  as  means (+ SEM) nmol  ACh or GABNmg of protein. 
"p < 0.05 lesion + CNTF vs lesion only. 

vented by prior implantation with CNTF-secreting cells. Moreover, QA  produced a 
marked hyperactivity, an inability to use the forelimbs to retrieve food pellets in a 
staircase test, increased the latency of the rats to remove adhesive stimuli from their 
paws,  and decreased the number  of steps taken in a bracing test that assessed motor 
rigidity. Finally, the QA-infused animals were impaired in tests of cognitive function- 
the Morris water maze spatial learning task, and a delayed nonmatching to position 
operant test of  working  memory (Table 6). Prior implantation with CNTF-secreting 
cells prevented the onset of all the above deficits such that implanted animals were 
nondistinguishable from sham-lesioned controls. At the conclusion of behavioral test- 
ing, 19 d following QA, the animals were killed for neurochemical determination of 
striatal ChAT and GAD levels. This analysis revealed that QA decreased striatal ChAT 
levels by 35% and striatal GAD levels by 45%. In contrast, CNTF-treated animals did 
not exhibit any decrease in ChAT levels and only a 10% decrease in GAD levels (see 
Table 7). 

These results extended previous findings and began to define the extent of both the 
quantitative and qualitative aspects of the behaviorally protective effects of  CNTF. 
The observation that CNTF may prevent the occurrence of  both motor and nonmotor 
deficits following QA has particular relevance for the treatment of HD  which is charac- 
terized by a wide range of behavioral alterations. HD is a disorder most often associ- 
ated with pronounced motor changes. However, neurological and psychiatric changes 
frequently occur as much as a decade prior to onset of the motor symptoms. Indeed, 
given  the  severity  and  persistence of the  cognitive  changes  in  HD, any viable 
neuroprotective strategy would necessarily need to exert beneficial effects on cogni- 
tive and psychiatric symptoms. 
7.3.1. Transplants of Encapsulated Cells Genetically Modified to Secrete CNTF: 
Preservation of Basal Ganglia Circuity in Nonhuman Primates 

An essential prerequisite before the initiation of clinical trials for HD is the demon- 
stration that trophic factors can provide neuroprotection in a nonhuman primate model 
of  HD.  Toward this end, three cynomolgus monkeys received unilateral intrastriatal 
implants of polymer-encapsulated BHK-CNTF cells (81). The remaining three mon- 
keys served as controls and received BHK-Control cells. One week later, all animals 
received injections of  QA into the ipsilateral caudate and putamen. All monkeys were 
killed 3 wk later for histological analysis. 

Within the host striatum, QA induced a characteristic lesion of intrinsic neurons 
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Table 8 
Neuronal Cell Counts in OA-Lesioned Monkeys 

Striatal  region 
Caudate  Putamen 

Lesioned Percent Lesioned Percent 
Intact  side  implanted  side loss Intact  side  implanted  side  loss 
GAD-positive  neurons 
CNTF 18088  (437)  6516  (1233)  64.0"  17731  (604)  6374 (851) 64.1' 
Control 19298  (1691)  2133  (784)  89.0  16674  (867)  978  (545)  94.1 

ChAT-positive  neurons 
CNTF 2259  (188)  1328  (147)  41.2"  2327  (209)  1069  (36)  54.1" 
Control 2239  (164)  441  (189)  80.3  2933  (172)  354  (253)  87.9 

NADPH-diaphorase-positive neurons 
CNTF 3339  (553)  1733  (489)  48.1'  3508  (824)  1647  (389)  53.1" 
Control 3405  (428)  548  (318)  83.9  3393  (106)  458  (347)  86.5 

"p < 0.05, CNTF vs Control. 

together with a substantial atrophy of the striatum. In  BHK-Control-implanted  mon- 
keys, Nissl-stained sections revealed extensive lesions in the caudate nucleus and puta- 
men that were elliptical in shape. The lesion area in the three BHK-Control animals 
averaged 317.72 m m 3  (+26.01) in the caudate and 560.56 m m 3  (k83.58) in the puta- 
men.  Many  of the neurons that could be identified were shrunken and displayed a dys- 
trophic morphology. In contrast, the size of the lesion was significantly reduced in 
BHK-CNTF-implanted  monkeys. The lesion area in the three BHK-CNTF  monkeys 
averaged 83.72 m m 3  (k24.07) in the caudate and  182.54  mm3 (k38.45) in the putamen. 
Numerous healthy-appearing Nissl-stained neurons were observed within the striatum 
of BHK-CNTF-implanted rats following the QA lesion even in regions proximal to the 
needle tract. 

The neuroprotective effects of CNTF were examined in further detail by quantifying 
the  loss of specific  cell  types within the  striatum  (Table  8).  Lesioned monkeys 
receiving BHK-Control implants displayed a significant loss (caudate = 89.0%; puta- 
men = 94.1 %) of GAD-ir neurons within the striatum ipsilateral to the transplant. Many 
remaining GAD-ir striatal neurons appeared atrophic relative to neurons on the con- 
tralateral side. The excitotoxic degeneration of GAD-ir neurons in both the caudate 
nucleus and putamen  was significantly attenuated in monkeys receiving implants of 
polymer-encapsulated BHK-CNTF cells as these monkeys displayed only a 64.0%  and 
64.1 % reduction in GAD-ir neurons in the caudate and putamen respectively relative to 
the contralateral side. In addition to protecting the GABAergic cell bodies, CNTF 
implants sustained the striatal GABAergic efferent pathways. Enhanced DARPP-32 
immunoreactivity (a marker for GABAergic terminals) was seen within the globus 
pallidus and pars reticulata of the substantia nigra. Optical density measurements 
revealed a significant reduction (49.0 & 5.2%) in DARPP-32 immunoreactivity within 
the globus pallidus in BHK-Control animals ipsilateral to the lesion. This reduction 
was significantly attenuated (12.0 k 4.3%) in BHK-CNTF-implanted  animals. Like- 
wise, the reduction in the optical density of DARPP-32-immunoreactivity in the pars 
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reticulata of animals receiving BHK-Control implants (1 7 f 1.8%)  was significantly 
attenuated (4.3 It: 0.4%)  by CNTF implants. 

ChAT-ir and diaphorase-positve neurons were also protected by CNTF administra- 
tion. Monkeys receiving BHK-Control implants displayed significant reductions in 
ChAT-postive neurons  with the caudate (80.3%)  and  putamen  (87.9%) compared to 
only a 41.2% (caudate) and 54.1 % (putaman) in monkeys receiving BHK-CNTF 
implants (bothp < 0.05). Similarly, the loss of NADPH-diaphorase-positive neurons in 
BHK-Control-implanted monkeys (caudate = 83.9%;  putamen = 86.6%)  was signifi- 
cantly attenuated (caudate = 48.1 %; putamen = 53.1 %) in monkeys receiving encapsu- 
lated CNTF implants. 

These data clearly demonstrate that intrastriatal grafts of  CNTF-producing fibro- 
blasts protect GABAergic, cholinergic, and NADPH-diaphorase-containing neurons. 
However, the use of trophic factors, or any  novel therapeutic strategy for HD, has  been 
impeded  by our inability to provide a rationale for how these approaches would influ- 
ence critical nonstriatal regions such as the cerebral cortex that also degenerate in this 
disorder. Accordingly, we quantified the size of neurons from layer V of  monkey  motor 
cortex from a series of  Nissl-stained sections in each of the control and  CNTF-treated 
monkeys.  QA  produced a marked retrograde degeneration of cortical neurons in this 
region known  to project to the striatum. While neuron number was unaffected, mon- 
keys receiving BHK-Control implants displayed a significant atrophy (27%) of  neu- 
rons  in  layer V of the  motor  cortex  ipsilateral  to  the  lesion.  This  atrophy was 
significantly attenuated (6%) in BHK-CNTF implanted animals. Further analysis dem- 
onstrated that the atrophy of cortical neurons was  not due to general volumetric changes 
but rather occurred preferentially in the medium-sized (300400  pm and 400-500 pm 
cross-sectional area) neurons of the motor cortex that project to the striatum. 

Together these data provide the first demonstration that a therapeutic intervention 
can influence the degeneration of striatal neurons and disruption of basal ganglia cir- 
cuitry in a primate model of HD. Not only are GABAergic neurons viable in  CNTF- 
treated monkeys,  but  DARPP-32-ir reveals that the two critical GABAergic efferent 
projections from striatum to globus pallidus and the pars reticulata of the substantia 
nigra are sustained in  these animals. Moreover, CNTF implants exerted a robust 
neuroprotective effect on the cortical neurons innervating the striatum. These data 
indicate that a major component of the basal ganglia loop circuitry, the cortical + 
striatal + globus pallidushbstantia nigra outflow circuitry is sustained by CNTF. 

8. CONCLUSIONS 
Ever since the initial discovery of a selective alteration in GABAergic parameters in 

HD, there has  been a remarkable escalation in our understanding of the pathophysiol- 
ogy  of the disease. Our concepts of the neurochemical and morphological sequelae of 
HD have grown from these early observations to the present-day complicated mosaic 
of neurobiological changes in the striatum and related structures. Although the coop- 
eration of clinicians, basic scientists, and families of HD patients has contributed to 
this progress, an equally important contribution has  been  made from the development 
of animal models of  HD. Investigators have  taken advantage of  new excitotoxic mod- 
els that appear to mimic the neurobiological and behavioral characteristics of HD  with 
remarkable homology. This research has substantially bolstered the hypothesis that a 
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fundamental  deficit in HD  is a dysfunction of glutamatergic  transmission  or an 
increased susceptibility to excitotoxicity which results in the slow, progressive neural 
degeneration characteristic of  HD. 

The development of animal models holds great promise both for understanding the 
etiology of  HD  and for the development of therapeutic strategies. This chapter has 
highlighted one of the more exciting therapeutic possibilities which suggests that cel- 
lular delivery of neurotrophic factors may be one means of treating the neuropathologi- 
cal and behavioral consequences of excitotoxicity. Although the mechanisms  by  which 
these factors exert their beneficial effects remain unclear, their clearcut potency in both 
rodent and primate models of HD provides the hope that a means of preventing or 
slowing the relentlessly progressive motor  and cognitive declines in HD  may be forth- 
coming. Furthermore, excitotoxicity has been implicated in a variety  of pathological 
conditions including ischemia, and neurodegenerative diseases such as Huntington’s, 
Parkinson’s, and  Alzheimer’s. Accordingly, biologically delivered neurotrophic fac- 
tors may provide one means of preventing the cell loss and associated behavioral 
abnormalities of these and possibly other human disorders. 
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Systemic  Administration of 3-Nitropropionic  Acid 

A New Model ojHuntington's Disease in Rat 

Emmanuel  Brouillet, Philippe Hantraye,  and M. Flint  Beal 

1. INTRODUCTION 
Huntington's disease (HD) is a neurodegenerative disorder characterized by dyski- 

netic abnormal movements and cognitive decline associated with progressive atrophy 
of the striatum (I). Generally onset of symptoms occurs in adults and the disease 
evolves over 10-15 yr toward a fatal outcome. The gene responsible for HD has been 
identified,  and  molecular  studies of the  corresponding  encoded  protein  named 
huntingtin have made considerable progress (2). However, there are no appropriate 
phenotypic animal models of the disease based on transgenesis, and the mechanism 
underlying cell death in  HD remains largely unknown. 

A number of trigerring events leading to neuronal death have been identified by 
research in cellular biology, such as excitotoxicity (a term designating death resulting 
from excessive activation of glutamate receptors). The possibility that excitotoxicity 
may  play a role in the etiology of HD  was supported mainly  by the finding that focal 
injection of glutamate receptor agonists into the striatum produced lesions with  histo- 
logical and neurochemical characteristics resembling those seen in HD (3). Recently 
this hypothesis was refined by suggesting that early energy impairment observed in 
HD  patients may lead  to  the  overactivation of NMDA receptors  and  relentless 
excitotoxic neuronal death (4-6). Experiments on neuronal cell cultures and laboratory 
animals in vivo have suggested that mild energy failure could indirectly produce acti- 
vation of  an  N-methyl-D-aspartate  (NMDA) receptor, triggering an excitotoxic cascade 
and neurodegeneration. Defects in energy metabolism in HD patients have been found 
in vivo using positron tomography  and nuclear magnetic resonance spectroscopy. Bio- 
chemical analysis of postmortem tissue samples from HD patients showed a consistent 
decrease in activity of complex 11-III (succinate dehydrogenase [SDH] and ubiquinone- 
cytochrome c oxidoreductase). The possibility that the defect in complex 11-111 activity 
seen in HD may have a causal role in the etiology of the disease is also suggested by the 
fact that well-characterized cases with biochemical defects in succinate dehydrogenase 
are associated with preferential striatal degeneration (7,8). In addition, poisoning with 
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the succinate dehydrogenase irreversible inhibitor 3-nitropropionic acid  (3-NPA) in 
humans results in striatal lesions (9). 

According to this hypothesis, the effect of systemic administration of 3-NPA is of 
particular interest. Since the pioneering studies of Gould and collaborators (10-13) 
reporting the neuropathological and neurological outcome of acute 3-NPA treatment in 
mice and rats, in particular the preferential vulnerability of the striatum, the effects of 
systemic administration of  3-NPA have been studied for the past 6 yr in the context of 
HD. Several groups have recently reevaluated the effects of acute or subacute (repeated 
injections) of 3-NPA administration either to further study the neurotoxic mechanisms 
of this  toxin or use it  for testing new neuroprotective therapies (14-25). Alternatively, 
it was found that systemic administration of chronic low doses of  3-NPA produces 
motor deficits and selective  striatal  lesions highly reminiscent of HD (14,15,17, 
26-28). Here, we review the different aspects of  3-NPA neurotoxicity in rats and dis- 
cuss how the model of progressive striatal degeneration using chronic administration 
of the toxin  may lead to a better understanding of the mechanisms of cell death in vivo 
and testing of  new therapeutic strategies for HD. 

2. HUNTINGTON’S DISEASE 
2.1. Clinical  and  Neuropathological  Features 

HD is an inherited dominant neurodegenerative disorder that is characterized by 
choreiform abnormal  movements, cognitive deficits, and psychiatric manifestations 
associated with progressive striatal atrophy (1,29). The onset, progression, and clinical 
expression of HD is variable even though it occurs in general during adulthood. The 
progression  of the disease is correlated to the age at onset. In its common form (middle 
age onset), the disease evolves over 10-15 yr.  Early symptoms consist typically of 
irritability, cognitive deficits, and choreiform movements. Later, bradykinesia and dys- 
tonia can be seen. Later, dystonia becomes more prominent and symptoms evolve 
toward rigidity. In patients with early onset (juvenile form), a rapid aggravation of 
symptoms occurs. In this case, choreiform movements are generally absent, whereas 
dystonia and bradykinesia evolving rapidly to rigidity are typical characteristics of 
juvenile and childhood HD. The most striking change in the HD brain is striatal atro- 
phy, the severity of which correlates with the severity of psychiatric and motor symp- 
toms (30,311. Late in the course of the disease, other cerebral regions are affected such 
as the  cerebral  cortex,  pallidum,  subthalamic  nucleus,  and  substantia  nigra  reticulata ( I ) .  

The pathological process underlying HD does not affect uniformly  all types of stri- 
atal  cells (32). There is a preferential  degeneration of y-aminobutyric acid-ergic 
(GABAergic) medium-sized spiny neurons as seen by  marked depletions in GABA 
concentrations in the striatum of HD patients (33,34). Concentrations of substance P 
and Met-enkephalin that colocalize with different subsets of  GABA neurons in the 
striatum are also decreased (35-40). Decreased numbers of neurons immunoreactive 
for calbindin D28k, a Ca2+-binding protein present in a subset of striatal medium-sized 
spiny neurons, was also reported (38,4144). Interestingly, Golgi staining studies 
showed that many striatal GABAergic neurons show morphological abnormalities in 
moderate grades of HD (41,45). Changes in immunoreactivity for calbindin or Golgi 
staining indicate the presence of proliferative dendritic changes early in the disease. 
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These morphological changes include increased size and density of dendritic spines, 
recurving of distal dendritic segments, and short-segment branching along dendrites. 
Another intriguing neuropathological characteristic of  HD is the preferential degenera- 
tion of the GABAergic medium-sized spiny neurons as compared to  the relative spar- 
ing of the medium-sized interneurons positive for NADPH-diaphorase  and somatostatin 
(4648). The preservation of this subset of striatal interneurons is associated with an 
increase in somatostatin and neuropeptide Y concentrations (49). The enzyme respon- 
sible for the labeling of the medium-sized aspiny neurons within the striatum using 
NADPH diaphorase activity turned to nitric oxide synthase (NOS) (50,51). This strik- 
ing sparing of  NOS-positive interneurons and the possible neurotoxicity of NO led to 
the hypothesis that these interneurons may have a causal role in the pathogenesis of HD 
(52,53). The large cholinergic interneurons are also spared in HD striatum, even though 
choline acetyltransferase activity and muscarinic receptors are significantly decreased, 
probably as a result of synapse loss due to the loss of neighboring neurons (54). Con- 
centrations of dopamine and its metabolites are not markedly decreased and tyrosine 
hydroxylase immunoreactivity is maintained in the HD striatum (39,55-58). Another 
characteristic of HD neuropathology is the presence of intranuclear inclusion bodies 
and extracellular fibrillar deposition that consists of the ubiquitinated N-terminal  part 
of huntingtin, the mutated protein in HD (59). 

The nature of neuronal death is HD is still debated. Magnetic resonance imaging 
(MRI) examination showed in certain cases, preferentially in patients with early onset, 
abnormalities in signal intensity indicating necrosis and a rapid process of degenera- 
tion (60-62). In patients with the common form of HD, no indications of necrosis are 
observed. Interestingly, histological studies showed features reminiscent of apoptosis 
in HD cases (63,64). These differences in disease expression indicate that necrosis and 
apoptosis may coexist in HD striatum. 

2.2. Molecular  Genetics 
The gene responsible for HD has been localized and sequenced (65,66). The charac- 

terization of the encoded protein huntingtin, including its localization and the discov- 
ery of other proteins interacting with it, has  made considerable progress. However, its 
function remains unknown. The mutation of the HD gene consists in the expansion of 
a repetition of a triplet of nucleotides (CAG) and the resulting mutated huntingtin has 
an expanded polyglutamine stretch. One hypothesis for explaining the toxicity of the 
mutation is that the expanded polyglutamine tract may  modify the normal interaction 
of huntingtin with other proteins or more probably generate a new  protein-protein 
interaction triggering neuronal death (67). Several candidate proteins have been identi- 
fied. One of these candidates directly related to neuronal death is apopain (caspase 3), 
which plays a central role in apoptosis (68). Another interesting protein interacting 
with huntingtin is GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (69), which 
in addition to its role in glycolysis has been recently implicated in apoptosis (70,71). 
The exact link between the proteins potentially interacting with huntingtin and the 
pathological process occuring in HD remains to be clarified. Another hypothesis is a 
potential toxicity of the N-terminal part of the mutated human huntingtin. Nuclear and 
extracellular accumulation of this peptide fragment has been found in HD (59). A simi- 
lar accumulation has been found in transgenic mice overexpressing the N-terminal part 
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of huntingtin with an expanded polyglutamine tract (72). However, this rodent model 
lacks many characteristics of HD, in particular striatal neurodegeneration. 

3. POSSIBLE  INVOLVEMENT OF EXCITOTOXICITY IN HD 
The mechanism leading to  striatal atrophy in HD remains obscure. A chronic 

impairment in energy metabolism resulting in the activation of an excitotoxic cascade 
of cellular events has  been suggested to  play a key role in the etiology of many  neuro- 
degenerative diseases (4-6,73,74) and this hypothesis is particularly relevant for HD. 

The initial reports showing that stereotaxic injection of kainate in the rat striatum 
produces axon-sparing lesions were the starting point of a wide literature on the neuro- 
toxicity of glutamate analogues (7576).  It was  suggested that abnormal activation of 
glutamate receptors may produce the striatal atrophy that characterizes HD. However, 
kainate injection does not accurately reproduce the histological “ signature ” of HD 
(77). Indeed, kainate kills both the medium-sized spiny neurons and  NADPH interneu- 
rons. In contrast, striatal injection of quinolinate, an endogenous agonist of the NMDA 
receptor produces degeneration of GABAergic  medium-sized spiny neurons with rela- 
tive preservation of NADPH-diaphorase interneurons as seen with neurochemical 
mesurements  of  GABA  and neuropeptides and histological evaluation (77-80).  An 
extensive histological and neurochemical characterization of quinolinate-induced stri- 
atal lesions in  monkeys (79) further confirmed that the pattern  of neurodegeneration 
induced by overactivation of  NMDA receptors was  very reminiscent of HD. 

Striatal lesioning using direct infusion of excitotoxin could also replicate some 
behavioral aspects of HD. The long-term behavioral effects of striatal lesions produced 
by excitotoxins were first characterized in rats. For unilateral striatal lesions, the spon- 
taneous motor symptomatology is barely detectable on visual inspection. The best way 
to show the presence of a functional motor deficit is to stimulate the nigrostriatal 
dopaminergic pathway by injecting dopamine agonists such as apomorphine or a 
dopamine releasing compound such as methamphetamine (81,82). Then a typical “turn- 
ing behavior” is observed. The increased locomotor activity (increased number  of  rota- 
tions) is considered to mimic  to a certain extent the “ hyperkinesia ” seen in HD patients. 
At least, it reliably indicates to which extent the striatum is lesioned. Striatal lesions 
also lead to a spontaneous persistent nocturnal locomotor hyperactivity and cognitive 
impairment (83-86).  For bilateral striatal lesions produced  by quinolinate focal injec- 
tion, Sanberg’s group showed by quantitative analysis (using the Digiscan system) that 
the nocturnal spontaneous locomotion of lesioned rats was significantly increased (87). 
The most convincing results that excitotoxin-induced lesions of the striatum could lead 
to HD-like symptomatology were obtained in nonhuman primates. Indeed, in studies 
of monkeys with unilateral striatal lesions using either kainate (88), ibotenic acid 
(89,90) or quinolinate (91), injection of  L-Dopa or apomorphine produces choreiform 
explosive involuntary movements, dyskinesia, and dystonia. 

Thus, the striking histological and biochemical similarities between excitotoxic ani- 
mal  models  and  HD lend support to the hypothesis that glutamate receptors, and more 
specifically NMDA receptors, may  play a central role in the etiology of HD (3). In line 
with this, it was found that the density of  NMDA receptors in the striatum of  HD 
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patients was decreased early in the time course of the disease, suggesting that striatal 
cells bearing these receptors may preferentially degenerate (92). 

4. REFINEMENT OF THE  EXCITOTOXIC  HYPOTHESIS: 
THE  ROLE OF ENERGY  METABOLISM 

4.1. Evidence for Alteration  in Energy Metabolism  in H D  

An interesting observation that may indicate an alteration in energy metabolism in 
HD is the presence of cachexia in  advanced cases (I). Despite adequate (or increased) 
diet and feeding, HD patients usually  show weight loss. It  is generally considered that 
this weight loss is not related to hyperkinesis which characterizes the disease because 
choreic, explosive movements tend to disappear in late-stage HD. It is tempting to 
speculate that cachexia may,  at least in part, reflect abnormalities (possibly reduction) 
in consumption of  energy substrates. 

The initial studies by positron emission tomography (PET) carried out by  Kuhl  and 
collaborators (93) showed that cerebral glucose metabolism was affected in the stria- 
tum of HD patients. Marked decreases in glucose consumption could be attributable at 
least in part in symptomatic HD patients to striatal atrophy. However, substantial 
reductions in [18F]-deoxyglucose incorporation in the striata of patients presenting early 
symptoms with no gross atrophy were seen, suggesting that severe metabolic impair- 
ment could precede bulk tissue loss. In 15 at-risk patients, 6 showed striatal glucose 
utilization that was more than 2 standard deviations lower than the normal  mean value 
(93). These initial observations were confirmed by a number of PET studies: alter- 
ations in striatal glucose metabolism were often seen in early or presymptomatic HD 
patients (94-99). 

Other evidence for alteration in energy metabolism in HD comes from the study of 
cerebral concentrations in lactate using proton nuclear magnetic resonance (NMR) 
spectroscopy in  which substantial increases were seen in the striata but also in a brain 
region with no ongoing process of neurodegeneration, the occipital cortex (100-102). 
This indicates an alteration of oxidative metabolism in HD, in line with the results of 
biochemical studies reviewed later. 

A number of studies on postmortem samples from HD patients also demonstrated 
biochemical defects in the mitochondrial respiratory chain. A consistent defect in 
complex 11-111 was always found in the caudate nucleus of HD patients (103-107) as 
compared to that determined in the caudate of age-matched controls. This was charac- 
terized by a 39-59% decrease  in  succinate  oxidation  depending  on  the  authors. 
Recently, Gu et al. (106) and Browne et al. (104) reported in well-controlled studies a 
53% and 29% decrease  in  complex 11-111 activity, respectively. In the putamen, 
although an initial study on a small number  of patients reported no substantial changes 
in complex 11-111 activity (107), a more recent reevaluation on a large number of 
patients with normalization to citrate synthase activity showed a 69% decreased activ- 
ity (104). Complex IV (cytochrome oxidase) was also significantly affected in these 
regions although to a lesser extent as compared to the changes seen in complex 11-111 
activity (103,104,106). Interestingly, in none of these studies, complex I (NADH- 
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dehydrogenase) was found altered in HD brain samples, suggesting that the mitochon- 
drial defect in HD may involve selectively complex 11-111 and N. 
4.2. Mechanisms of Indirect  Excitotoxicity  In  Vivo  and I n  Vitro 

A number  of  in vitro studies showed that an impairment of energy metabolism can 
produce secondary excitotoxicity without an elevation in glutamate concentration 
(108-112). Oxygedglucose deprivation or chemical hypoxia induced by mitochon- 
drial toxins leads to activation of  NMDA receptors. At low glutamate concentrations, 
suppression of energy supply triggers excitotoxicity which can be prevented  by  NMDA 
receptor antagonists (such as MK801 or ~-z-amino-5-phosphonovalerate (APV)). An 
emerging idea from these studies is that the neurotoxic effects of glutamate and energy 
compromise are not additive but dramatically synergistic. Because it is known that 
intracellular calcium buffering after overactivation of NMDA receptors is dependent 
of mitochondria (113,114), it  is likely that a vicious cycle process develops once a 
certain threshold of deregulation of the NMDA receptor occurs. The mechanism un- 
derlying abnormal activation of  NMDA receptors when energy metabolism impair- 
ment occurs may be due to the partial membrane depolarization produced by energy 
depletion. This depolarization would result in the relief  of the voltage-dependent mag- 
nesium blockade of the NMDA receptor (115). Elegant studies in vitro in cell culture 
support this view (108-111). 

In vivo, the possibility that a deficit in energy metabolism may lead to secondary 
excitotoxicity has  been extensively studied (see for review 73,116). Injection into the 
rat striatum of a number of mitochondrial toxins (aminooxyacetate, MPP,  malonate, 
Mn2+, 3-acetylpyridine) initially produces increased lactate production and ATP deple- 
tion, and later neuronal death that resembles that produced by the glutamate receptor 
agonists quinolinate and NMDA (117-124). These lesions were characterized by a 
marked degeneration of GABAergic  medium-sized spiny neurons, with sparing of  cho- 
linergic and NADPH-diaphorase-positive interneurons and could be prevented by 
NMDA antagonists or prior decortication which reduces glutamatergic afferents to the 
striatum. Thus, alteration of energy metabolism produced in vivo by mitochondrial 
toxins  could  indirectly  activate NMDA receptors.  Further  supporting  this view, 
subtoxic doses of the mitochondrial inhibitor malonate exacerbate the toxicity of 
NMDA (125). This indirect activation of  NMDA receptors after focal injection of 
mitochondrial toxins in vivo may possibly result from membrane depolarization trig- 
gered by energy compromise (122). Thus, excitotoxicity now can be seen more gener- 
ally as the lethal effects produced  by the abnormal activation of ionotropic glutamate 
receptors even though glutamate concentrations may be in the physiological range. 

As discussed in Subheading S., several in vitro and in vivo studies related to the 
neurotoxicity of the mitochondrial toxin  3-NPA, c o n f m  the existence of this mecha- 
nism of indirect excitotoxicity. 

5. SYSTEMIC ADMINISTRATION OF 3-NPA IN RATS: 
A NEW  PHENOTYPIC  MODEL OF HD 

5.1.3-NPA: A Fungal Neurotoxin in Human 
The history of the determination of  3-NPA as a causal factor in the etiology of 

certain forms of  basal ganglia degeneration in animals and in humans  has  been  reviewed 
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by Ludolph et al. (126). In summary, the toxin 3-NPA, a metabolite of 3-nitropropanol, 
was initially identified as the active toxic compound of plants (such as Indigofera and 
Astragalus) responsible for livestock poisoning in the western United States. Intoxi- 
cated animals show motor abnormalities consisting of generalized weakness and inco- 
ordination of hindlimbs that evolves to paralysis. 

Pioneering studies performed by Gould et al. (10-13) clearly illustrate that in labo- 
ratory animals, 3-NPA produces hypoxic-like cerebral lesions affecting preferentially 
the basal ganglia. 

Numerous cases of poisoning with 3-NPA in humans have been reported in China 
for the past decade. Food poisoning were associated with ingestion of  moldy (mil- 
dewed) sugarcane. It was found that moldy sugarcane was contaminated by the fungus 
Arthriniurn, which produces large quantities of 3-NPA.  Between 1972 and 1989 nearly 
900 cases were reported, among  whom 10% died and many left with irreversible dis- 
abilities. The first gastrointestinal signs of poisoning were often followed by coma that 
lasted several days. Although most of the patients recovered completely (based  on  neu- 
rological examination and evoked potential studies), a number of subjects showed irre- 
versible neurological impairment. Symptoms included delayed onset dystonia, torsion 
spasms, facial grimacing, and jerk-like movements. CT scans revealed lesions of the 
basal ganglia, mainly the putamen, with the caudate less often affected. A recent report 
on 3-NPA poisoning in China confirmed these previous observations (9). 

5.2.3-NPA:  An  Irreversible  Inhibitor of Succinate  Dehydrogenase  In  Vitro 
Biochemical studies on submitochondrial preparations from heart beef or mitochon- 

drial preparations from rat liver demonstrate that the toxin  3-NPA is a suicide inhibitor 
of the respiratory chain and Krebs cycle enzyme succinate dehydrogenase (SDH) 
(Fig.1). The exact mechanism leading to inactivation of the enzyme remains unclear. 
Alston et al. (127) initially suggested that the dianion form of 3-NPA is the inhibitory 
form and that the carbanion of the compound reacts with the flavin of SDH, to form a 
covalent adduct. Coles et al. (128) later challenged this hypothesis, by demonstrating 
that the carbanion of the dianion form of the toxin would preferentially bind to the 
substrate site, and  would  then be oxidized to 3-nitroacylic acid which  may react with 
an essential thiol group of the substrate site. These in vitro studies showed that the 
active form of 3-NPA is the dianion form. Interestingly, the dianion form occurs at 
basic pH  and reprotonation is slow.  At physiological pH, the dianion form of  3-NPA 
would represent only 1%  of total 3-NPA.  Study  of the kinetics of SDH inactivation by 
3-NPA indicates that the toxin can rapidly (kbs 1.2 min") and stoichiometrically inac- 
tivate the enzyme. In the presence of succinate (or oxaloacetate), the rate of inactiva- 
tion is dramatically slowed. This suggests that the rate of inhibition of SDH by  3-NPA 
in the living cell may be influenced by the activity of SDH itself, the redox state of its 
flavin, the concentration of endogenous substrate (succinate) or modulator (oxaloac- 
etate), the temperature, and the pH. 

5.3.  Neurological  and  Neuropathological  Effects of Acute  3-NPA  Intoxication 
Acute 3-NPA toxicity can be obtained by one or repeated daily intraperitoneal injec- 

tions over a short period of time (2-10  d). The toxic dose varies depending on the age 
and strain of animals (15,129). Recently published studies on systemic 3-NPA have 
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Fig. 1. 3-NPA is an irreversible inhibitor of succinate dehydrogenase. (A) The chemical 
structure of 3-NPA is close to that of succinic acid. (B) The carbanion of the dianion form of 
3-NPA binds to the substrate site and is oxidized to 3-nitroacrylate which reacts with an essen- 
tial thiol group. (From Coles et al., 1979.) (C) inactivation of SDH by 3-NPA blocks the ticar- 
boxylic acid cycle and partially the respiratory chain. 

been carried out with  Sprague-Dawley rats (14-18,25-27). Young animals (1 mo) are 
very resistant and  up to 100 mgkg is necessary  to produce striatal lesions. In young 
adult animals ( 3 4  mo), a single injection of 25-30 mgkg can be sufficient to produce 
cerebral lesions in almost all animals with  a substantial rate of lethality in the following 
12 h. A single injection of 20 mgkg rarely produces lesions. However, 20 mgkg/d for 
2 or 3 d produces acute neurological signs of toxicity and cerebral lesions in more than 
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50% of the animals a few  hours after the last injection. To optimize survival, injections 
of 10 mgkg can be made twice a day (separated at least by  8-12 h) for 2-3 d.  In old 
animals (6 mo or more), injected doses can be slightly decreased to reduce lethality. 
The age dependence of 3-NPA neurotoxicity is directly related to its capacity to pro- 
duce energy failure at the level of the striatum, and does not result from an increased 
cerebral biodistribution with age (15). 

For acute intoxication (one injection), the neurological abnormalities develop rap- 
idly, from general uncoordination, drowsiness, and general weakness (animals being 
unresponsive) to hindlimb paralysis without rigidity to the final stage of intoxication, 
recumbency, and death (13). In some instances, death occurs within few hours  without 
obvious severe neurological impairment. In a less severe paradigm of intoxication 
(daily intraperitoneal injection for 5-10 d), these symptoms develop slightly more 
progressively although from one day to the next,  with fatal outcome in a substantial 
proportion of animals (17). The main characteristic of acute and subacute 3-NPA  tox- 
icity is the consistent demonstration of the preferential vulnerability of the striatum 
toward the toxin. Neurochemical and histological evaluation of animals acutely treated 
with  3-NPA  showed that the resulting striatal lesions were severe, affecting almost the 
entire striatum and generally extended caudally to the pallidum (11-13,17). Neuro- 
chemical and histological evaluation showed that these striatal lesions were associated 
with marked decreases in GABA, substance P, somatostatin, and neuropeptide Y levels 
whereas a remarkable sparing of the dopaminergic afferents was found consistent with 
an excitotoxic mechanism of degeneration (14). Confirming this possibility, striatal 
lesions produced  by acute 3-NPA treatment can be significantly reduced  by prior deco- 
rtication (14). When looking at the relationship between the degree of neurological 
impairment and the severity of striatal lesions, a significant correlation can be found, in 
line with the view that most  of the symptoms result form striatal degeneration (17). 
However, a number of observations clearly show that acute and subacute 3-NPA  poi- 
soning in rats is not an appropriate model of HD. The degree of SDH inhibition 
(70-80%) at onset of symptoms after 3-NPA injection is much higher than the partial 
reduction (30-50%)  in activity of complex 11-111 seen in HD. Within the striatal le- 
sions, there is no sparing of interneurons and glial invasion is massive after a week of 
survival. There is no transition between the core of the lesion (no neurons left) and 
apparently normal tissue (17). In addition, subacute and acute 3-NPA  toxicity is asso- 
ciated with extrastriatal cerebral lesions, the pallidum, hippocampus, thalamus, and 
substantia nigra reticulata being often affected (13,14,17). These extrastriatal lesions 
are always associated with striatal lesions. It seems that in the case of acute 3-NPA 
poisoning, many factors are involved in the development of the striatal lesion. The 
disruption of the blood-brain barrier (BBB) after 3-NPA injection had  been initially 
pointed out by  Gould  and collaborators (12). The authors concluded that BBB dysfunc- 
tion (as seen by histochemical detection of albumin extravasation) may participate in 
the development of large striatal lesions. In fresh tissue, signs of hemorrhage could be 
often seen when animals were killed a few hours after the first occurrence of symptoms 
or the following day. This was reevaluated more recently in a study showing the pres- 
ence of immunological markers in the striatal lesions in animals intoxicated with 
15 mgkg/d of 3-NPA  (i.p.) (24). Acute 3-NPA injection produces in addition vasodila- 
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tation (with paradoxical hypertension) (130), blood hyperoxygenation, and substantial 
increase in methemogobin levels as a result of nitrite production (10,12). 

Therefore, it appears that acute 3-NPA intoxication is not a suitable phenotypic 
model of HD even though this model  may be particularly interesting for studying the 
mechanisms of neuronal death associated with acute mitochondrial dysfunction or for 
testing new neuroprotective strategies. 

5.4. Chronic Administration of 3-NPA  Reproduces  Many  Aspects of HD 
In acute 3-NPA poisoning in rats, extrastriatal lesions are always associated with 

striatal lesions, suggesting a hierarchy of susceptibility, the striatum being the most 
vulnerable cerebral region. Consistent with this view, whatever the regimen  of  3-NPA 
poisoning in rats, small striatal lesions are never associated with extrastriatal lesions. 
Thus there is the possibility that low-grade chronic impairment in energy metabolism 
using 3-NPA  may lead to selective striatal lesions in rats, providing an adequate model 
of  HD. 

Chronic intoxication with  3-NPA  was initially produced in adult rats with  low doses 
(10-12 mgkgld) for 1 mo using osmotic minipumps (1415). This protocol of intoxica- 
tion presents the advantage of steadily delivering the toxin, thus avoiding peaks of 
3-NPA  blood concentration which likely occurs after interperitoneal injection of the 
toxin. This steady delivery of  3-NPA closely reproduces the chronic impairment in 
energy metabolism seen in HD (16). The main characteristics of this model are summa- 
rized in the following paragraph. 

Chronic 3-NPA intoxication in rats leads to selective striatal lesions associated with 
motor abnormalities which are milder than those produced by acute intoxication. 
Although substantial interanimal variability is seen in the neurological and  neuropatho- 
logical outcomes, a certain proportion of 3-NPA-treated animals showed striking simi- 
larities to HD. Approximately 35-50% of rats chronically treated with  3-NPA show 
subtle bilateral and symmetrical striatal lesions. These lesions can be easily detected 
with conventional staining such as cresyl violet as palor in the striatum (Fig.  2). Within 
the lesion, cytochrome oxidase histochemistry is also profoundly reduced. In its rostral 
part, the lesion is localized in the dorsolateral aspect of the caudate-putamen, and in its 
caudal part it affects the most ventral part of the dorsolateral quadrant of the striatum. 
The histological nature of the lesion seen at high magnification differs radically from 
that obtained after acute intraperitoneal injection of the toxin. The lesion is not sharply 
bordered, but diffuse, and the loss of neuronal cells progressively increases from the 
untouched striatum to the center (core) of the lesion. Within the lesion, obvious neu- 
ronal loss can be seen (approx 30-35% neuronal loss) by  Nissl stain with moderate 
gliosis. However, large cholinergic interneurons are preserved. NADPH-diaphorase 
histochemistry reveals that medium-sized aspiny interneurons are also spared within 
the lesion (14,17) (Fig. 3). Cell counts of NADPH-diaphorase-positive interneurons 
and Nissl-stained neurons confirmed a relative sparing of NADPH-diaphorase neurons 
within the striatal lesions, replicating the histological characteristics of HD. Interest- 
ingly, we found that during the time course of  3-NPA poisoning NADPH-diaphorase- 
positive interneurons showed morphological abnormalities at the onset of symptoms 
(131). In symptomatic animals, dendritic varicosities were seen, and perikaryal swell- 
ing was  evident. Similar morphological abnormalities had been reported in the HD 
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Fig. 2. Typical lesion of the  dorsolateral  striatum in a rat chronically  treated with 3-NPA. 
Four Nissl-stained coronal  sections of a rat treated  chronically  treated with 3-NPA (10 mg/kg/d for 
1 mo). A palor can be seen in the  lateral  striatum  corresponding  to  an  area of neuronal loss and 
gliosis (see Fig. 3). No obvious  extrastriatal  lesions  could  be  found in animals  presenting  such 
a striatal  lesion. 

striatum (54,132). Immunohistochemistry for tyrosine hydroxylase showed that the 
dopamine terminals were essentially unaffected in  the lesion (15). In situ hybridization 
studies confirmed that chronic treatment with low doses (12 mgkg/d) of  3-NPA using 
osmotic pumps leads to discriminant neuronal loss within the striatum: a marked 
decrease in met-enkephalin and substance P  mRNA  was found whereas somatostatin 
mRNA level was preserved (28). Tyrosine hydroxylase mRNA content in the substan- 
tia nigra also remains unaffected. Alteration of glial cells has been less precisely stud- 
ied. Increases in glial fibrillary acidic protein (GFAP) immunoreactivity were found in 
the vicinity of  and  within the striatal lesions (14,17), whereas no change in GFAP 
mRNA was found (28). Interestingly, chronic 3-NPA treatment produces certain mor- 
phological abnormalities of  medium-sized spiny neurons highly reminiscent of  HD 
(1415). These neurons, seen by Golgi staining, present a number of alterations of the 
dendrites, including increased dendritic spine density, recurved distal segments, and 
aberrant outgrowth of  new branches. These signs of dendritic proliferation and out- 
growth are corroborated by the increased expression of  N-CAM immunoreactivity, a 
cell surface protein expressed during neuronal differentiation (14,17). Whether these 
morphological abnormalities are simply the consequence of compensatory mechanisms 
taking place after degeneration of neighboring neurons or result from an intrinsic 
response of the neurons to chronic energy impairment is not  known. Such abnormali- 
ties have been found after local excitotoxic lesions, favoring the former possibility (3). 

Behavioral studies indicate the existence of interesting similarities between HD 
symptoms and the motor abnormalities induced by  3-NPA in rats. Two types of studies 
have been conducted. One consists in studying the spontaneous behavior of the ani- 
mals during their nocturnal phase. The other consists in detecting abnormalities in vol- 
untary movement during a  given motor task. The former has been performed in animals 
intoxicated with  3-NPA using repeated intraperitoneal injections (10 mgkg every 4 d 
for 28 d), the latter in rats intoxicated by osmotic pumps implanted subcutaneously. 

Quantitative analysis of spontaneous locomotor behavior of  3-NPA-treated animals 
was studied using the Digiscan system (26,27,133). Results indicate that 3-NPA-treated 
animals have an early phase of hyperkinesia (first and second week of treatment) which 
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Fig. 3. Histological  characteristics  of  the  striatal  lesions  produced  by  chronic  administration 
of  3-NPA. Each  image  represents  a  field  of  view  at  high  magnification  (objective x20) in  the 
dorsolateral  striatum. Sections were  reacted  for  NADPH-diaphorase  histochemistry  and 
counterstained  with  cresyl  violet. (A) Section  is from  control  animals. (B) Section  is from 
3-NPA-treated  animals  presenting  dystonia  and  bradykinesia. Note the  neuronal loss and glio- 
sis  in (C) and (D) and  the relative  sparing  of  NADPH-diaphorase-positive  interneurons. 

is followed by a phase of hypokinesia (26). If  3-NPA intoxication is stopped during the 
hyperkinetic phase, symptoms persist. This interesting observation is reminiscent of 
the progression of  HD symptomatology. Early motor symptoms are characterized by 
hyperkinetic behavior as a result of choreic movements, even though bradykinesia can 
be detected in certain voluntary  movements. The disease progressing, bradykinesia 
remains, chorea decreases in severity, and incidence and dystonias are more promi- 
nent. Dystonia accompanied by rigidity is the major component of late-stage HD  symp- 
tomatology ( I ) .  

Neurological observation of rats chronically treated with  3-NPA shows a progres- 
sion of symptom severity (I4,17). In animals responsive to 3-NPA treatment, the initial 
detectable symptoms consist of incoordination with a wobbling  gate. These signs are 
usually followed by the appearance of dystonic postures of the hindlimbs. These initial 
motor deficits can be subtle and appear more readily detectable once the animal per- 
forms a voluntary motor task (such as staying on an inclined board or climbing the wall 
of its home cage). Initiation of  movement can be erratic and the balance of the animal 
substantially affected (equilibrium). Then animals can evolve toward a more dramatic 
symptomatology in  which hindlimb paralysis and often recumbency (lying on one side) 
are cardinal symptoms.  At this stage further treatment can be fatal if the 3-NPA treat- 
ment is not  stopped. After osmotic pump removal, the symptoms of recumbent animals 
evolve with a tendency to recovery. Animals regain responsiveness, moving  them- 
selves by using their forelimbs. Hindlimb paralysis with complete loss of muscle tone 
evolves toward a complete hindlimb extension with rigidity. A few weeks after chronic 
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3-NPA treatment is stopped, animals partially recover and very specific motor symp- 
toms persist for more than 4 mo. In severely affected animals, these symptoms consist 
of  marked bradykinesia and dystonia, with abnormal paw positioning easily detectable 
using  ink footprints. In  most animals, however, spontaneous symptoms are very subtle 
and cannot be scored objectively using a neurological scale. For this reason, we devel- 
oped a quantitative approach to detect the extent of motor deficits in these animals 
( 1  7). Rats can be easily trained to cross an elevated board so that they perform a linear 
trajectory as fast as they can. Video recording of each run allows by image analysis 
(centroid tracking) the precise determination (every 40 ms)  of the mean  and peak tan- 
gential velocity, lateral velocity, step size, and acceleration of each animal (Fig. 4). 
Using this approach  we found that animals chronically treated  with  3-NPA for a month, 
and  then remaining alive for 3 mo,  showed decreased mean  and peak velocities, indi- 
cating bradykinesia. The length of animal steps (inferred from acceleration peaks) 
shows a significant reduction. Plots of velocity showed “irregularities,” suggestive of a 
(staccato-like) saccaded walk. Determination of lateral velocities confirmed the pres- 
ence of gait abnormalities in  3-NPA-lesioned animals, consisting of a wobbling gait 
with an enlarged base as compared to age-matched control littermates. These abnor- 
malities are reminiscent of  HD ( I ) .  Indeed, chorea results in general clumsiness in 
tasks requiring the use of the hands and arms while disturbances in the lower limbs 
appear as gait abnormalities. The walk  of affected patients can be described as slow, 
stiff, and unsteady. These gait abnormalities have been quantitatively studied by  an 
ultrasound transducer, showing that step size and walking speed were decreased (134). 
Similarly, bradykinesia is a common feature of HD (135). We also found that in the 
animals studied 3 mo after termination of 3-NPA intoxication, the severity of  motor 
abnormalities significantly correlated with the degree of neuronal loss within the der- 
solateral aspect of the striatum. In animals killed during the time course of  3-NPA 
intoxication at onset of symptoms the severity of motor impairment was also correlated 
to the degree of neuronal loss (131). 

5.5. Limitations and  Current  Drawback of the 3-NPA Rat  Model of HD 
The limitation of the 3-NPA rat model of  HD results from two major characteristics. 

First, the anatomical organization of the striatum is markedly different in rodents and 
humans. In rats, the striatum is globally a homogeneous structure whereas in the pri- 
mate the striatum is divided into the caudate nucleus and putamen. Second, motor 
behavior in rats obviously differs markedly from that of primates. Behavioral studies 
of  nonhuman primates with ibotenate-, kainate-, or quinolinate-induced striatal lesions 
showed that after apomorphine injection, the repertoire of abnormal movement could 
be very close to that seen in HD patients (40,88-90). Hyperkinetic abnormal  move- 
ments resembling  chorea and dyskinesia have never been observed in rats  with 
excitotoxin lesions after apomorphine or amphetamine administration. Rats chroni- 
cally treated with 3-NPA did not show clearly identifiable dyskinetic movements 
resembling chorea even though  an hyperlocomotor activity has been reported early in 
the time course of intoxication (26), and the presence of dystonia, bradykinesia, and 
gait abnormalities has  been clearly identified ( 1  7). Thus, the dyskinetic component of 
HD symptomatology may be part of a motor repertoire that can only be expressed in 
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Fig. 4. Motor abnormalities in rats chronically intoxicated with 3-NPA. Animals were trained 
to cross an elevated board (120 cm long, 7 cm wide). After 5 d of training, test runs were 
recorded using a video camera fixed on the ceiling. Top view images from these runs were 
analyzed off-line using an automatic video-based motion tracking and analysis system. The 
animal center of mass was estimated every 40 ms with spatial resolution of 2 mdpixel. (A) 
Raw data showing the position of a control animal (dashed  line) and a 3-NPA-treated animal 
(solid line) while they cross the elevated board. Note the unsteady gait of the 3-NPA-treated 
rat. (B) Tangential velocity of a control rat and a 3-NPA-treated animal during their runs corre- 
sponding to position plots shown in (A). Note that the 3-NPA-treated animals has a lower 
velocity as compared to that of the control rat, indicating bradykinesia. (C) Lateral velocity of 
the control and 3-NPA-treated animals during their runs corresponding to position plots shown 
in (A). Note that the lateral velocity .determined in the 3-NPA-treated animal is increased as 
compared to control, consistent with the presence of dystonia and wobbling gait. (D) Histo- 
grams showing the mean (+ standard deviation) kinetic parameters determined in control ani- 
mals and 3-NPA-treated animals with neuronal loss in the striatum. 
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primates. In line with this, chronic administration of  3-NPA in primates leads to apo- 
morphine-inducible and spontaneous dystonia and choreiform movements (136,137). 

Another  current  limitation of the 3-NPA rat  model of HD is  the  substantial 
interanimal variability toward  3-NPA toxicity. However,  preliminary observations sug- 
gest that Lewis rats may be much more suitable than Sprague-Dawley rats (129). 
Whereas chronic 3-NPA treatment produces HD-like striatal lesions in 30-35%  of 
Sprague-Dawley rats, it leads to striatal lesions in nearly 100% of Lewis rats.  Very 
recent data obtained in our laboratory suggested that the 3-NPA  model  of HD in Lewis 
rats is particularly valuable for studies testing new therapeutic strategies for which 
homogeneous groups of animals are required. 

6. MECHANISM UNDERLYING  THE  NEUROTOXICITY 
OF CHRONIC 3-NPA 

6.1. Does  Chronic  Administration of 3-NPA  Reproduce  the  Partial 
Blockage of Complexe II-III Seen in HD? 

In synaptosomal preparations, it was shown that the most rapid event produced by 
3-NPA  was a decrease in the phosphocreatine/creatine ratio and an increase in the lac- 
tate/pyruvate ratio. This was followed by a decrease in ATP/ADP and GDP/GTP ratios 
(138). In living neurons in culture, 3-NPA neurotoxicity has been related to partial 
inhibition of SDH activity and significant decline in ATP cellular levels (139-143). 

In  vivo, focal injection of 3-NPA into the striatum produces a marked increase in 
lactate as seen with NMR chemical shift imaging (1519). Freeze-clamp techniques 
also allowed detection of decreases in ATP level and increase in lactate concentrations 
after intrastriatal injection of 3-NPA (14,15). An age-dependent increase in lactate con- 
centration was detected in living rats by NMR chemical shift imaging in the striatum 
after systemic injection of  3-NPA (14,19). Systemic injection of high 3-NPA doses 
produces an accumulation of succinate, GABA, and lactate as seen using NMR spec- 
troscopy analysis of brain extracts from [l-13C]glucose-injected mice (144). Tsai et al. 
(145), using NMR spectroscopy techniques on brain extracts from rats that received 
repeated injection of low doses (10 mg/kg/d for 1 wk)  of  3-NPA, have shown that 
succinate, GABA,  and lactate accumulate consistent with a blockade of the Krebs cycle. 
In addition, significant decreases in N-acetylaspartate (NAA) were found, supporting a 
general alteration of mitochondrial metabolism in neural cells. All these changes were 
found to be age dependent, markedly more pronounced in adult animals (4 and 8 mo 
old) than in young animals (1 mo old). No histological observation has been provided 
in this study, but this regimen of intoxication is likely to produce no obvious striatal 
damage in young animals, although mild neurological symptoms can be seen, such as 
incoordination. Thus, reduction in  NAA concentrations may correspond to a state of 
neuronal dysfunction without obvious cell loss. In primates in vivo, NMR spectros- 
copy study of animals chronically treated with 3-NPA (8 wk  of treatment) also showed 
early reduction in  NAA  and elevation of lactate in the striatum whereas no changes 
were found in the occipital cortex. Histological evaluation or NMR imaging of the 
animals confirmed that these changes preceded identifiable neuronal loss (146). 

The fact that a mitochondrial toxin produces neurochemical changes indicative of 
energy failure may  seem hardly surprising. However, the main issue of these studies is 
that neurotoxicity can result from partial blockage of the energy metabolism machin- 
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ery. They indicate that chronic and relentless blockade of the mitochondrial respiratory 
chain can produce depletion of energy stores associated progressively  with symptom 
expression and neuronal suffering, and finally death. This situation is relevant for 
neurodegenerative diseases and particularly HD, for which the alteration of energy 
metabolism is only  partial (104,106). However,  what is the precise relationship between 
the degree of energy impairment and the resulting neurotoxic effect? As a first attempt 
to answer this question, we assessed in vivo the relationship between the level of 
3-NPA-induced SDH inhibition and the resulting neurological and neuropathological 
outcomes in rats (16). The characterization of the effect of systemic injection of 3-NPA 
on the respiratory chain had  been  rarely evaluated. Only two studies performed by 
Gould et al. (10,11) reported that the activity of SDH in  whole  brain mitochondrial 
preparation was largely decreased (75-80%) after injection of toxic doses of  3-NPA in 
rodents. In our study, the nature, time course, and level of inhibition to produce striatal 
lesions was precisely reevaluated in the context of HD (16). A quantitative histochemi- 
cal method  was developed to  study the level of regional SDH inhibition resulting from 
intraperitoneal injection of 3-NPA or subcutaneous infusion using osmotic minipumps. 
This study showed that 3-NPA  very  rapidly entered the brain, and irreversibly inacti- 
vated SDH in the striatum to an extent similar to that in other brain regions. This work 
showed that the striatal lesions resulting from chronic intoxication with  3-NPA  was 
associated with a 5040% inhibition of SDH, mimicking the partial alteration of  com- 
plex 11-111 observed in  HD (Fig. 5). This further supports the hypothesis that the alter- 
ation of this complex may have a causal role in the etiology of the disease. This study 
also demonstrated that the preferential vulnerability of the striatum toward  3-NPA  was 
not related to an increased inhibition of SDH in the striatum as compared to the cere- 
bral cortex. This preferential vulnerability of the striatum seems rather to result from 
an intrinsic inability of the striatum to resist mild energy impairment. The exact mecha- 
nism underlying this propensity of the striatum to be “ deregulated ” by energy com- 
promise is unknown. 

6.2.3-NPA-Induced  Impairment  in Energy Metabolism  Activates 
the  Excitotoxic  Cascade 

In vitro, activation of the glutamate receptors seems to play a crucial role in the 
neurotoxicity produced  by  3-NPA  (Fig. 6). Ludolph et al. (139) were the first to  dem- 
onstrate that impairment in energy metabolism produced  by  3-NPA  was  not solely 
responsible for neuronal degeneration but also involved glutamate toxicity. In frontal 
cortex explants, the toxicity of  3-NPA  was found significantly reduced by the NMDA 
receptor antagonist MK801, and MK801 plus the non-NMDA receptor antagonist 
CNQX, although CNQX alone was  not neuroprotective. In the presence of MK801, 
neurodegeneration  produced  by  3-NPA  was decreased but  ATP concentration remained 
depleted, showing that the sole blockade of NMDA receptors (and presumably the 
resulting excitotoxic cascade) was sufficent to prevent neuronal death (141). A similar 
prevention or delay of  3-NPA neurotoxicity by glutamate receptor antagonists in disso- 
ciated neuronal culture was found  by others (140,142,143,147,148). However,  when 
glutamate receptors are fully blocked by antagonists, 3-NPA exposure is still associ- 
ated with a substantial delayed neuronal death (48 h) (140). The morphological and 
molecular abnormalities of dying neurons are reminiscent of apoptosis (140,149). Thus 



3-Nitropropionic Acid Rat  Model of HD 31 7 

A CONTROL SNP -41 % 

B 

Fig. 5. Partial inhibition of SDH by  3-NPA is sufficient to produce striatal degeneration. 
SDH activity was revealed by incubating frozen sections with succinate (0.05 M) as a specific 
substrate  and  nitrobluetetrazolium  (NBT)  as  electron  acceptor,  which  eventually  forms 
formazan. Regional percents of inhibition are determined by image analysis. Nonspecific stain- 
ing is determined on adjacent sections incubated with NBT without succinate. (A) Digitized 
images of rat brain sections stained for SDH histochemistry showing partial decrease of SDH 
activity after 3-NPA administration (right) as compared to control animal ( lef t .  (B) Histo- 
grams showing the levels of SDH activity in striatum and cortex in animals chronically treated 
with 3-NPA (12 mg/kg/d for 7 d)  as compared to control animals. Note that “lesioned” animals 
(showing striatal lesions) have higher SDH inhibition as compared to “unlesioned” 3-NPA 
treated animals. Results are means * standard error of the mean. **p < 0.001; *p  < 0.01 as 
compared to control levels. a, p < 0.01; b, p < 0.05 as compared to unlesioned 3-NPA-treated 
animals. 

excitotoxicity and apoptosis may coexist during 3-NPA-induced degeneration as has 
been proposed for glutamate-induced excitotoxicity (63,150-153). 

Several observations strongly suggest that in vivo the striatal lesions produced by 
systemic injection of  3-NPA result from an indirect excitotoxic mechanism  of cell 
death. First, the histological characteristics of lesions resulting from chronic poisoning 
with  3-NPA resemble that seen after focal injection of quinolinate (14,15,17). Lesions 
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Fig. 6. Proposed mechanisms of  3-NPA neurotoxicity. (A) Normal functioning of the cell. 
Mitochondrial energy metabolism provides ATP which is used by ionic pumps to maintain 
membrane potential. Mitochondria can buffer large quantities of Ca2+ which enters through 
Ca2+ channels. (B) 3-NPA produces energy impairment which decreases ATP levels. Dysfunc- 
tion of ATPase due  to decreased ATP availability produces partial membrane depolarization, 
leading to the relief of the voltage-dependent Mg2+ block of the NMDA receptor channel. This 
produces massive entry of Ca2+ which activates Ca2+-dependent enzymes such as NO synthase, 
phospholipases, proteases, and endonucleases and leads to increased production of free radi- 
cals. Cytoplasmic Ca2+overload, NO production, and radical oxygen species in turn may dis- 
rupt mitochondrial function, leading to a vicious cycle. The final outcome of  3-NPA toxicity 
may be apoptosis or necrosis, depending on the cell considered, the severity of energy impair- 
ment, and the local environment (trophic factors, glutamate concentrations). 
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Fig. 7. Apoptotic features in the striatum of rats receiving chronic 3-NPA treatment. (A) 
Digitalized images of neuronal nuclei positive for TUNEL labeling with dUTP-fluorescein in 
Lewis rats chronically intoxicated with 3-NPA. Approximately 15-30% of striatal neurons 
were labeled. Two types of labeling were observed: diffuse labeling was the most frequently 
(75%) observed (A, open arrow). Intense labeling with apoptotic bodies was seen less fre- 
quently (25%) (A, white arrow). Nuclei with apoptotic bodies were also seen on sections stained 
with the DNA-binding dye Hoechst 33258 (B, white arrow) and cresyl violet (C, black arrow). 

can be blocked by surgical removal of the corticostriatal glutamatergic afferents (14). 
Riluzole, which decreases glutamate release, significantly reduces 3-NPA-induced stri- 
atal degeneration and associated neurological impairment (18). Systemic injection of a 
subtoxic dose of 3-NPA potentiates the toxicity of quinolinate (154). Finally, systemic 
injection of a toxic dose of 3-NPA increases the opening of the NMDA receptor as seen 
by increased [3H]MK801 binding in the striatum (28). 

The possibility that apoptotic pathways may be activated in vivo by  3-NPA  has  been 
suggested recently. Young animals injected with high doses of 3-NPA  showed positive 
TUNEL nuclei within the striatum with  DNA laddering on agarose gel electrophoresis 
typical of apoptosis (155). Because this may be inherent to young animals (physiologi- 
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cal apoptotis occurs in the striatum in neonates), we reassessed this issue in adult Lewis 
rats during chronic 3-NPA intoxication (Fig. 7). Histological evaluation of the striata 
of symptomatic rats showed that approx 26% of striatal neurons  had  DNA strand breaks 
and 6% had nuclei with apoptotic bodies (Brouillet, MCnCtrat, Altairac, and Hantraye, 
unpublished observations). 

It is probable that abnormal activation of  NMDA receptors resulting from 3-NPA- 
induced energy impairment leads in vivo to increased production of free radicals, in 
particular nitrogen radicals. Consistent with this, systemic administration of  3-NPA 
produces increased production of the peroxynitrite byproduct, 3-nitrotyrosine, of 
8-hydroxy-2-deoxyguanosine (a  marker of oxidative DNA damage), and of dihydroxy- 
benzoic acids (markers of hydroxyl radical production) in the striatum (25). Blockade 
of the neuronal form of  NOS  by the antagonist 7-nitroindazol decreases the volume of 
the striatal lesions produced  by systemic administration of  3-NPA. This was accompa- 
nied by a normalization of the 3-NPA-induced  increases in  concentrations of 
3-nitrotyrosine and dihydroxybenzoic acid. It is likely that other components of the 
excitotoxic and apoptotic cascade may also play a major role such as phospholipases, 
proteases, or endonucleases. Demonstration of the importance of these components in 
3-NPA neurotoxicity would suggest their possible implication in neurodegenerative 
diseases. 

7. FUNDAMENTAL AND THERAPEUTIC  IMPLICATIONS 
7.1. A Model of Choice for Better  Understanding  Cell  Death 
Mechanisms I n  Vivo 

In vitro studies in cell cultures have permitted the identification of  many compo- 
nents involved in excitotoxic and/or apoptotic cell death, but the relative importance of 
these components during a degenerative process evolving over weeks or months can- 
not be determined in  vitro. The study of the mechanisms underlying the pathological 
neuronal death that may be involved in HD also requires appropriate in vivo models. 
The 3-NPA rat model  of striatal degeneration reproduces not only various aspects of 
the HD, but also its dynamic aspect, including the delayed onset of symptoms and the 
aggravation of these symptoms from a hyperkinetic phase  toward a hypokinetic phase, 
with bradykinesia, gait abnormalities, and dystonia. The severity of these symptoms is 
correlated with the severity of neuropathological changes in the striatum. The charac- 
teristics of the striatal degeneration are reminiscent of  HD, in particular the sparing of 
dopaminergic afferents and interneurons and the presence of apoptotic features. This 
model also replicates many neurochemical and metabolic abnormalities of the disease, 
such as the decreased activity of complex 11-111 and brain lactate increases. Therefore, 
this model seems particularly relevant for the study of the mechanism  of progressive 
neuronal death in vivo. 

It  is tempting to speculate from the number of behavioral and histological similari- 
ties that exist between  HD  and  3-NPA neurotoxicity that the 3-NPA rat model, in par- 
allel with the studies related to the molecular  biology of huntingtin,  may help to uncover 
the possible mechanisms that lead to striatal atrophy in HD. For instance, two charac- 
teristics of HD are far from being elucidated: the age-dependent onset of the disease 
and the preferential vulnerability of the striatum. Although there is a clear inverse cor- 
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relation between the number of repeats and the age at disease onset, it remains obscure 
why the disease generally is delayed to adulthood (67). Similarly, the preferential vul- 
nerability of the striatum cannot be explained simply by a preferential enrichment of 
the striatum in huntingtin (156-158). 

We showed that 3-NPA neurotoxicity has an  age-dependent pattern of expression as 
for that of HD mutation and that this expression occurs first within the striatum. One 
possibility is that this delay in the onset of expression results from the normal decrease 
in efficiency in mitochondrial enzyme activity associated with aging (6,159,160). A 
number of markers indicating abnormalities of oxidative metabolism increase with 
normal aging. Brain mitochondrial complexes I and IV showed significant decline with 
age, although complex 11-111 remains relatively unchanged (161,162). Interestingly, 
the age-dependent increases in mitochondrial DNA deletions that may be indicative of 
mitochondrial dysfunction are more pronounced in the striatum as compared to other 
brain regions (163,164). The results obtained on toxicity of systemically delivered 3- 
NPA strongly support the view that the striatum is indeed intrinsically highly  vulner- 
able to energy impairment. Thus, the addition (or synergy) of the toxicity of the HD 
mutation (or 3-NPA administration), plus the age-related decline in oxidative metabo- 
lism, would reach a threshold that may generate sufficient perturbations for triggering 
neuronal death. This threshold of additive (or synergistic) toxicity  may be achieved 
earlier in the striatum as compared to other brain regions. 

That 3-NPA can lead to excitotoxic cell death and apoptosis may also provide clues 
concerning the cellular mechanisms  of cell death in HD. Apoptosis as been proposed as 
a mechanism of cell death  in HD (63,64). Molecular biology studies of HD  have  already 
reinforced this possibility (68). Huntingtin is a substrate of caspase  3, and poly- 
glutamine expansion increased the cleavage of huntingtin by this cysteine protease 
involved in apoptosis. In addition, huntingtin interacts with  GAPDH (69), a key enzyme 
of glycolysis but also a protein with a role in neuronal apoptosis that has  been  demon- 
strated recently (70,71). Increased cleavage of huntingtin with polyglutamine expan- 
sion by caspase 3 and its increased interaction with  GAPDH  may activate apoptotic 
pathways or " deinhibit " apoptotic pathways to  an extent sufficient for clinical expres- 
sion and neurodegeneration. It is not inconceivable that mitochondrial abnormalities 
associated with  normal aging directly sensitize neurons toward apoptotic processes. 
The role of mitochondria in apoptosis is likely to be crucial (165). Synergistically, 
apoptosis may at least in part be triggered or facilitated by the indirect activation of the 
excitotoxic cascade resulting from energy impairment. The 3-NPA rat model of pro- 
gressive striatal degeneration may be a model of choice for the study of the probably 
complex interplay that may exist between mitochondrial dysfunction, apoptosis, and 
excitotoxicity. 

7.2. A Model for Studying  New  Therapeutic  Strategies 

A number of potential therapeutic strategies could be examined using the 3-NPA rat 
model  of  HD.  Any strategy aimed at blocking the cascade of events downstream of 
mitochondrial blockade and subsequent NMDA receptor activation can be tested with 
this model of striatal degeneration. 

A straightforward approach to slowing neurodegeneration involving NMDA recep- 
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tors consists of blocking the NMDA receptor using pharmacological agents (competi- 
tive  or  noncompetitive  antagonists)  or  decreasing  the  concentrations of ambient 
glutamate. The latter strategy has  been tested in the 3-NPA rat model of HD with 
riluzole, a compound that has been shown to decrease glutamate release. Significant 
neuroprotection was found associated with significant beneficial effects on the neuro- 
logical impairment resulting from chronic 3-NPA treatment (18). Another way  of lim- 
iting the deleterious effects of  NMDA receptor activation is to block the downstream 
enzymes activated by intracellular calcium increases. NOS is one of these enzymes 
that play a major role in excitotoxicity. The efficacy of a blockade of the neuronal form 
of  NOS  by pharmacological compounds have been tested in the 3-NPA rat model. The 
nNOS inhibitor 7-nitroindazole has showed significant neuroprotective effects against 
subacute 3-NPA intoxication in rats (25). 

Another possibility is to limit the extent of  energy depletion produced  by the mito- 
chondrial toxin or increase the yield of electron transfer through the respiratory chain. 
The advantage of such a strategy is that it may  not interfere with normal neural trans- 
mission processes in contrast to glutamate receptor antagonists. The toxicity of mito- 
chondrial toxins given intrastriatally such as aminooxyacetic acid and malonate can be 
substantially  decreased using this approach (23,166-168). The most convincing 
experimental evidence that such a strategy may be promising is the recent finding that 
food supplementation with creatine is neuroprotective against mitochondrial toxins in 
rats (22). Feeding of animals with creatine increases brain concentrations of phospho- 
creatine, the major pool of high-energy phosphorylated compounds. Animals supple- 
mented with creatine are much less vulnerable to the toxicity of malonate injected into 
the striatum and 3-NPA given systemically. 

Because apoptosis may be part  of the complex scheme of mechanisms leading to 
3-NPA-induced cell  death,  the 3-NPA rat model could  be  helpful  in  testing  the 
neuroprotective effects of agents that could block in vivo the activation of certain 
enzymes involved in apoptosis such as caspases or endonucleases (169). 

Given that neurotrophic factor deprivation (withdrawal) in certain types of neurons 
leads to apoptosis, it is popularly assumed that supplementation of neuronal cells with 
neurotrophic factors may have neuroprotective effects. In this context, it has been 
shown that neurotrophic factors such as CNTF are neuroprotective against NMDA 
receptor mediated neurodegeneration (1 70,171). It may be interesting to  study the effi- 
cacy  of these neurotrophins in the 3-NPA rat model of striatal degeneration. A pioneer- 
ing study showed that fibroblasts transfected to express NGF and transplanted into the 
lateral ventricles in rats produced a significant protection of the striatum against acute 
3-NPA toxicity (20,21). Techniques to deliver these factors into the brain, such as viral 
transfection or encapsulation of genetically engineered cells, are in progress. The 
3-NPA rat model  may be suitable to optimize the delivery techniques and further help 
to elucidate the mechanisms underlying the neuroprotective effects of the factors tested 
in vivo during progressive degeneration. 

8. CONCLUSION 

The study of the mechanisms underlying pathological neuronal death requires 
appropriate in vivo models. This is particularly true for chronic, progressive processes 
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of cell death underlying neurodegenerative diseases such as HD. In this context, the 
new rat model of HD using chronic systemic administration of  3-NPA is particularly 
interesting. It helped  to determine to which extent an alteration of energy metabolism 
could play a role in the pathogenesis of HD. Although it may present limitations as 
compared to the 3-NPA primate model of HD in terms of anatomical and behavioral 
characteristics it may be particularly useful to examine the mechanisms of cell death 
resulting from chronic energy impairment and to test new therapeutic strategies. 
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Replicating  Huntington  Disease’s  Phenotype 

in Nonhuman  Primates 

Philippe Hantraye,  St6phane  Palfi,  Vincent  Mittoux, 
Caroline  Dautry,  Franqoise  Cond6,  and  Emmanuel Brouillet 

1. INTRODUCTION 
Huntington’s disease (HD) is an inherited, autosomal dominant, neurodegenerative 

disorder characterized by involuntary choreiform movements, cognitive decline, and a 
progressive neuronal degeneration primarily affecting the striatum. At present there is 
no effective therapy, even palliative, against this disorder. The gene responsible for the 
disease has been localized on the short arm of chromosome 4 ( I )  and the molecular 
defect recently identified (2) as an  abnormal repeat of CAG triplets in the 5’ coding 
region of a gene (ZT15) encoding a protein (huntingtin) with unknown function. Despite 
the intense search for a cell pathology attached to this molecular defect, the mecha- 
nisms leading to neurodegeneration in HD still remain largely speculative (3). Never- 
theless, recent studies have suggested that abnormal interactions between the mutated 
huntingtin and other proteins could be involved in the pathogenesis of HD. Thus, 
huntingtin has been shown to interact with several proteins including a cytoplasmic 
protein that associates with microtubules, mitochondria, and synaptic vesicles (HAP- 1, 
4), glyceraldehyde phosphate dehydrogenase (GAPDH, 5), an unidentified calmodulin- 
associated protein (6), a ubiquitin-associated protein (HIP-2,7), and a protein homolo- 
gous to the yeast cytoskeleton-associated protein sla2p (HIP-1,8). These observations 
suggest that alterations in glycolysis, vesicle trafficking, or apoptosis could  all be patho- 
logical mechanisms involved in HD. However, direct and indirect evidence for defects 
in mitochondrial energy metabolism (complex 11-In deficiency) has  been increasingly 
compelling over the past decade (9-15). It may be then conceivable that a complex 
interplay and possibly a direct link exist between  HD mutation, mitochondrial impair- 
ment, excitotoxicity/apopotosis, and striatal neurodegeneration. To test these patho- 
physiological hypotheses, we  and others have developed animal models of  HD using 
either excitotoxic or metabolically induced striatal lesions to produce a phenotypic 
model  of this disorder. Since the discovery that there is a striking neuropathological 
similarity between excitotoxic striatal lesions in the rat and  HD (16,17), rats with such 
lesions have served as useful models of HD. Unfortunately, excitotoxic striatal lesions 
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in rats do not mimic the dyskinesia and chorea seen in HD (18-20). We have therefore 
developed different models in nonhuman primates, to determine the underlying mecha- 
nisms for HD, and later to use these models to determine the effects of  new therapeutic 
approaches. The present chapter reviews the main characteristics of two primate mod- 
els of HD, the excitotoxic lesion model and the chronic 3-nitropropionic acid  (3-NPA) 
lesion model, and describe their use in experimental neurology. 

2. HUNTINGTON’S DISEASE 
It  is beyond the scope of this chapter to give a full description of HD and the reader 

is referred to review articles on the topic for more detailed information (21-23). How- 
ever, as we intended to develop a phenotypic model of this pathology, a brief  summary 
of the most relevant neuropathological and clinical features of  HD is given below. 

HD is an inherited dominant neurological disorder characterized by abnormal chore- 
iform movements, cognitive deficits, and psychiatric manifestations associated with 
progressive striatal atrophy. In the common form of the disease, clinical symptoms 
develop very rapidly after onset and compose a three-part picture with  motor  symp- 
toms, initially characterized by hyperkinesia evolving to bradykinesia; psychiatric dis- 
turbances, with aggressiveness and depression; and profound cognitive impairment. 
With the exception of patients bearing the largest triplet repeats (juvenile variant) who 
normally becomes clinically overt within a few years after birth, most  HD patients start 
to express motor abnormalities at ages 30-40. 

In the most  common form of the disease, motor disabilities progress over a 10-15-yr 
period from a hyperkinetic to an akineto-rigid syndrome. Typically, the earliest motor 
signs are eye movement abnormalities, followed by the progressive appearance of 
orofacial dyskinesias; dyskinesias involving the head,  neck, trunk, and arms; and finally 
chorea (24). As the disease progresses, choreiform movements may disappear, the ini- 
tial hyperkinetic syndrome being progressively replaced by a more hypokinetic syn- 
drome in which bradykinesia, rigidity, and dystonia may predominate (25). 

Comparative neuropsychological testing of patients with HD, Parkinson’s disease 
with dementia, or Alzheimer’s disease points to HD as a model of subcortical demen- 
tia, even if this concept has  been a matter of controversy (see 26 for discussion). Nev- 
ertheless, the cognitive deficits observed in HD are very similar to those observed 
following lesions of the frontal cortex and perseverative behavior as well as severe 
impairment in set-shifting  strategies  (“cognitive  flexibility”)  are key features of 
the frontal-type HD syndrome. 

The most striking neuropathological manifestation of HD is the progressive degen- 
eration of the striatum. The degree of striatal atrophy has been  used  by Vonsattel and 
collaborators (21) to categorize HD brains into five different grades (from grade 0, no 
striatal pathology, to grade 4, severe caudate-putamen and nucleus accumbens atro- 
phy).  At this latest stage of neurodegeneration, atrophy is also readily observed in the 
cerebral cortex (frontal and prefrontal areas), pallidum, subthalamic nucleus, various 
thalamic nuclei, and substantia nigra. Interestingly, all these areas have in common 
that they  belong to the basal ganglia circuitry and, as such, are directly or indirectly 
connected to the striatum. Another interesting feature of HD striatal pathology is that 
not all striatal cells are equally affected by the degenerative process (27). There is a 
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preferential degeneration of  y-aminobutyric-ergic (GABAergic) medium-sized spiny 
neurons and a relative sparing of the other subpopulations of striatal cells, at least in the 
early course of the disease (27,28). Even within the subpopulation of  GABAergic spiny 
neurons, all cells are not similarly affected by HD. A double gradient of striatal degen- 
eration has  been described in the HD striatum, one progressing in a dorsoventral direc- 
tion and another in a caudo-rostral direction (21,29). As a consequence, the most 
vulnerable GABAergic neurons appear located mostly  within the dorsal parts of both 
caudate and putamen nuclei. In the striatum, the calcium-binding protein calbindin- 
D28k expressed by the medium-sized spiny neurons is severely depleted (30). Interest- 
ingly, both  immunochemistry for calbindin and Golgi impregnation studies have shown 
that many  of the striatal medium-sized spiny neurons that will degenerate in late-stage 
HD patients already display typical morphological abnormalities in the early course of 
the disease (31,32). Finally, it can be noted that all major striatal afferences (in particu- 
lar the dopaminergic, glutamatergic and serotoninergic afferents) are relatively unaf- 
fected by the degenerative process (33-35). 

3. EXCITOTOXIC STRIATAL  LESION  MODELS IN PRIMATES 
The resemblance between the striatal degeneration seen in HD and that produced by 

intrastriatal injections of excitotoxins in the rat stimulated research on HD. Initial stud- 
ies have shown that unilateral striatal excitotoxic lesions using kainic acid can produce 
neuropathological changes relatively similar to those of HD (1 6,17) and have supported 
the hypothesis of a direct glutamate receptor-mediated neurotoxicity in HD. Since then, 
rats with such lesions have consistently served as animal models of HD (18-20,36,37). 
However, their behavioral manifestations include locomotor hyperactivity and deficits 
in memory and cognitive tests but not dyskinesias or chorea. The therapeutic predic- 
tions from the rodent model are therefore limited to some symptoms, which points to 
the necessity of developing a model in primates. 

Similar to the rodent model, a unilateral lesion of the caudate-putamen complex has 
been used in different species of nonhuman primates, with either kainate (38) or 
ibotenate (39,40), which are non-N-methyl-D-aspartate (NMDA) glutamate receptor 
agonists, or quinolinate (4143), an  NMDA receptor agonist. In all cases, a severe 
depletion of neuronal markers has been observed, restricted to the striatal regions 
injected. More precisely, in the case of ibotenate, the lesioned areas were characterized 
by a drastic loss of projection neurons as well as interneurons, associated with a strong 
depletion in the number of processes and puncta in the neuropil, an intense astrocytic 
reaction, and a relative sparing of fibers en passant (Fig. 1). In contrast, in the case of 
quinolinate injections the neuronal loss seemed to be limited to projections neurons, 
sparing  the  cholinergic and NADPH-diaphorase-positive interneurons (41). With 
ibotenate and quinolinate the loss of striatal projection neurons has been associated 
with a decrease of the striatal projections in the globus pallidus, according to the loca- 
tion and the extent of the excitotoxic striatal lesion (39,44). Similarly, some atrophy 
might occur in the long term within the substantia nigra pars reticulata, and in cases of 
very extensive caudate-putamen lesions, a decrease in the size of the dopaminergic 
neurons was observed even in the substantia nigra pars compacta (45). Together with 
the recent evidence for an  atrophy of layer V neurons in cortical area 4 following severe 



Fig. 1. Excitotoxic lesion induced by an injection of ibotenic acid (10 pL at a concentration 
of 35 pg/pL in phosphate buffer), into  the right putamen of a baboon 2 yr prior to killing. (A, B) 
Direct printings through sections (A) immunostained for neuron-specific nuclear  protein 
(Chemicon, diluted 1:lOOO) or (B) stained for acetylcholinesterase, showing the drastic loss in 
neurons as well as the depletion of acetylcholinesterase-positive processes in the neuropil. 
(C-F) Photomicrographs of the border between the lesioned area (Zef) and normal tissue (right) 
of sections immunostained for (C) tyrosine hydroxylase (Jacques Boy, France, diluted 1:3000), 
(D) calbindin-D28k (Swant, Switzerland, diluted 1/3000), (E) glial fibrillary acidic protein 
(Dako, Denmark, diluted 1:5000), and (F) NADPH-diaphorase. Note the relative sparing of 
tyrosine hydroxylase- and calbindin-D28k-positive fibers en passanf (C, D), the strong glial 
reaction (E), and the loss of NADPH-positive neurons in the lesioned area (F). Nevertheless, in 
the transition zone between the lesioned and the intact  striatum, the density of NADPH- 
positive neurons is normal (F). Calibration bar: (A, B): 300 pm; (C-F): 50 pm. 

336 



Primate  Models of Huntington’s Disease 337 

quinolinate-induced striatal degeneration (44), these observations indicate that the 
excitotoxic striatal lesion may also lead with time to retrograde and/or transsynaptic 
neurodegeneration in regions interconnected to the caudate-putamen complex. 

In behavioral studies, very few spontaneous abnormal movements are found what- 
ever the excitotoxin used. These include some transient seizure-like involuntary move- 
ments in  the contralateral limbs  several hours after  kainate injection or transient 
dystonic and/or choreatic-like movements after intrastriatal injections of ibotenate or 
quinolinate. All these symptoms generally subside by the second week following the 
excitotoxin injections (38,39,46,47). 

Although spontaneous dyskinesias disappear within the first 2 wk following the 
intrastriatal injections, reversible symptoms can always be elicited during a test session 
using dopamine agonists or dopamine releasing drugs such as apomorphine or L-Dopa 
(39,40,46,47). These involuntary movements are characterized by a rather stereotyped, 
abrupt series of limb movements contralateral to the excitotoxin injection. Sometimes, 
series of involuntary movements are observed resembling ballistic movements,  accom- 
panied less frequently, by twisting movements of a forearm or a hindlimb. Superim- 
posed to the choreic-like symptoms, a general hyperkinesia is also noted  (Fig. 2). All 
these symptoms disappeared spontaneously afterwards, until another dopamine ago- 
nist injection is given, ensuring the survival and good health of the animals. The rel- 
evance of such studies to HD is based on the hypothesis that hyperkinesia and choreic 
symptoms in HD can be mimicked by increased dopaminergic neurotransmission and 
that dopaminomimetic drugs have been  shown to precipitate choreic movements in 
persons at risk for HD (48). As  shown  by Burns et al. (49), the behavioral outcome 
following excitotoxic striatal lesions greatly depends on the location of the lesions. 
Thus, only selective unilateral or bilateral lesions located in the posterior putamen  pro- 
duce a long-lasting dyskinetic syndrome under dopamine agonist stimulation. 

When discussing functional and behavioral features, it is apparent that the degenera- 
tion of the caudate-putamen  may not be the only cause of both motor and cognitive 
manifestations of HD. Nevertheless, observations from the excitotoxic lesion models 
have indicated that  lesions involving the posterior putamen were associated with 
motoric manifestations such as dyskinesias and dystonias, whereas lesions localized 
within the head of the caudate will probably lead to neuropsychiatric manifestations as 
it receives afferents from the dorsolateral prefrontal cortex (50-52). It  is therefore 
highly predictable that damaging the circuit at the striatal level will have similar effects 
as lesioning the frontal cortex itself (53). 

To sum up, the excitotoxic lesion model of  HD has interesting features. First, 
dyskinesias in the model are evoked  only  by administration of dopamine agonists which 
may reduce the animal’s discomfort despite a permanent striatal dysfunction. Second, 
location and extent of the striatal lesions are controlled by the experimentor which 
enables testing of the functional significance of regionally specific disruptions of quali- 
tatively different motor and cognitive circuits. However this model does not provide a 
mean to understand HD pathology further and, for example, to elucidate the intimate 
mechanisms governing  the  typical  dorsoventral  gradient of striatal  degeneration 
observed in HD patients. 
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Fig. 2. VMA of apomorphine-induced abnormal movements in baboons following unilat- 
eral ibotenic acid striatal lesion (caudate and putamen). This kinematic study was performed 
more than 2 yr after the excitotoxin injections, according to a previously described procedure 
(81588). In (A), as compared to the performances in untreated normal primates, administration 
of apomorphine (0.5 mgkg) to control animals led to a significant increase in the distance 
traveled (locomotor hyperactivity) during a 40-min test session. This hyperactivity was found 
further increased following unilateral excitotoxic lesion of the caudate-putamen complex. In 
(B), administration of apomorphine (0.5 mgkg, i.m.) to IA-lesioned baboons resulted in a sig- 
nificant increase in the peak tangential velocity (hyperkinesia), which was not observed in the 
control (unlesioned) animals under the same experimental conditions. Brain sections corre- 
sponding to one of the IA-lesioned animals included in these VMA data are shown in Fig. 1. 

4. REFINING  THE  EXCITOTOXIC  HYPOTHESIS  OF HUNTINGTON’S 
DISEASE : GENERAL  ENERGY  IMPAIRMENT AS A  FACTOR 
OF SELECTIVE  STRIATAL  DEGENERATION 
A number of in vitro and in vivo studies have shown that under various conditions, 

partial energy impairment can result in.a secondary excitotoxic degeneration, not nec- 
essarily accompanied by detectable increases in extracellular glutamate concentrations 
(54-70). Thus, oxygen or glucose deprivation and chemical hypoxia induced by  mito- 
chondrial toxins have all been shown to activate NMDA receptors and to induce 
excitotoxic insults, even in the presence of  low (physiological) extracellular glutamate 
concentrations. Interestingly, in all cases, pretreatment with  various  NMDA receptor 
antagonists  (such  as  MK801)  prevented  the  cell  losses,  further  confirming  the 
excitotoxic nature of these lesions. Emerging from these data, one leading hypothesis 
has proposed that both glutamate and moderate energy impairment, such as the one 
produced by chronic treatment with a mitochondrial toxin, could act synergistically to 
produce cell death (for a review, see Brouillet et al., Chapter 16, and ret 71). Various 
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possible mechanisms were put forward. However, in the mechanism most frequently 
cited,  the neurodegenerative process starts by a partial membrane depolarization 
resulting from energy depletion, which in turn induces the release of the voltage- 
dependent magnesium block on the calcium-gated NMDA receptor. This (indirect) 
activation of the calcium-gated NMDA receptor brings into play all the classical fea- 
tures of excitotoxicity including a sudden rise in  [Ca2+Ii and the subsequent activation 
of numerous intracellular intermediates implicated in apoptotic and/or necrotic cell 
death pathways such as caspases, protein kinases, lipases, and endonucleases. 

Interestingly, several in vivo and post-mortem observations have also confirmed the 
existence of a chronic, possibly early, metabolic impairment in HD. The pioneering 
studies using positron emission tomography (PET) and [18F]fluorodeoxyglucose as a 
tracer showed that cerebral glucose metabolism can be severely reduced in the HD 
striatum, even in presymptomatic patients (72-78). These initial observations have  been 
recently substantiated with data obtained in vivo using localized proton nuclear mag- 
netic resonance (NMR) spectroscopy and pointing to an early alteration in energy 
metabolism in HD (12-14). Together with postmortem evidence for a 39-59% decrease 
in the mitochondrial complex 11-111 activity (9-11,15), these findings have been inter- 
preted as suggesting that the HD mutation could result in a general mitochondrial 
energy impairment, leading to respiratory chain failure, reorientation of the metabo- 
lism to the anaerobic pathway, and overproduction of lactate (71). 

5. CHRONIC  3-NPA TREATMENT IN PRIMATES AS A PHENOTYPIC 
MODEL OF HUNTINGTON’S DISEASE 
In a search for an improved animal model of Huntington’s disease, we looked for a 

mean to mimic, in the primate, the chronic succinate dehydrogenase/complex I1 defi- 
ciency hypothesized for HD. Initial studies in rodents, including the initial work in 
mice using large doses of the succinate dehydrogenase inhibitor 3-NPA (79-81) and 
recent studies using chronic intoxication regimen in the rat (56,821, provided the nec- 
essary rationale (for discussion, see Brouillet et al., Chapter 16) to develop a primate 
model  of progressive striatal degeneration, using chronic systemic 3-NPA injections. 

Despite its interest as an animal replicate of HD, the chronic 3-NPA rat model still 
suffers from major limitations. Primarily, there is a very different repertoire and capac- 
ity  of movements in the primate compared to the rat.  As discussed earlier, rats chroni- 
cally treated with 3-NF’A did not show clearly identifiable dyskinetic movements 
resembling chorea, even though a hyperlocomotor activity has  been reported early in 
the time course of intoxication (83). Even in more chronic toxic treatments when the 
presence of dystonia, bradykinesia, and gait abnormalities could be evident, no chore- 
iform movements could be identified (82). It is possible therefore that the dyskinetic 
component of HD symptomatology is part of a motor repertoire that can be expressed 
only  in  primates. Then, the organization of the basal ganglia in the human is closer to 
that of the monkey  than to that of the rat. For instance, in monkeys as in humans,  and 
not  in rats, the striatum is structurally divided into two parts, the caudate nucleus and 
the putamen. Therefore, although rodent studies are highly informative for initial 
exploratory studies, primate models are necessary to yield results with relevance and 
higher predictive validity for human therapy. Another advantage presented  by primate 
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models is that in vivo brain imaging techniques such as positron emission tomography, 
nuclear magnetic resonance imaging (MRI), or single-photon emission computed 
tomography can be used for determination of anatomo-pathological changes in relation 
with symptoms (84,85). Finally, primate models allow the final adjustment of thera- 
peutic protocols prior to clinical trials. 

The neurotoxicity of 3-NPA  was studied in adult or adolescent macaques (Macaca 
nemestrina or Macaca fascicularis) and baboons (Papio  papio,  Papio  anubis). Clinical 
examinations were performed before each injection of  3-NPA  to detect any sign of 
acute intoxication or the presence of spontaneous abnormal movements. The 3-NPA 
solution was injected intramuscularly on a daily basis (86-88). During the 3-NPA 
intoxication, in vivo examinations with MRI and NMR spectroscopy were regularly 
performed, using a 0.5T MR magnet (General Electric). Behavioral deficits were stud- 
ied using two methods:  time-sampled neurological observations after intramuscular 
administration of 0.5 mgkg of apomorphine and a video movement analysis (VMA)  of 
the animal’s displacements during the apomorphine test (36,86). Cognitive deficits 
were also assessed using the object retrieval detour task  (ORDT), a test sensitive to 
frontal cortex or striatal dysfunction (87). Finally brains were processed for histologi- 
cal evaluation. 

5.1. Acute  3-NPA  Toxicity  in  Primates 
Although we had already demonstrated in rats that chronic but not acute 3-NPA 

intoxication  could  produce  behavioral  and  neuropathological  changes  rather  reminiscent  of 
HD (56,58), one adult macaque was acutely treated with  3-NPA for 5 d (12 mg/kg/d). 
Such a protocol produced a bilateral necrosis of the striatum as evaluated in vivo using 
MRI. The most severe changes (T2 hypersignals) were observed in the putamen; how- 
ever, abnormal NMR signals were also recorded in the caudate nucleus and the hippoc- 
ampus. The animal displayed spontaneous neurological symptoms consisting of severe 
loss of muscle tone, general bradykinesia, and dystonia. Histological evaluation con- 
firmed the presence of massive neuronal loss within the putamen and caudate (86). 
This striatal pathology as well as these behavioral changes were more comparable to 
those observed in juvenile cases of HD than those developed in adult cases of  HD. 

5.2. The  Chronic Primate Model 
To develop a more progressive model of striatal degeneration, various regimens of 

intoxication were tested. A first series of aged animals were treated with a constant 
dose of 8 mg/kg/d of 3-NPA for 3-6 wk, in a search for the optimal dose capable of 
inducing a slow striatal degeneration (81). Under these conditions and during the entire 
period of the neurotoxic treatment, no acute sign of intoxication and no obvious changes 
in spontaneous behavior could be observed. The animals had normal food and drink 
intake and classical neurological examination could not disclose any abnormal move- 
ments.  However, administration of apomorphine transiently induced the appearance of 
choreiform movements including jerk-like movements, dyskinesia of extremities, and 
dystonia. In two of these three animals, abnormal movements were of  an explosive 
nature, very similar to those observed in baboons with unilateral ibotenic acid induced 
striatal lesions (39). In the third animal, the abnormal movements were less explosive 
and characterized mainly  by twisting of the trunk and abnormal posturing of the lower 
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limbs. Quantitative image analysis of the VMA session evidenced a marked  5-6-fold 
increase in the distance traveled as compared to age-matched control animals, demon- 
strating the presence of  an increase in locomotor activity (hyperactivity) in these other- 
wise nonsymptomatic animals. Interestingly, neither in vivo nor in vitro examinations 
could disclose any obvious abnormalities in the striata of these animals, thus confirm- 
ing the presymptomatic status of this striatal dysfunction. We concluded that, even in 
aged animals, the dose of  3-NPA  used (8 mgkg/d), was not sufficient to induce spon- 
taneous abnormal movements close to those observed in HD patients. 

The second series of animals was treated for 4 mo with  3-NPA at an initial dose of 
10 mgkgld which  was progressively increased (1 mgkg increment at weekly inter- 
vals) until a final dose of 28 mgkgld was reached. During the first 6 wk  of the protocol, 
no spontaneous or even apomorphine-induced abnormal movements could be observed 
in these animals, which  remained essentially “nonsymptomatic.”  Between 8 and 10 wk 
of neurotoxic treatment, choreiform movements could be evoked in all 3-NPA-treated 
anjmals by apomorphine, indicating entry into  the “presymptomatic” phase of the 
intoxication. This presymptomatic phase was characterized by the presence of frontal- 
type cognitive deficits and apomorphine-inducible abnormal movements without any 
spontaneous abnormal movements. The severity of the apomorphine-induced motor 
abnormalities tended to increase as the 3-NPA intoxication progressed. After 3 mo  of 
intoxication, all animals began to show spontaneous foot dyskinesia and dystonia, 
therefore entering a “symptomatic” phase of the treatment. At this stage, postmortem 
evaluation conf i ied  the presence of bilateral striatal lesions, with no detectable extra- 
striatal lesions. 

From all these results, a standard protocol was defined to induce selective and pro- 
gressive striatal degeneration in primates. In this protocol, adult nonhuman primates 
(baboons or macaques) receive 3-NPA injections over a 25-30-wk time period to 
induce a progressive mitochondrial energy impairment without acute toxicity (starting 
dose 10-14 mgkg/d, final dose 29-34 mgkg/d, delivered in two daily doses and incre- 
ments of 2 mg/kg/d [during the first 6 wk]  and 0.5 mgkgld [for the remaining 19-24 
wk]). According to the individual sensitivity and the age of the animals (older animals 
are more sensitive), the presymptomatic phase begin after 4-6 wk of intoxication, and 
the symptomatic phase following 10-12 wk of treatment (Fig. 3, intoxication proto- 
col). Postmortem evaluations after this chronic protocol showed minor or no sign of 
striatal necrosis, as observed in vivo by MRI, but a severe loss of projecting neurons in 
the dorsolateral parts of the putamen and caudate nucleus (88,89). 

In summary, the time course and the type of striatal degenerescence (necrosis or 
selective loss of striatal GABAergic projection neurons) are determined by the initial 
dose of 3-NPA, the rate of increment of this dose, the age of the animal, and finally by 
a limited interindividual sensitivity toward the toxicity of 3-NPA. 

5.2.1. Motor Deficits 
Combining the use of the clinical scale for abnormal movements already validated 

in excitotoxically lesioned baboons and a video-based movement analysis system, we 
demonstrated that the chronic 3-NPA treatment mimics in primates various aspects of 
the motor syndrome typically associated with HD. Comparing motor performances of 
chronically treated animals at various stages (i.e., presymptomatic vs symptomatic 
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Fig. 3. Schematic representation of the experimental protocol of 3-NPA intoxication used in 
nonhuman primates (baboons and macaques). The 3-NPA treatment is given in two daily doses 
delivered 5 d a week which were augmented on a weekly basis by 2 mgkg during the first 6 wk 
and by 0.5 mgkg for the remaining treatment period. In our experience, we found that the 
starting dose greatly influences the striatal selectivity of the lesion. Accordingly, aged nonhu- 
man primates (which are more sensitive to 3-NPA) should receive a starting dose of 10 mg/kg 
in two daily 5 mgkg injections (9.00 a.m., 5.00 p.m.) whereas young adolescent baboons may 
receive up to 14 mgkg as a starting dose. With such a neurotoxic regimen, frontal-type cogni- 
tive deficits have been detected in both baboons and macaques as soon as following 5-6 wk of 
3-NPA treatment, whereas overt motor deficits (mostly leg dystonia) were observed only fol- 
lowing 10-12  wk  of chronic 3-NPA intoxication. MRI-detectable striatal lesions are usually 
observed after 10-12  wk of treatment, in conjunction with the appearance of spontaneous leg 
dystonia. 

phases), it was apparent that although animals at a presymptomatic phase presented an 
hyperkinetic syndrome under apomorphine stimulation, the same animals studied dur- 
ing the symptomatic phase spontaneously displayed a hypokinetic syndrome under 
apomorphine resembling the motor deficits of late-stage HD patients (Fig.  4).  As  shown 
in Fig. 4, in the presymptomatic phase (Pre-sympt.), 3-NPA animals displayed an 
increased incidence of various abnormal movements (dyskinesia index, i.e., sum of 
incidences of all abnormal movements,  Fig. 4A), including limb dyskinesia (Fig. 4B), 
orofacial dyskinesia (Fig. 4C),  and to a lesser extent leg dystonia (Fig. 4D), as com- 
pared  to their control (Ctrl) basal clinical score. In addition, quantitative kinematic 
parameters indicated that these animals were significantly hyperactive (increased dis- 
tance traveled, Fig. 4E) and hyperkinetic (increased maximal speed, Fig. 4F), as com- 
pared to their performances before 3-NPA treatment. Continuation of the 3-NPA 
treatment for an an additional 14-wk  period led to  an aggravation of the motor symp- 
toms and the appearance of spontaneous and persistent leg dystonia (symptomatic 
phase,  Sympt.).  Under apomorphine stimulation (0.5 mgkg, i.m., as compared to the 1 
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Fig. 4. Clinical and kinematic characterization of apomorphine-induced motor abnormali- 
ties observed in chronic 3-MA-treated baboons at a presymptomatic (Re-sympt) and symp- 
tomatic (Sympt) stage of the neurotoxic treatment. Following intramuscular apomorphine 
injection (1 mgkg), presymptomatic animals displayed a significant increase in the dyskinesia 
index (A) which represents the sum (during a 40-min time period) of incidence of various 
categories of abnormal movements including dyskinesia (B), orofacial dyskinesia (C), and dys- 
tonia (D). Kinematic VMA analysis demonstrates that at this stage of intoxication, animals are 
significantly hyperactive (increase locomotor activity) and hyperkinetic (increase in maximal 
speed) as compared to their prelesion (Ctrl) performances. This  stage of 3-MA intoxication 
resembles the early hyperkinetic state observed in the HD motor syndrome. Under similar 
experimental conditions, but with a lower dose of apomorphine (0.5 mgkg), symptomatic ani- 
mals display a significant increase in dyskinesia index (A)  due to increased limb (B) and 
orofacial dyskinesias (C)  and  leg dystonia (D). In the kinematic study, although symptomatic 
animals  still appear significantly hyperactive (increase in distance  traveled), a significant 
decrease in their peak velocity (bradykinesia) could be demonstrated. As such, this stage of 
3-NPA intoxication appears to better mimic the bradykinetic state of the HD motor syndrome, 
observed later in the course of this disorder. 
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mgkg dose necessary to induce abnormal movements in the presymptomatic phase), 
the 3-NPA-treated animals displayed (Fig. 4) a further increase in the dyskinesia index 
(Fig. 4A) due to  an increased incidence in dyskinesia of extremities and dystonia. 
Interestingly, kinematic parameters demonstrated an increase in locomotor activity 
(hyperactivity, Fig. 4E) and a decrease in maximal speed (bradykinesia, Fig. 4F) as 
compared to their control performances; these motor symptoms were more reminiscent 
of a late-stage HD. 
5.2.2. Cognitive Deficits 

As discussed previously, frontal-type cognitive deficits are typical features of  HD. 
We examined the cognitive status of presymptomatic (87) and symptomatic animals 
(88) using the ORDT, a task especially designed to detect frontal-type deficits in human 
and nonhuman primates (90). This  test was selected because it requires complex 
sequential motor planning and is particularly sensitive.’for detecting frontal cortex or 
striatal dysfunction (90-92). In brief, the ORDT assesses the ability of the animals to 
retieve an object from inside a transparent box, open only on one side. The cognitive 
level and  motor skills required for the subject to solve the task and retrieve the object 
can be modified by varying the location of the box relative to the subject, the location 
of the reward into the box, and finally the orientation of the open side of the box rela- 
tive to the subject. The subject’s responses are video recorded and measures of perfor- 
mance include number of “success” responses (retrieval of the reward on the first reach 
of the tial), number of “correct” responses (retrieval of the reward within the 60-s time 
period, whatever the strategy used  by the baboon to get the reward), “barrier hits” 
responses (hitting the closed transparent side of the box instead of making a detour), 
and “motor  problems’’ responses (reaching the correct [open] side of the box but failing 
to retieve the reward). ORDT test sessions were performed every week for 2 wk dur- 
ing either the “presymptomatic” or the “symptomatic” phase of the 3-NPA treatment. 
Compared to controls, 3-NPA animals were not impaired in motor problems or correct 
responses so that they  were globally as able as the controls to get the reward. However, 
3-NPA-treated animals were significantly less sucessful in obtaining the reward on the 
first reach and were making more barrier hits as compared with controls, indicating 
that they were selectively impaired in their ability to respond using the right strategy. 
The deficit noted in 3-NPA-treated baboons suggests an impairment in organizational 
strategy that resembles the cognitive alterations typically associated with  HD. Interest- 
ingly, further studies with ORDT in  3-NPA-treated baboons in the symptomatic phase 
indicated that despite the appearance of spontaneous abnormal movements  and  an  over- 
all aggravation of the motor deficits, the cognitive deficits remained  very similar in 
intensity to the one already noted in the early phase of the neurotoxic treatment (88). 
5.2.3.  Neuropathological Alterations 

Brain examination of animals presenting spontaneous motor symptoms at the time 
they were killed invariably detected histological abnormalities. Essentially, two types 
of neuropathological patterns could be identified depending on the rate and duration of 
the 3-NPA-treatment. A first type, characterized by the presence of a necrotic lesion 
core, clearly identifiable at MRI (T2 hypersignal) with  marked cell loss at histological 
evaluation (Fig. 5), and a second type characterized by no change at MRI and only a 
diffuse loss of projection striatal neurons (Fig. 6). 
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Fig. 5. Caudate-putamen complex of a baboon presenting a 3-NPA lesion, associated with a 
T2 hypersignal at MRI. (A, B) Direct printings through sections immunostained for (A) neu- 
ron-specific nuclear protein (Chemicon, diluted 1:lOOO) and (B) the calcium binding protein 
calbindin-D28k (Swant, Switzerland,  diluted 1:3000). (C) Photomicrogaph of the border 
between the lesion area (left) and the normal tissue (right) from the section shown in (A). (D) 
Photomicrograph of immunoreactivity for calbindin-D28k  in the core of the lesion. Note the 
severe neuronal loss and the total depletion of projection neurons in the core of the lesion. 
Moreover the border betwen the core of the lesion and the normal tissue is sharp in the case of 
the neuronal marker (A, C) whereas it is more diffuse and larger in the case of the marker of 
projection neurons (B), indicating the presence of a transition area in which projection neurons 
are more depleted than the other striatal neuronal types. Calibration bar: (A-D): 300 to  pm, 
(C, D): 50 pm. 

The first type of lesion (Fig. 5 )  was seen in animals with an initial dose of 10 mg/kg/ 
d of  3-NPA, progressively increased to 30 mg/kg/d over a 20-wk time period (86,87). 
According to the degree of intoxication, histological evaluation showed an almost com- 
plete loss of neurons and neuronal processes, first in the dorsolateral part of the puta- 
men (core of the lesion, Fig.  SA, C), then  in the dorsomedial part of the caudate nucleus. 
Accordingly, the number of  all striatal neuronal types strongly decreased, especially 
the number of projection neurons and processes immunoreactive for calbindin-D28k 
(Fig. 5B, D).  In the transition area between the core of the lesion and the normal tissue, 
NADPH-diaphorase-positive interneurons and large cholinergic interneurons were 
found relatively preserved, as compared with projection neurons,  and immunoreactiv- 
ity for tyrosine hydroxylase was also spared, indicating that dopamine terminals are 



Fig. 6. Direct printings (A, B, G, H), and photomicrographs (C-F) of the striatum of one 
control animal (A, C, E, and G )  and one macaque intoxicated with  3-NPA (B, D, F, and H), but 
presenting motor and cognitive deficits without a T2 hypersignal on MRI. Distribution of neu- 
rons immunoreactive for (A-D) the neuron-specific protein (Chemicon, diluted 1:lOOO) and 
(E-H) the  calcium  binding  protein  calbindin-D28k  (Swant,  Switzerland,  diluted  1:3000).  Note  the 
absence  of  obvious  neuronal loss (B, D)  but  decrease of calbindin-D28k  immunoreactivity (F, H), 
suggesting the presence of a neuronal dysfunction rather than  of  a cell loss within the dorsolat- 
eral  parts  of  the  caudate  and  putamen  nuclei.  Calibration bar: (A, B), (G, H): 300 pm; (C-F): 50 pm. 
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left largely unaffected by the toxin (39). The astrocytic glial reaction is maximal in the 
transition area. 

The second  type  of lesion was characterized by the absence of  any detectable changes 
in MIU signal despite the presence of spontaneous persistent abnormal movements and 
frontal-type cognitive deficits. This type of lesion was observed in macaques (88,89) 
treated with the most progressive regimen of 3-NPA intoxication (25 wk of treatment, 
with an initial dose of 10 mg/kg/d  and a final dose of 29 mg/kg/d). In these animals, no 
obvious neuronal depopulation could be detected within the striatum (Fig. 6). How- 
ever, quantitative analysis of the distribution of calbindin-D28k-immunoreactive neu- 
rons revealed a clear dorsal to ventral loss of immunoreactive cells (89). The other 
striatal neuronal populations were unchanged. This suggests that a selective dysfunc- 
tion of the striatal projection neurons (as exemplified by the loss of calbindin-D28k 
immunoreactivity) may be sufficient to cause the appearance of clinically overt motor 
and cognitive deficits. These findings are of great relevance for the design  of  new 
therapeutic strategies for HD, especially for neuroprotective clinical trials in which the 
treatment should be introduced before a massive loss of striatal neurons has taken place. 

6. CONCLUSION 
As discussed in the foregoing sections, the striking similarities between  HD  and the 

chronic 3-NPA lesion model support the view that an early deficit in energy metabo- 
lism may be involved in the aetiology of  HD. Indeed, the “indirect excitotoxicity” 
hypothesis is supported by the many behavioral and histological features reminiscent 
of HD pathology described in the symptomatic 3-NPA treated primates. Our results 
and those from other laboratories (93,94) suggest that the cell death pathways involved 
in the 3-NPA-induced  toxicity share some common mechanisms with those brought 
into play by the HD mutation. For example, in both conditions, a strong activation of 
apoptotic pathways and a severe mitochondrial complex I1 deficiency have been 
reported (93,94; Brouillet et al., unpublished  data), suggesting that unraveling the 
mechanisms of 3-NPA toxicity may provide new insights into HD pathogenesis. 

The primate 3-NPA lesion model  of HD, in which the extent and the time of appear- 
ance of the lesion can be modulated by the rate of intoxication, is useful for designing 
and  testing new therapeutic  strategies, with different  goals.  In  our  model,  the 
presymptomatic phase with only frontal-type cognitive deficits and apomorphine- 
inducible motor symptoms, but no obvious cell loss in the striatum, mimics the early 
stages of HD. It allows the assessment of neuroprotective strategies, as illustrated by 
our  promising  results  obtained  in  3-NPA-treated  primates  implanted  during  the 
presymptomatic phase with encapsulated fibroblasts genetically engineered to release 
in  situ the ciliary neurotrophic factor (89). Moreover, the possibility of also mimicking 
more advanced stages of HD  with the symptomatic phase of our model allows testing 
of different therapeutic strategies such as the substitution of missing cells by fetal stri- 
atal allografts (88) or the evaluation of  new pharmacological compounds potentially 
capable of alleviating HD symptoms (95). 
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Transgenic  Mouse  Models of Huntington’s Disease 

Gillian P. Bates,  Laura  Mangiarini,  and Stephen W. Davies 

1. HUNTINGTON’S DISEASE 
1 .l. Symptoms and  Disease  Progression 

Huntington’s disease (HD) is an autosomal dominant progressive neurodegenerative 
disorder ( I ) .  Onset is generally in mid-life but can range from early childhood to >70 
yr and the duration of the illness is of the order of 15-20 yr. Anticipation is observed 
predominantly  when the disease is inherited through the male line, with the result that 
70% of juvenile patients inherit the disease from their fathers. The symptoms are com- 
plex and variable with recognized emotional, motor,  and cognitive components. The 
motor disorder can differ markedly  between the adult and juvenile forms of the dis- 
ease. Adult-onset HD frequently presents with chorea that can vary from being barely 
perceptible to extremely severe. It involves all parts of the body, can have repetitive 
and stereotypic elements  and  may have a pseudo-purposive appearance ( I ) .  Other  motor 
abnormalities  include  dystonia and oculomotor dysfunction and the  disease may 
progress to an akinetic state. Juvenile patients may never show chorea and are more 
likely to exhibit a “Parkinson-like” rigidity, myoclonus, tremor, and cerebellar dys- 
function and to suffer from epileptic seizures ( I ) .  Voluntary movement disorders 
include fine motor incoordination, dysarthria, and dysphagia. The emotional disorder 
is commonly depression and irritability and the cognitive component comprises a sub- 
cortical dementia. There is no effective therapy for this disease. 

1.2. Neuropathology 
Neuropathological analysis of HD postmortem brains shows the most striking atro- 

phy to occur in the caudate nucleus which can be reduced to a rim of tissue in severe 
cases. The putamen and globus pallidus also undergo atrophy and there are subtle 
changes in the cerebral cortex (2). Neuropathological changes in HD have been classi- 
fied into  five grades that progress from grade 0 in which no gross or microscopic 
abnormalities can be detected to grade 4 in which the most extreme atrophy is observed 
(2). A 60% reduction in the cross-sectional area of the caudate, putamen, and globus 
pallidus increases with the higher grades of HD brains, indicating that these structures 
progressively degenerate with prolonged survival (3). This specific progressive atro- 
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phy appears absent from the small number of grade 0 brains that have been described 
(from patients with HD symptomology for between 2 and 13 yr) (2,4,5). In addition, a 
30% reduction in brain weight has been noted, associated with 20-30% areal reduc- 
tions in cerebral cortex, white matter, hippocampus, amygdala, and thalamus (3). This 
atrophy was similar for all grades of HD, did not appear to be associated with gliosis, 
and the neuronal density in these structures was assessed to be normal (3). 

1.3. The HD Gene:  Structure and Expression 
The HD gene is 180 kb in size, contains 67 exons, and  was identified by positional 

cloning techniques (6,7). This entire genomic region has been sequenced (8). The CAG 
repeat that is expanded on HD chromosomes is located in exon 1 and encodes a tract of 
polyglutamine (polyQ) residues. Two ubiquitously expressed transcripts have been 
identified, of 10,366 bp (IT15) and 13,711 bp, arising by differential polyadenylation 
(9). Huntingtin protein products translated from expanded alleles have  been identified 
in protein extracts from HD patients (10-13), indicating that the mutation does not 
block gene expression. Despite selective neuronal vulnerability, the HD transcript is 
widely expressed in brain and peripheral tissues (1415). Within the brain there is a 
widespread predominantly neuronal distribution (14-16) that could be detected at 
20  wk gestation ( I  7). Immunocytochemistry, electron microscopy,  and subcellular frac- 
tionations have  shown that huntingtin is primarily a cytosolic protein, associated with 
vesicles and/or microtubules (I I ,  18-20). Within the striatum, the pattern of selective 
neuronal vulnerability is mirrored by huntingtin expression levels, the projection neu- 
rons staining more intensely on immunocytochemistry than the interneurons (21,22). 

1.4. The H D  Mutation 

The CAG repeat that lies within  exon 1 of the HD gene is polymorphic in the normal 
population  with  an allele size range of (CAG)6-39 repeat units (23,24). Hence, the nor- 
mal  protein can tolerate a very wide variation in the length of the polyQ tract. The 
expanded size range extends from (CAG)35 to (CAG)180 repeats (25,26), although 
repeats of greater than (CAG)loo are very rare. The vast majority of adult-onset HD 
patients have expansions falling within the (CAG)40-55 range. A negative correlation 
between repeat size and age at onset has the consequence that tracts of (CAG),, or 
more invariably cause the juvenile form of the disease (27,28). Although repeat size 
contributes to age at onset, it  is not the only component and other genetic factors clearly 
play a role. 

The HD mutation shows both intergenerational and somatic instability. Expanded 
CAG repeats are unstable on  approx 80% of all transmissions. Expansions and contrac- 
tions are observed on both male and female transmission, but large repeat expansions 
are seen almost exclusively when inherited through the male line (27,29,30). This 
underlies the association between anticipation and paternal inheritance; however, the 
molecular basis of repeat instability is not yet understood. A modest degree of instabil- 
ity is observed in certain brain regions and  non-central  nervous system (CNS) tissues 
that is unlikely to play a role in the pathogenesis of the disease (29). 

It appears that at a critical size threshold the polyQ expansions become pathogenic 
probably  by allowing the huntingtin protein to form novel interactions, a mechanism 
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supported  by the identification of an  antibody that specifically detects pathogenic polyQ 
tracts (31). 

2. A TRANSGENIC MOUSE  MODEL OF HD 
2.1. Generation of the R6 Transgenic  Lines 

The dominant nature of the HD mutation predicts that the introduction of a mutated 
copy of the gene into the mouse germ line might result in a model of HD, despite the 
presence of two copies of the endogenous mouse Hdh gene. Further support for this 
hypothesis came from the generation of Hdh knockouts in which the expression of the 
Hdh gene had been disrupted (32-34). This showed that the HD phenotype is not 
induced  by inactivation of either a single copy or both copies of Hdh, indicating that 
the HD mutation is unlikely to act by haploinsufficiency (reduction of the gene product 
to 50%) or a dominant negative mechanism (removal of a functional gene product). 
There are several approaches by which the HD mutation can be introduced into the 
mouse germ line. Standard transgenesis can be used to inject constructs into fertilized 
single cell embryos. These are generally cDNA constructs under the control of a suit- 
able promoter or genomic fragments that include the endogenous sequences important 
for the expression and processing of the transgene. Genomic constructs are frequently 
more successful, as they ensure the appropriate transgene expression. Alternatively, a 
CAG expansion could be introduced into the Hdh gene by gene targeting. 

To date, the only published transgenic mouse model of  HD is one expressing a short 
truncated mutant version of the huntingtin protein. The R6 transgenic lines were pro- 
duced  by pronuclear injection of a genomic fragment encompassing the 5’ end of the 
HD gene (35). This contained approx 1 kb of promoter sequences, all of exon  1,  and 
262 bp of intron 1. The CAG repeat expansions were of the order of 130 repeat units in 
an attempt to exploit the negative correlation between the length of the CAG repeat and 
age at onset of the disease and to accelerate the onset of a phenotype to within the 
lifetime of a mouse. A truncated protein corresponding to approx 3%  of huntingtin is 
generated by this fragment. It contains the first 67 amino acids of huntingtin in addition 
to the length of the polyQ tract. The HDex lines carrying (CAG)18 repeat tracts were 
also produced to control for any phenotypic effect due to the presence of the novel 
truncated exon 1 protein. 

Four R6 lines were established: R6/1, R6/2, R6/5, and R6/0 (35). All lines contain a 
single intact copy  of the transgene with the exception of line R6/5,  which  has four 
intact copies. The CAG repeat expansions are of the order of R6/0, (CAG)142; R6/2, 
(CAG)145; R6/1, (CAG)I15; and R6/5, (CAG)128-156. The CAG repeats are unstable on 
transmission and so a definitive CAG repeat size cannot be stated for each line (36). 
The HDex6 and HDex27 lines had integrated approximately twenty  and  seven copies 
of the transgene respectively and each carried (CAG)18 repeats. Reverse transcription- 
polymerase chain reaction (RT-PCR) and Northern and Western analysis showed that 
the transgene is expressed at the RNA and protein levels in all lines except R6/0 in 
every tissue and brain region studied (35,37). 

The CAG repeat was found to show  both intergenerational and somatic repeat sta- 
bility in lines R6/1, R6/2,  and R6/5 (36). The repeats were more likely to increase on 
paternal transmission and decrease when passed through the female line. The size of 
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the expansions were found to increase with the age of the transmitting male in line 
R6/2. Somatic instability became apparent from approx 6 wk  and increased with age in 
all three lines. Similarly, in all cases, certain brain regions (including cerebral cortex, 
striatum, and thalamus) and non-neuronal tissues (in particular liver and kidney) con- 
sistently showed the earliest and most  pronounced instability. However, the spectrum 
of instability across all brain regions and tissues was found to differ between lines. 
Remarkably, line R6/0 did not  show  any evidence of somatic repeat instability. The 
mechanism by which instability is induced and the significance of the absence of insta- 
bility in line R6/0 are not understood. 

2.2. The  Phenotype  Exhibited  by  the R6 Lines 
A progressive neurological phenotype occurs in lines R6/1, R6/2, and R6/5 but not 

in line R6/0 in which the transgene is not expressed, or in the HDex lines carrying 
(CAG)18 repeat tracts (35). Line R6/2 has been studied most extensively. At birth and 
at weaning the transgenic mice are indistinguishable from their nontransgenic litter- 
mates. The onset of the phenotype is  at approx 2 mo  of age and in all transgenic mice 
includes an irregular gait; resting tremor; sudden, abrupt, irregularly timed shuddering 
movements; stereotypic grooming; and leg clasping when  held  by the tail. A propor- 
tion of the mice exhibit handling-induced epileptic seizures. Coincident with the onset 
of the motor disorder, the mice cease to gain  weight  and  then their weight begins to 
fall. The phenotype progresses rapidly over the next  month and by 12 wk the R6/2 mice 
weigh approx 60-7096  of their normal littermates. Although sudden deaths can occur 
from 9 wk,  they are rare before 12  or 13 wk. R6/2 mice are only occasionally kept 
beyond this age. 

R6/2 females and approx 50% of R6/2 males are sterile. Therefore, it has  not  been 
possible to breed line R6/2 to homozygosity and only hemizygotes have been available 
for analysis. The same neurological phenotype has been observed in R6/1 hemizygotes 
(onset 4-5 mo)  and R6/5 homozygotes (onset 9 mo).  By 18 mo of age, a phenotype has 
not  been observed in the R6/0 line, in which the transgene is not expressed, in the 
HDex lines carrying (CAG)II repeat tracts or in R6/5 hemizygotes. This gene dosage 
effect extends beyond line R6/5 in that the age at onset is reduced and the progression 
accelerated when lines are bred to homozygosity or combinations of R6/1, R6/2, and 
R6/5 transgenes are interbred. The absence of a phenotype in the HDex lines indicates 
that the disorder is caused by the polyQ expansions rather than arising as a result of the 
presence of the novel truncated huntingtin protein. 

2.3. Neuronal  Intranuclear  Inclusions  Are  Present  in  the R6 Lines 
An initial neuropathological analysis was carried out on thionin-stained serial sec- 

tions throughout the entire brain and spinal cord from R6/2 mice of  12-13 wk  of  age. 
Because these mice express a novel truncated version of the huntingtin protein, care 
was  taken  not to bias the analysis to brain regions known  to atrophy in HD. The results 
of this analysis were disappointing as no evidence of a specific neuronal degeneration 
could be detected (35). The only difference between the transgenic and littermate con- 
trol brains appeared to be that at 12 wk  of age the R6/2 brains weighed  approx  20% less 
than those of their normal littermates. This reduction in size seemed to occur across all 
brain structures and yet the neuronal density appeared to be normal. A longitudinal 
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study showed that this size reduction begins between 4 and 6 wk  of age, prior to the 
loss in body weight (37). 

Immunocytochemistry with antibodies that detect the exon 1 huntingtin protein 
uncovered the first major significant difference between  normal and transgenic mouse 
brains (37). In normal  mouse  brain, antibodies to huntingtin detect neuronal staining in 
all brain regions with reaction product appearing in the cell bodies of  neurons,  den- 
drites, and axons, but never in  the neuronal nucleus. This pattern of staining was 
observed in mice of all ages from line R6/0 (no expression of the transgene), and from 
the (CAG)18  HDex lines. In contrast, exon 1 huntingtin antibodies identified an intense 
focus of staining in neuronal nuclei in symptomatic mouse brains from the R6/1 hem- 
izygous, R6/2 hemizygous, and R6/5 homozygous lines. In R6/2 mice of 12 wk, this 
staining pattern was present in the cerebral cortex, striatum, cerebellar Purkinje cells, 
and spinal cord and far fewer were present in the globus pallidus, thalamus, hippocam- 
pus, and substantia nigra. To date the only other antibodies that have been found to 
detect this pattern of staining are those that recognize ubiquitin. Immunoelectron 
microscopy showed the reaction product to be localized to a neuronal intranuclear 
inclusion (NII) that could be identified by ultrastructural analysis alone. NII are devoid 
of a membrane, are slightly larger and distinct from the nucleolus, and only a single NII 
is present per nucleus. In  12-wk R6/2 mice NII have a pale granular and sometimes 
fibrillar morphology, whereas NII in older mice from the R6/5 line appeared to have a 
more fibrillar structure (Fig. 1). Other nuclear changes included invagination of the 
nuclear membrane and  an apparent increase in the density of nuclear pores (37). 

One of the major advantages that a transgenic model affords is the ability to corre- 
late neuropathological changes with the progression of the disease phenotype. The fail- 
ure to detect neuronal cell death by  12-13  wk in line R6/2 suggests that the phenotype 
is a result of neuronal dysfunction rather that neurodegeneration. In this line, NII could 
first be detected by exon 1 huntingtin antibodies in the cortex at 3.5  wk followed by the 
striatum at 4.5 wk (37). The appearance of NII is therefore considerably earlier than the 
onset of symptoms, suggesting that NII may  play a causative role in the R6  phenotype. 

2.4. Possible  Structure of Neuronal  Intranuclear  Inclusions 
Prompted by the observation that the huntingtin exon 1 protein containing expanded 

polyQ repeats was sufficient to generate a progressive neurological phenotype in 
transgenic mice, Scherzinger et al. generated exon 1 fusion proteins to study this frag- 
ment in  vitro (38). They prepared GST-exon 1 fusion proteins containing polyQ 
stretches of 20 and 30 in the normal range (GST-HD20 and -HD30) and 51, 83, and 
122 in the pathogenic range (GST-HD51,  -HD83, and -HD122). After in vitro purifi- 
cation, the GST-HD83 and GST-HD122 proteins were observed to form insoluble 
aggregates, detectable either by sodium dodecyl sulfate-polyacrylamide gel electro- 
photresis (SDS-PAGE), the aggregates remaining trapped in the stacking gel, or by a 
sensitive cellulose acetate filter assay developed by the authors (38). They discovered 
that the GST tag aided solubility. Its removal with either Factor Xa or digestion of the 
exon 1 protein with trypsin resulted in a similar aggregation of  -HD51; however, 
the -HD20 and -HD30 fusion proteins containing repeats in the nonpathogenic range 
remained soluble. It appears that the ability to self-aggregate might be the “gain of 
function” that pathogenic polyQ repeats impart to the huntingtin protein. 
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Fig. 1. Electron micrographs showing the morphology of neuronal intranuclear inclusions. 
(A) Striatal neuron from a 12-wk-old R6/2 mouse. NII (filled arrow) and nucleolus (open arrow) 
are indicated. Note the characteristic invagination to the nuclear membrane. Scale bar = 2 pm. 
(B) Electron micrograph of a striatal neuron from a 15-mo-old R6/5 homozygous mouse. The 
NII has a fibrillar morphology and the surrounding chromatin has a clumped appearance. Scale 
bar = 200 nm. 

Electron microscopy of aggregates formed from the Factor Xa GST-HD5 1 cleavage 
product showed  them to be  composed  of fibrils with a diameter of 10-12 nm.  When 
stained with Congo red and viewed under cross-polarized light the aggregates appeared 
green and birefringent (38). This property is characteristic of amyloid proteins (39), 
suggesting that the fibrils are composed of a cross-p-structure (40). Remarkably, it had 
already been predicted by Perutz that polyQ tracts could interact via a P-pleated sheet 
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structure to form a polar zipper (41). In addition, Scherzinger et al. were able to show 
that aggregates purified from the transgenic mouse brains had similar characteristics to 
those produced in vitro (38). This work indicates that there is no requirement for the 
inclusions to contain additional proteins in vivo. 

2.5. Neurotransmitter  Receptor  Analysis  in  the R6 Lines 
Many changes in ne,urotransmitter receptors have been identified in HD striatum 

including decreases in glutamate, dopamine, y-aminobutyric acid (GABA), and  mus- 
carinic cholinergic receptors (42-45). To explore the relationship of glutamate and 
other receptors known  to be affected in HD to the symptoms in R6/2 mice, receptors 
were examined in the brains of 4-, 8-, and  12-wk-old  mice using receptor binding auto- 
radiography, immunoblotting for receptor proteins, and in  situ hybridization (46). In 
12-wk-old mice, analysis of ionotropic glutamate receptors N-methyl-D-aspartate 
[NMDA], a-amino-3-hydroxy-5-methyl-4-isooxazolepropionic acid [AMPA], and 
kainate receptors) showed varying alterations: NMDA receptor binding was  unchanged 
in transgenic mice with respect to normal littermates whereas AMPA and kainate bind- 
ing were decreased. Of the metabotropic glutamate receptors, group I binding was  not 
statistically different whereas group I1 binding was decreased. Receptor binding was 
also decreased for the Dl and D2 families of dopamine receptors and the muscarinic 
acetylcholine receptors whereas no change was found for the GABAA and  GABAB 
receptors.  Decreases in Dl and  D2 dopamine receptor binding  was  observed in the brains 
of mice  at 8 wk  and  there  was  a  trend  toward  a  decrease  in  the  brains  of  4-wk-old  mice (46). 

It appears that the observed changes in receptor binding may be a function of altered 
gene expression. At 12 wk, in  situ hybridization showed marked decreases in  mRNA 
expression for mGluR1,  mGluR2,  and mGluR3 metabotropic receptors and Dl and D2 
dopamine receptors. This was  unlikely to be a reflection of cell loss as there was no 
difference in mRNA levels for mGluR5, NMDA-RI, or p-actin. The decreases in 
mGluR1, Dl, and  D2 dopamine receptor mRNA signals in the striatum were statisti- 
cally significant by  4  wk  of age and the decrease in  mGluR2  mRNA expression in the 
cortex was significant by 8 wk  of age. Therefore, by 8 wk there are major alterations in 
the dopamine and glutamate neurotransmitter systems, both  of  which are important 
in striatal function. Changes are detectable as early as 4  wk, long prior to the onset of 
clinical symptoms and  at approximately the same time that NII are first detected in 
certain brain regions. The changes are not consistent with loss of a specific neuronal 
cell type and it is possible that the mutant HD protein enters the nucleus and alters the 
expression of multiple neurotransmitter receptors through interaction with  a  common 
transcriptional control element (46). 

3. NEURONAL  INTRANUCLEAR INCLUSIONS 
IN POLYGLUTAMINE  DISEASE 

3.1. NII in HD 
The description of NII in the R6 lines led to the identification of these structures in 

HD postmortem brains (47,48). Remarkably, an ultrastructural analysis of striatal and 
cortical biopsy material from HD patients had previously detected intranuclear struc- 
tures identical to the NII seen in the transgenic mice (49), but the significance of this 
report  had  not  been  realized.  More  recently, NLT have  been  described  in HD postmortem 
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brains. NII are found at high frequency in juvenile-onset HD  (38-52%  of all cortical 
neurons); however, dystrophic neurites (axonal inclusions) were found to be more 
prominent in adult disease brains (47). The distribution of NII appears more wide- 
spread than the pattern of HD-associated neurodegeneration, with NII most frequent in 
the neocortex and also present in the striatum, amygdala, hippocampus, red nucleus, 
and dentate nucleus of the cerebellum (48). Both NII and dystrophic neurites are 
immunoreactive for N-terminal huntingtin and ubiquitin antibodies but could not be 
detected with antibodies raised against more C-terminal huntingtin epitopes (47,48). 
One interpretation of this finding is that the aggregates contain only the N-terminus  of 
huntingtin, which is supported by the detection of  N-terminal  40-kDa fragments on 
Western blots from juvenile HD brains (47). The identification of dystrophic neurites 
in cortical layer VI of a presymptomatic HD brain suggests that in patients, as in 
transgenic mice, these structures have formed prior to the onset of symptoms (47). 

3.2. NII in  Other  Polyglutamine  Neurodegenerative  Diseases 
In addition to HD there are an increasing number of neurodegenerative diseases 

caused by a CAG/polyQ expansion which include dentatorubral pallidoluysian atrophy 
(DRPLA), spinal and bulbar muscular atrophy (SBMA), and the spinocerebellar atax- 
ias SCA1, SCA2, SCA3 (also known as Machado Joseph disease), SCA6 (reviewed in 
[50]), and SCA7 (51). Broad similarities in the inheritance patterns of these diseases 
and the comparability of the normal  and pathogenic CAG repeat ranges would suggest 
that they share a common mutational mechanism. This is proving  to be the case and, in 
addition to HD, NII have  now  been identified in SCAl (521, SCA3 (53), and DRPLA 
(48,54) postmortem brains and in the cerebellar Purkinje cells of SCAl transgenic mice 
(52). In each case the inclusions are nuclear and are immunoreactive for antibodies to 
the polyQ-containing protein in question and  to ubiquitin. As in HD, the distribution of 
inclusions in DRPLA is more widespread than the pattern of neuropathology, with 
inclusions being detected in the neocortex and the caudate nucleus in addition to the 
dentate nucleus of the cerebellum (48). 

4. CONCLUSION 

These recent advances have led to a complete revision of the molecular mechanism 
that causes HD. It appears that huntingtin needs to be cleaved to form an N-terminal 
toxic fragment (47,48,55). Cleavage may occur via specific proteases, for example, 
huntingtin  has been shown to be cleaved by caspase 3 (56), or may be the result of a 
more general proteolysis. It appears that only N-terminal fragments can move into the 
nucleus which  may occur by passive diffusion or via  an active transport mechanism 
(55). These fragments can form highly insoluble amyloid-like aggregates via polyQ 
polar zippers (38). In the transgenic lines and  in juvenile HD, intranuclear inclusions 
are mostly observed; however, aggregates form in axons over a more protracted time 
course. If the seeding of the aggregates occurs via a random nucleation step, its rate is 
likely to be governed by the local fragment concentration and  by its polyQ length. 
Transgenic mouse studies have clearly shown that a twofold increase in the concentra- 
tion of the exon 1 protein accelerates the onset of the phenotype (35) associated with an 
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increases the rate of NII formation. The work of Scherzinger et al. (38) demonstrates 
that further interactions are not a requirement of aggregate formation although it has 
yet to be ruled out that other factors do not  aid nucleation in  vivo. Inclusions have been 
found to  be immunoreactive for huntingtin and ubiquitin antibodies and appear to 
become ubiquitinated once they have formed in vivo (37). 

The  R6 transgenic lines have thus far led to  profound insights into the molecular 
basis of HD. In line R6/2, Nn have been identified in the brain from 3.5 wk (37), 
alterations in specific neurotransmitter receptors have been identified by 4 wk (46), the 
onset of the movement disorder is at approx 2 mo, and yet by 12 wk there is no evi- 
dence of a specific neurodegeneration in R6/2 brains. This suggests that the phenotype 
arises as a consequence of neuronal dysfunction rather than cell death. It remains to be 
established as to whether the formation of inclusions leads to the neuronal dysfunction, 
or whether this is brought about by earlier steps in the pathogenesis. This work has 
important implications with respect to the development of therapeutic strategies, the 
focus of  which is likely to turn away from the prevention of cell death and the replace- 
ment of degenerate neurons. 
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Rigid  Indentation  Models 

of Traumatic  Brain  Injury in the Rat 

Richard L. Sutton 

1. INTRODUCTION 
The spectrum of pathobiological events occurring with traumatic brain injury (TBI) 

can  be  extremely  diverse  and  heterogeneous  in  nature,  reflecting  not  only  the 
mechanism(s), location, and severity of the initial or primary damage but also the pro- 
gression of reactive events that contribute to delayed, or secondary damage. Over the 
last five decades a variety  of rodent models of TBI have been developed in attempts to 
mimic the clinical features of closed head injury. Given the diverse causes and biome- 
chanical forces that contribute to the heterogeneity of  human TBI, it  is not realistic to 
expect that any single rodent model can fully replicate the spectrum of pathobiological 
events that contribute to morbidity and mortality in humans. This chapter reviews some 
of the objectives, applications, experimental findings, and limitations of some rat mod- 
els of TBI currently in  use. In this overview the models discussed include those that are 
generally categorized as rigid indentation or direct brain deformation (i.e., a percussion 
concussion injury induced after a craniectomy), most of which have been developed 
within the past decade. For overviews of TBI model developments in numerous animal 
species, including fluid percussion and impact acceleration (closed head injury) mod- 
els of TBI in rodents, the readers are referred to previous reviews (1-8). Readers inter- 
ested in penetrating or missile injury models of brain injury are referred to a recent 
review  by Torbati (9). Although some duplication of  materials included in other reviews 
of experimental head injury necessarily occurs in this chapter, this has  been minimized 
as much as possible. 

2. CONSEQUENCES,  CAUSES, AND CHARACTERISTICS 
OF HUMAN HEAD INJURY 
The consequences of head injury depend on the magnitude and mechanisms of 

mechanical input forces and range from a relatively benign concussive syndrome char- 
acterized by a transient loss of consciousness with no detectable histopathology to pro- 
longed coma and/or death which is usually associated with extensive damage to brain 
tissues and/or vasculature. Mild head injury in humans may produce no residual defi- 
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cits in the majority  of patients, but can also result in disability in as many  of  10-18% of 
these individuals (10). Morbidity in  such cases may  be related to axonal damage and/or 
to alterations in cerebral blood flow, cerebral metabolism, or neurochemistry (11,12). 
The neuropathological sequelae of moderate-to-severe TBI in humans frequently 
include cortical contusion(s), epidural and/or subdural hematoma, intracranial hemor- 
rhage, and/or diffuse axonal injury as well as secondary complications including 
ischemia, cerebral edema/elevated intracranial pressure, and multiple neurochemical 
abnormalities (13-19). Survivors of these relatively severe injuries will have a higher 
incidence, duration, and extent of disability (10,20). Motor impairments impacting upon 
mobility, self-care, and basic activities of daily living play  an important role in the 
initial recovery phase and may persist for years after moderate-to-severe TBI, but are 
seldom a factor after mild  TBI. Cognitive impairments are the most enduring sequelae 
after all severities of TBI, with the injuries producing impairments of attention, learn- 
ing, and  memory abilities (15,20-23). 

The principal mechanisms leading to primary brain damage after nonmissile head 
injury have traditionally been attributed to either contact damage or to acceleration/ 
deceleration forces (3,6,7,19). Contact injuries, induced by a blow to the head (e.g., 
assault) or by the moving head contacting a stationary material (e.g., falls), are likely to 
be associated with focal injuries including epidural or subdural hematoma, contusion 
and/or laceration of the brain surface, and intracerebral or petechial hemorrhage/ 
hematoma. Acceleration/deceleration injury, induced  by rapid movement of the brain 
mass within the cranial vault in the moments after head  movement and impact (e.g., 
road traffic accidents), may be associated with focal damage such as acute subdural 
hematoma and contusion and/or with diffuse injury (diffuse axonal injury and diffuse 
brain swelling). 

Surface contusions resulting from skull fracture or caused by  movement  and contact 
of the brain with  bony protuberances within the skull upon  head impact are character- 
istically focal injuries distributed on the frontal and temporal poles, frequently on the 
inferior surfaces of these lobes, or in tissue surrounding the Sylvian fissure. Such con- 
tusions typically produce damage to intraparenchymal vessels with resultant hemor- 
rhage and edema formation within gray matter of the affected gyrus/gyri. Coup lesions 
refer to contusions occurring at the site of initial impact, with contrecoup lesions 
occurring at the point opposite to impact. The gliding contusion, thought to result from 
shear forces damaging vessels at the gray-white matter interface, is characterized as a 
hemorrhagic lesion generally localized in the parasagittal cortex and is frequently 
associated with deep (basal ganglia) hematoma and with diffuse axonal injury. Severe 
closed head injury in humans frequently (estimates range from 40% to 55%) results in 
a diffuse injury, characterized by diffuse brain swelling with either an occasional pete- 
chial hemorrhage or an otherwise normal CT scan. Diffuse axonal injury occurs fre- 
quently in  white mattedfiber tracts of the cerebral hemispheres, the corpus callosum, 
and the brain stem, with occasional evidence of axonal injury seen in the cerebellum. 
This type of injury is thought to be the most  common cause of persistent coma or 
vegetative state and severe disability, and histological evidence of diffuse axonal 
injury has been demonstrated in up to 28%  of fatalities resulting from head injury (16). 
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Some common complications arising in patients sustaining moderate-to-severe 
closed head injury that contribute to secondary injury, morbidity, and mortality include 
elevated intracranial pressure and ischemic brain damage. Intracranial pressure may 
increase due to an increase in cerebral blood volume, the presence of mass lesions due 
to hematoma,  and/or  brain swelling (17). Elevated intracranial pressure, in concert with 
the secondary insults of hypoxia and hypotension occurring after TBI, contribute to the 
development of cerebral ischemia (18,24). Clinical studies have shown that global or 
regional reductions in cerebral blood flow that correlate with functional outcomes are 
most likely to occur within the first few hours after TBI (25-27). 

3. DESIRED  CHARACTERISTICS OF EXPERIMENTAL  MODELS 
Although the goals and objectives of individual investigators using experimental 

models of TBI may differ, it  is apparent that some common characteristics and require- 
ments  apply  to all such models. It is generally acknowledged that the model chosen 
needs to be reproducible and quantifiable with regard to producing a clinically relevant 
outcome (anatomical, physiological, neurochemical, or behavioral) and that the mag- 
nitude and type of mechanical input used  to create the injury must be able to be graded, 
controlled, reproducible, and quantifiable. Ideally, the magnitude of mechanical input 
used to create the injury should be directly related to, and predictive of, the severity of 
the outcome variable(s) chosen for study (45) .  

4. METHODS AND VARIATIONS  USED  IN RAT RIGID 
INDENTATION MODELS OF TBI 

4.1. Weight-Drop  Models 
4.1 .I. Lateral Weight-Drop onto a Dural Impounder 

Various adaptations of the cortical compression model developed by Feeney  and 
colleagues (28,29) have  been frequently used  by investigators employing weight-drop 
methods to induce brain trauma. In such models a craniotomy (usually circular) is gen- 
erally placed over the lateral temporo-parietal cortex, leaving dura intact. Cortical com- 
pression is induced by dropping cylindrical objects of various mass from various 
distances down a guide tube and onto a cylindrical impounder resting upon the dura 
mater. The extent of tissue compression upon impact can be varied and controlled by 
altering the distance that the impounder recedes up into the guide tube (see 28). The 
magnitude of injury with such weight-drop methods is traditionally expressed in  g-cm 
(mass times distance dropped, e.g. a 20-g weight dropped from 20 cm is expressed as a 
400 g-cm injury). 
4.1.2. Lateral Weight-Drop Directly onto Dura 

Some investigators (30,32) have utilized a modification of the weight-drop  model 
wherein a lateral craniotomy is placed over the parietal cortex and injury is produced 
by dropping a weight down a guide tube to directly impact on the exposed dura. In 
published reports, the mass (e.g., 10 g) and distance (e.g., 5 cm) that the weight is 
dropped when using this technique are generally smaller than those reported when 
using a dural impounder, presumably to avoid creation of a penetrating injury. Control 
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over the degree of tissue compression in this dural impact model is less that when 
weights are dropped onto a dural impounder. 

4.2. Controlled  Cortical  Impact  Models 
The characteristic of controlled cortical impact (CCI) models of TBI is the use of 

stroke-constrained and pneumatically driven impactor to deliver impact forces to the 
exposed dura and underlying cortex. The level of injury can be altered by changing 
impact velocity (ds; controlled by lowering or raising gadair pressure to the pneu- 
matic impactor) and/or  by altering the depth of tissue compression (5). 
4.2.1. Central CCI 

The original report using the CCI method of inducing TBI in the rat utilized a 10 mm 
diameter impactor with a spherically shaped tip that was attached to the lower end of 
the pneumatic piston to deliver graded impacts through a 10 mm diameter craniectomy 
centered  over  midline and between bregma and lambda (32). Subsequent work 
(103,111) with this model  has  used this same method, albeit injury levels vary in these 
studies. 
4.2.2. Lateral  CCI 

Subsequent researchers using the CCI method of experimental TBI have generally 
utilized smaller diameter impactor tips and placement of a lateral craniotomy over one 
tempero-parietal cortex. The initial report on this lateral CCI injury model utilized a 
5 mm diameter impactor tip having a flattened surface with  beveled edges (33). As 
with central CCI, the lateral CCI method  of TBI can be used  to induce varying grades 
of injury severity by altering impact velocity (ds )  and/or  by altering the depth of 
tissue compression. 
4.2.3. Lateral CCI with Bilateral Craniotomy 

In  an effort to increase the extent of axonal damage, some investigators have altered 
the lateral CCI method  by creating craniotomies bilaterally, and  then inducing a unilat- 
eral CCI through one craniotomy site (e.g., 34). 

4.2.4. Bilateral  FrontaI CCI 
Finally, some investigators have used the CCI method to induce a bilateral compres- 

sion of the frontal cortices after creation of a midline craniotomy anterior to bregma 
(e.g., 35). 

4.3. Variations  Potentially Influencing  Inju y Profiles 
As has  been partially outlined by other authors with regards to the rat CCI model (2), 

and as suggested in the preceding outline of six general models, variations to the rat 
models of  rigid indentation that may influence outcome variables studied have been 
numerous. Variations apparent in the rigid indentation models include alterations to 
the: (1) site of impact (e.g., central, bilateral frontal, or lateral [left or right hemi- 
sphere]); (2) attempts to replace the bone flap (craniotomy vs craniectomy) or seal the 
cranial defect; (3) size and shape (circular vs rectangular) of the craniotomy or craniec- 
tomy; (4) size and shape of the impactor tip; (5) distance or clearance between the 
edges of the impactor tip and the edges of the craniotomy/craniectomy; (6) the extent 
of tissue compression; (7) impact velocity or force; ( 8 )  angle of the impact velocity/ 
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forces relative to brain surface; (9) use of  secondary craniotomies; (10) anesthetics 
utilized, including presence or absence of ventilatory support; and (1  1) use  of postop- 
erative analgesics and/or antibiotics. Such variations, although not unexpected given 
the diverse interests of increasing numbers of investigators who have begun to utilize 
the rigid indentation models of TBI, can result in diverse injury profiles and has pre- 
vented standardization of the injury models. The influence of each of the above vari- 
ables on the numerous pathobiological components of TBI or on the specific endpoints 
chosen for study by individual investigators will not be fully understood without exten- 
sive further research. 

Standardization efforts would be greatly enhanced if all investigators itemized the 
specific methodology  and  any variations to a preceding model they utilize during any 
individual study. For example, some published reports have failed to give details on the 
shape or size of the impactor tip utilized, thus making comparisons between the results 
reported in different articles difficult. Investigators frequently utilize the terms “mild,” 
“moderate,” or “severe” in the description of injury levels used within individual 
articles. It should be recognized, however, that these terms are relative and there 
is no currently established standard in the field for these classifications of injury, 
particularly when trying to compare reported injury severities across different injury 
models. 

In the material below (Subheadings 5.-8.), the generally shared characteristics of 
various  rigid  indentation  models of rodent  TBI  are  discussed  as  they  relate to 
pathobiological events occurring after human TBI. It is hoped this chapter will illus- 
trate the utility of model variants for producing outcomes or endpoints relevant to the 
human condition, as well as limitations and areas needing further work within each 
model. Illustration of these issues is aided by organization of material into a table, 
similar to that used to summarize several animal models of TBI (36) (see Table 1). 
References to publications using one of the six rigid indentation models under review, 
and reporting on one or more of several structural and functional changes associated 
with TBI, are provided within the body of Table 1. 

5. STRUCTURAL CHANGES AND CELLULAR REACTIONS 
ASSOCIATED WITH RIGID INDENTATION 

5.1. Contusion  and  Hemorrhage 
In general, all rodent models of rigid indentation are capable of producing cerebral 

concussion and localized surface contusions (28,31,33,35,37-39). Impact-dependent 
hemorrhagic cortical contusions gradually progress to cystic, glial-lined cavities at 
mild-to-moderate magnitudes of injury (28,33,35,37,40), with almost total loss of con- 
tused cortical tissue and the underlying white matter occurring at late stages after more 
severe injuries (28,33,41,42). Intraparenchymal hemorrhages and hemorrhagic lesions 
at the gray-white matter interface, similar to gliding contusions seen clinically, are 
reported in several of the rigid indentation models of T B I  (28,31-33,43,44). Subdural 
hematoma (33,34) and subarachnoid hemorrhage (28,32,33,44,45) have only occasion- 
ally been reported after lateral weight-drop or CCI and after central CCI. Contre coup 
lesions have generally been reported only in models utilizing bilateral craniotomies, 
with damage induced by extrusion of tissue through the contralateral opening at the 
time of impact (34,38). 



Table 1 
References  to  Studies  Reporting  Various  Structural  and  Functional  Alterations 
in Rigid  Indentation  Models  of  Traumatic  Brain  injury in the Rat 

Surface Gliding Subdural Subarachnoid Intraparenchymal 
contusion contusion hematoma  hemorrhage  hemorrhage 

Lateral weight drop 
Impounder 28,49,  106  28,43  28 
Dural 

28 
31,41 ' 31 31 

Central 32  32  32  32 
Lateral 33,37,40, 33 33 33 33 

Lateral with 34,38,39  34,44  34  44,45  34,38 

Bilateral-frontal 35,40 

Controlled  cortical impact 

42,116 

bilateral craniotomy 

Diffuse 
Axonal axonal Neuronal Glial Inflammatory 
injury ' injury cell loss reactions reactions 

Lateral weight drop 
Impounder 28,48,  43,49 
Dural 

28,29,49 
31,41,63  30,31,41, 

61 -65,68 
Controlled  cortical  impact 

Central 32 32 
Lateral 33,46 

Lateral with bilateral 34,44.47 

33,37,40,42,  3 7, SO, 58 60,66,67 
50-53.55.1 13, 
115,116 
34.38.39.54  34.59 . . ,  

craniotomy 
Bilateral-frontal 35,40,56,57  35 

Blood-brain Measures . Altered Altered Altered 
barrier of cerebral cerebral ionic neuro- 

dysfunction edemalICP blood flow flux chemistry 

83,88,95 
Lateral weight drop 

Impounder 43 ' 43 83-85 43 
Dural 30,31,63,  63,73,86 

72-74 
Controlled  cortical  impact 

Central 
Lateral 69,70 33,7540 75,76,78,87 
Lateral with 

Bilateral-frontal 71 57,71.81,82 

42,90-94,98 
59,96,97 

bilateral craniotomy 

Altered Altered Altered 
electrical oxidative glucose Sensorimotor Cognitive 
activity metabolism utilization dysfunction dysfunction 

Lateral weight drop 
Impounder 43,48,  89,  29,88,99  102  28,49,104-107  112 

Dural 

Central 32,103 
Lateral 

Lateral with I01 

Bilateral-frontal 35,40  35,40,56,57 

3 76 

112,117 

Controlled  cortical  impact 
103,111 

91,98,100  55,76  40,55,108,  40,53,108, 
109,113,116 
39,96,97, 
I14 

109,115 
38,39 

bilateral craniotomy 
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Subcortical hemorrhages are seldom reported in the rat models of rigid indentation. 
Moderate to high levels of TBI in the central CCI model resulted in bilateral hemor- 
rhages in the  hippocampi  and  intraparenchymal  hemorrhages within the  ponto- 
mesencephalic and cervicomedullary junctions (32). A lateral weight-drop onto dura 
produces a hemorrhagic contusion extending through the ipsilateral parietal cortex, 
hippocampus, and thalamus as well as intraventricular hemorrhage (31). Intraventricu- 
lar hemorrhage has also been reported after more severe lateral CCI (33). 

5.2. Axonal  Inju y 
A limited degree of axonal injury is produced  by the various rigid indentation mod- 

els. Axonal injury is presumably induced by shearing forces exerted upon fiber tracts 
and is more likely to be observed after more severe grades of injury induced by central 
CCI (32) or lateral CCI (33,46). Lateral CCI with a bilateral craniotomy (with or with- 
out a dural opening) produces the largest extent of axonal and/or dendritic injury (illus- 
trated via immunostaining of  axon retraction balls, or decrease of neurofilament and/or 
cytoskeletal proteins 3 h to 2 wkpost-injury) of all rigid indentation models ( 3 4 4 4 7 ) .  
It is important to note, however, that diffuse axonal injury of the type and extent seen 
clinically is not  well duplicated by  any  of the rigid indentation models of TBI. 

5.3. Neuronal  Cell Loss 

Neuronal cell loss, particularly in the cortex, has  been frequently described in most 
models of rigid indentation (see Table 1). Ipsilateral loss of hippocampal neurons,  most 
frequently within the CA3 and CA1 regions and in the hilar region of the dentate gyrus, 
has been reported to occur after lateral TBI induced via either weight drop onto a dural 
impounder (48,491 or via lateral CCI (37,50-53). As  with axonal injury, hippocampal 
cell loss may occur bilaterally if lateral CCI is induced after a bilateral craniotomy 
(38,54). Evidence of damage to, or loss of, thalamic neurons has only  rarely  been 
reported  after  lateral weight-drop onto an impounder or lateral  CCI (49,51,55). 
Delayed, retrograde degeneration of neurons within the medial dorsal and ventrolateral 
nuclei  of the thalamus has  been reported after bilateral frontal CCI (35,56,57). Lateral 
CCI with a bilateral craniotomy has  been reported to induce bilateral neuronal injury 
(dystrophic neurons) within the thalamus, amygdala, and hypothalamus (54). 

5.4. Glial  Reactions  to TBI 
Alterations in glial cell populations after TBI (i.e., reactive gliosis or astrogliosis), 

including increased synthesis of glial fibrillary acidic protein (GFAP), may indicate 
damage to both neurons and glia. Immunostaining has shown that lateral CCI leads to 
early (6 and 24 h) increases in numbers  of GFAP-positive cells within the ipsilateral 
cortex, corpus callosum, hippocampus, striatum, and thalamus, with increased GFAP- 
positive cells also apparent in the contralateral cortex and hippocampus at 24 h (50). 
Maximal astrogliosis in these regions was seen at 8 d post-injury, but persisted until 
30 d after TBI (50). The presence of macrophages in tissue bordering necrotic cortical 
cavitation (28) and gliosis within the ipsilateral hippocampus and thalamus (49) 1 mo 
after TBI induced via lateral weight-drop onto an impounder has also been reported. 
Other authors report that lateral CCI resulted in a robust increase in GFAP message 
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(m)RNA  in  both ipsilateral cortex and hippocampus at 12 and 24 h after impact, with 
continued expression occurring within  cortex  only at  96 h post-injury  whereas increased 
numbers of GFAP-immunoreactive astrocytes within both ipsilateral cortex and hip- 
pocampus were observed at  96 h after TBI (58). Lateral CCI with bilateral craniotomy 
has  been shown to induce reactive astrogliosis (GFAP immunoreactivity) in cortex 
surrounding the injury site by 3 d post-injury (59) and lateral CCI with a bilateral cran- 
iotomy and dural opening increases reactive astrocytes bilaterally in  white matter tracts 
and the overlying cortex from 2 to 7 d post-injury (34). Bilateral-frontal CCI results in 
a glial scar consisting of reactive astrocytes and ameboid microglia at the borders of 
the necrotic cortical cavity, as well as subcortical gliosis within the medial dorsal 
nucleus of the thalamus and the caudate-putamen, at 18 d post-injury (35). 

5.5. Inflammato y Reactions  After T B I  
In recent years there has been increasing awareness of a potential influence of the 

acute inflammatory response on secondary injury in clinical research as well as in 
numerous experimental brain injury models. The hallmark of such a response is the 
infiltration of circulating neutrophils into the brain parenchyma. Neutrophil accumula- 
tion  within the contused hemisphere (cortex and hippocampus)  has  been shown to occur 
by 4-6 h, peak at  24-48 h, and be undetectable at 7-8 d after lateral CCI or TBI induced 
by a lateral weight-drop onto dura (30,41,60-62). This neutrophil accumulation has 
been shown to be proportional to injury severity (#1,60) and is associated with the 
up-regulation of cell adhesion molecules mediating neutrophil rolling, attachment, and 
migration across the endothelium and into brain parenchyma (61,62). Neutrophil accu- 
mulation has been associated with formation of cerebral edema in some studies induc- 
ing  TBI via a lateral weight-drop onto dura (30), but not in others (63). Delayed 
entry (4-7 d) of T lymphocytes and mononuclear phagocytes into pericontusional 
cortex has been demonstrated after TBI induced using a weight-drop onto dura (6#), 
and this inflammatory response  has been shown to contribute  to  delayed edema 
formation (65). 

Proinflammatory  cytokines are known to influence  neutrophil  trafficking  via 
up-regulation of numerous cell adhesion molecules (on neutrophils and endothelium) 
and influencing synthesis and release of chemokines (chemoattractant cytokines) which 
mediate movement of neutrophils and lymphocytes through tissue. Increased levels of 
the proinflammatory cytokines have been found in cerebrospinal fluid and/or serum 
acutely after closed head injury in several human studies. Rat studies utilizing lateral 
CCI models of TBI have reported that mRNA for  the proinflammatory cytokine 
interleukin-1P is increased within the pericontusional cortex at 6 h after injury (66) 
and the proinflammatory cytokine tumor necrosis factor-a  is increased within the ipsi- 
lateral cortex and hippocampus at 6 and  24 h after TBI (67). In contrast to these find- 
ings, mRNA and protein  levels of interleukin-lp, tumor  necrosis factor-a, and 
interleukin-6 were not detected within the pericontusional cortex until 4-6 d after 
lateral weight-drop onto dura (68). Increased mRNA expression for the chemokines, 
macrophage inflammatory protein-la, and macrophage inflammatory protein-2 within 
the ipsilateral cortex and hippocampus has also been found at 6 and 24 h after lateral 
CCI (67). 
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6. FUNCTIONAL CHANGES ASSOCIATED 
WITH RIGID INDENTATION 

6.1. Blood-Brain  Bam’er Dysfunction and  Cerebral  Edema 

In addition to the mechanical disruption of the cerebral vasculature and the infiltra- 
tion of circulating leukocytes detailed in Subheadings 5.1. and 5.5., disruptions of the 
blood-brain barrier (increased permeability to intravascular dyes or albumin) after TBI 
induced via lateral weight-drop onto a dural impounder (43), lateral CCI (69,70), 
or bilateral-frontal CCI (71) have been demonstrated. This blood-brain barrier dys- 
function likely contributes to the formation of cerebral edema (vasogenic component) 
and/or elevated intracranial pressure (ICP) reported in most models of TBI induced 
using rigid indentation. 

After TBI induced via  a lateral weight-drop onto dura a significant increase in brain 
water content (right-left hemisphere) occurs in the injured hemisphere at 8 and 24 h 
postinjury (30,31,63), with the extent of edema formation being dependent upon the 
magnitude of TBI (30). Superoxide anions have been shown to play  an important role 
in edema formation in the pericontusional cortex (at 30 min, 6 h, and 3 d) after lateral 
weight-drop onto dura (72). An age-dependent effect of TBI on acute edema onset has 
been demonstrated, with immature rats with lateral weight-drop onto dura showing 
significant edema at 2,24, and 48 h whereas edema in mature rats reached significance 
only at 24 and 48 h (73). Combined data for mature and immature rats indicated that 
ICP was only mildly increased at 24 h after this type of injury (73). In a similar model, 
a significant increase in edema within cortex anterior to the impact site occurs at 2, 12, 
24, and 48 h after TBI, is absent 3-5 d postinjury, and is present again at 6 and 7 d after 
injury (74). The second peak in this “bimodal” edema formation, frequently observed 
clinically, was suggested to be related to a  secondary inflammatory reaction (74). 

In isoflurane-anesthetized rats, it has been reported that intracranial hypertension 
(elevated ICP) and systemic hypotension combine to produce a reduction in cerebral 
perfusion pressure (mean arterial blood pressure minus ICP) and a decrease in cortical 
perfusion (laser Doppler flow) over the first 8 h after TBI, with the observed changes 
being proportional to the severity of lateral CCI (75). The observed elevations of ICP 
in this study may have been due to an increase in cerebral blood volume, formation of 
cerebral edema, or both. Planimetry measures of hemispheric swelling after lateral CCI 
indicate significant edema is present in the ipsilateral cortex from 6 to 24 h postinjury, 
with peak tissue swelling occurring at 24 h after moderate-to-severe CCI (33,76). Sig- 
nificant cortical edema at the site of impact, but  not within pericontusional or contralat- 
eral cortex, occurs at 6 h after a moderate severity of lateral CCI (77). Cerebral edema 
(brain water content within  a 3 mm coronal section taken from the center of impact 
site) is significantly increased from 2 h  through 7 d ipsilateral to a severe lateral CCI, 
with peak increases occurring at 1-2 d postinjury (78). Magnetic resonance imaging 
techniques have indicated that the maximum  edema extension after lateral CCI (assess& 
at 90 min, 24 and 72 h  postinjury)  occurs  at 24 h  after  impact  (79).  Other  investigators, 
using  a severe lateral CCI model (801, have reported significant edema within ipsilat- 
eral pericontusional cortex and hippocampus at 6 and 24 h postinjury, with significant 
edema also occurring in the contralateral cortex and hippocampus by 24 h postinjury. 
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Bilateral-frontal CCI increases tissue water content in surrounding tissue at  24 h 
postinjury, with greater increases in male rats than in females and almost no increase in 
pseudopregnant females (81). This cortical edema is reported to be present as early as 
2 h and to endure for up  to 7 d after bilateral-frontal CCI (71,82),  with significant 
increases enduring for only 1-3 d in other studies (57). 

6.2. Altered Cerebral Blood Flow 
Measures of regional or local cerebral blood flow (ICBF) have been  most  thoroughly 

examined in lateral TBI models of rigid indentation. Although somewhat different 
magnitudes and duration of effects are reported by various investigators, a characteris- 
tic finding, in general agreement with the clinical literature, is that experimental TBI 
results in  an early posttraumatic hypoperfusion. 

Regional CBF measured  using the hydrogen clearance technique indicated that CBF 
within the contused cortex underlying an impounder impacted via lateral weight-drop 
fell to approx 50% of  normal from 3 to 90 min  of impact, then gradually normalized 
over a 4-h  period (83). A regional CBF study using laser Doppler flowmetry after a 
lateral weight-drop onto an impounder found that ipsilateral flow in the cortex fell to 
60% of pretrauma levels within 2 min  and remained low over the ensuing 2-h  period 
(84). Flow  within the contralateral cortex increased at 4 min after TBI, followed by 
mild hypoperfusion (78% of baseline) for 1 h. Two hours after lateral weight-drop onto 
an impounder there is widespread hypoperfusion in ipsilateral regions of the cortex, 
with less profound reductions in cortical CBF occurring contralateral to TBI (85). By 
24 h postinjury lCBF in cortical regions ipsilateral to injury, with the exception of the 
contusion core, recovered to  normal levels whereas hyperemia was apparent in the 
contralateral cortex (85). 

At 2 h after TBI induced by lateral weight-drop onto dura mature rats exhibited a 
widespread, bilateral decrease in ICBF,  whereas this hypoperfusion was greatly attenu- 
ated (only 4 of 14 regions analyzed) in immature rats (73). Additional studies using 
the lateral weight-drop onto dura model indicate that this injury induces a heteroge- 
neous  pattern of ICBF, characterized by a low-flow in  the  contusion  core with 
hyperemia within the peritrauma cortex and in distant structures (e.g., ipsilateral 
hippocampus and amygdala and contralateral parietal cortex, thalamus, and amygdala) 
at 24-48 h postinjury (63,86). Further age-dependent effects were illustrated by the 
fact that the hyperemic response to TBI at 24 h postinjury was  not observed in  aged 
rats (86). 

Marked reductions in lCBF have  been reported within the contusion core, with  mod- 
erate-to-severe reductions in lCBF occurring in pericontusional tissue and the ipsilat- 
eral hippocampus within 30 min (76,87) or 2-6 h (76,781 of lateral CCI. Using laser 
Doppler, other investigators have reported both decreases and increases in CBF in the 
contralateral cortex during the first 6 h after lateral CCI (75). More delayed measures 
of lCBF indicate that hypoperfusion tends to resolve more rapidly within the ipsilateral 
hippocampus (approx 24 h)  than in the ipsilateral cortex (e.g.,  by 7-10 d) after lateral 
CCI (76,78).  Again, it has been  noted that lCBF is heterogeneous after resolution of the 
initial hypoperfusion stages, with focal regions of  low flow occurring immediately 
adjacent to regions of high flow (hyperemia) after lateral CCI (78,87). 
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6.3. Alterations  in  Ionic Flux and  Neurochemistry 
In a model of TBI induced via weight-drop onto a dural impounder a transient 

increase in extracellular cortical levels of both excitatory (glutamate, aspartate) and 
inhibitory (y-aminobutyric acid [GABA]) amino acid transmitters peaks within 10 min 
and then returns to basal levels within 20-30 min (88). A similar time course for maxi- 
mal release of both glutamate and aspartate in the cortex underlying the impounder 
impacted by a lateral weight-drop  has  been subsequently reported (83). The amino acid 
taurine was also found to increase significantly in this  model  of TBI, and taurine showed 
increases proportional to the severity of injury (88). Additional work using this TBI 
model has indicated that trauma produced a rapid and transient membrane depolariza- 
tion with  an immediate increase in the extracellular concentration of potassium and a 
concomitant decrease in levels of extracellular calcium (suggesting intracellular accu- 
mulation) within the contusion core and in cortex adjacent to impact (43). Calcium 
levels in the pericontusional cortex did  not  return  to  basal levels until 50 min postinjury. 
These findings indicate that TBI induces rapid ionic shifts and negative electrical 
potential shifts resembling cortical spreading depression (43). This form of spreading 
depression may explain the acutely elevated thresholds for microstimulation-evoked 
motor responses in cortical regions ipsilateral to contusion injury induced via  weight- 
drop onto a dural impounder (89). 

Lateral CCI with bilateral craniotomy has  also been shown to induce an acute 
increase in extracellular levels of aspartate and glutamate, with maximal increases in 
transmitter levels and time (30-60 min) to return to normal levels being proportional to 
the severity of injury (59). These same authors have also found that lateral CCI results 
in maximal glutamate and aspartate release within 10 min  of injury (42). Subsequent 
investigation has indicated that interstitial glutamate levels ipsilateral to lateral CCI 
peak first in the contusion core and approx 10 min later in the pericontusional area, 
with extracellular levels returning toward baseline values by 20-30 min  postinjury (90). 
These latter authors presented evidence suggesting that glutamate release in the contu- 
sion core was due to physical disruption of the cell membranes or vasculature, whereas 
increased  glutamate  levels  in  the  pericontusional  cortex was due to a calcium- 
dependent release from depolarized nerve terminals. 

Within the primary injury site, norepinephrine (NE) concentrations were found to be 
decreased from 29% to 38% at 30 min, 2.5 h and 24 h after lateral CCI delivered to 
the left cortex (91). In the first 4 h after lateral CCI extracellular levels of NE were 
found to decrease bilaterally in cortex anterior to the contusion site, with reductions in 
ipsilateral cortex occurring more rapidly than  in the contralateral cortex (92). An initial 
increase in anterior cortex levels of NE ipsilateral to cortical impact (first 20 min 
postinjury) did not reach statistical significance. Other investigators have reported that 
NE turnover increases in the cortex ipsilateral to injury 30 min after lateral CCI, but 
marked differences in changes in NE turnover throughout the brain were site specific 
and dependent upon whether CCI was induced to the 'left or right cortex (93). These 
same authors (94) report that NE turnover is decreased bilaterally throughout the brain 
at 6 and 24 h after lateral CCI to the right cortex. These findings are consistent with the 
report that extracellular NE levels within both cerebellar hemispheres were decreased 
(approx 50%) at 2448 h after lateral weight-drop onto a dural impounder (95). 
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A chronic and injury-dependent disturbance in cholinergic neurotransmission after 
lateral CCI with bilateral craniotomy is indicated by the  fact  that  the cholinergic 
antagonist scopolamine can induce significant impairments of spatial memory in rats 
with a relatively mild grade of injury but no overt deficits at 2 wk postinjury and  in 
rats with moderate grades of injury at  4, 6, and 8 wk postinjury (96). Microdialysis 
studies have shown that scopolamine-evoked release of acetylcholine within the hip- 
pocampus ipsilateral to cortical impact is significantly reduced in rats 2 wk after a 
lateral CCI with bilateral craniotomy (97). 

6.4. Alterations  in Cerebral Metabolism 
6.4.1. Alterations in Energy-Related Metabolites and Oxidative Metabolism 

Derangements of oxidative metabolism after TBI induced using a weight-drop onto 
a dural impounder are suggested by the marked decrease in activity for the oxidative 
enzyme a-glycerophospate dehydrogenase within the cortical mantle ipsilateral to 
injury for up to 4 d postinjury (29). Cellular energy failure in cortical tissue surround- 
ing TBI induced via weight-drop onto a dural impounder, indicated by increased extra- 
cellular levels of lactate and purines (adenosine, inosine, and hypoxanthine), was found 
to be proportional to injury severity (88). Levels of the purines (adenosine and inosine) 
peaked  within 10 min and returned to basal levels within 20-50 min (88). Subsequent 
assessment of these same purines after lateral CCI revealed similar time course of 
TBI-induced increases over 40 min  of postinjury sample collections. In this latter study 
no changes in dialysate concentrations of cyclic adenosine monophosphate were found, 
suggesting that breakdown of adenosine triphosphate contributed to the increase in 
adenosine and its metabolites (98). 

In the weight-drop onto a dural impounder injury model interstitial levels of lactate 
were elevated for up to 2 h after TBI (88,99), and this increase in lactate levels was 
accompanied by a decrease (1 h) in extracellular glucose (99). After lateral CCI tissue 
lactate levels within injured cortex, adjacent cortex and ipsilateral hippocampus were 
significantly increased from 30 min  through 24 h postinjury. Phosphocreatinine levels 
were decreased within tissue from the contusion core only at 30 min after lateral CCI, 
indicative of energy depletion within the injury site acutely posttrauma. These authors 
suggested that the increase in lactate and decrease in high-energy phosphates after TBI 
could be caused by decreased CBF, mitochondrial dysfunction, ionic fluxes, and/or 
hyperglycolysis (91). In vitro studies on isolated mitochondria after lateral CCI or lat- 
eral CCI with bilateral craniotomy have shown that there is a significant decrease in 
mitochondrial electron transfer and energy-transducing activity (state 3 respiratory  rate, 
respiratory control, and P/O ratios) in the ipsilateral hemisphere from 1 h to 14 d 
postinjury, and these  impairments  are  associated with increased  calcium  uptake 
(100,101). 

6.4.2. Alterations in Glucose Utilization 
Measures of local cerebral metabolic rates of glucose (LCMRGlu) utilization indi- 

cate that a relatively  mild-to-moderate  level of lateral  CCI  in the rat  results  in 
hyperglycolysis in the pericontusional cortex and in the ipsilateral hippocamus imme- 
diately through 30 min after TBI.  LCMRGlu in these regions was  markedly decreased 
by 24 h postinjury, and by 10 d metabolic depression was more widespread in the 
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ipsilateral cortex and also extended to  the contralateral cortex and the ipsilateral tha- 
lamic nuclei (76). A widespread depression of LCMRGlu in the first 2 d after TBI 
induced via lateral weight-drop onto a dural impounder has also been reported (102). 
At 8-12 wk after lateral CCI to the left, but not right, parietal cortex a basal depression 
of LCMRGlu occurs within the cortex rostral and caudal to the site of injury (55). 
Areas showing increased basal levels of LCMRGlu (defined as high activity areas) in 
the somatosensory cortex contralateral to left CCI were larger than corresponding areas 
in control animals, and  vibrissa1 stimulation in these injured rats led to activation of 
caudal areas (normally processing visual and auditory stimuli) of the right cortex. This 
latter data suggest reorganization processes (sprouting, unmasking) have occurred 
within intact cortical regions remote from the primary injury (55). 

7. BEHAVIORAL  ABNORMALITIES 
7.1. Sensorimotor Dysfunctions 

In general, increasing magnitude of central CCI to the rat brain results in more pro- 
longed suppression of acute somatomotor reflexes (indicative of brief coma) and 
increased duration of vestibular and motor (beam balance and beam walking tasks) 
deficits  (32).  Transient  suppression of acute  somatomotor reflexesheurological 
responses has also been demonstrated after a moderate TBI induced using lateral CCI 
with bilateral craniotomy (39). Beam-walking deficits of short (1 d) duration are 
reported after moderate levels of central CCI (103). 

TBI induced via lateral weight-drop onto a dural impounder has been shown to lead 
to deficits in maintaining posture on a balance beam for at least 2 wk (28) and deficits 
in beam-walking ability that persist for up to 1 mo postinjury (104), with these sen- 
sorimotor deficits being dependent upon initial injury severity. The ability of this injury 
model to reliably produce beam-walking deficits of 2 4  wk duration has been shown 
repeatedly (49,104-106). In addition to these deficits primarily assessing hindlimb 
function, rats with lateral weight-drop onto a dural impounder have injury-dependent 
contralateral forelimb deficits, revealed in tests of food pellet retrieval, that endure for 
at least 1 mo after injury (107). 

Lateral CCI has been shown to produce beam-walking deficits that endure  for 
1-2  wk postinjury (108,109). In other studies examining lateral CCI to the right vs left 
parietal cortex, deficits in a beam-walking task employing placement of a wallharrier 
adjacent to the beam to enable vibrissae stimulation have been observed for up to 30 d 
after left, but not right, cortical contusion (55,110). These authors have also reported 
that left, but not right, lateral CCI produces significant sensory neglect as assessed by 
latency to remove tape stimuli applied to the vibrissae contralateral to injury (55). Fol- 
lowing lateral CCI significant deficits in forelimb placing occur during the first week 
postinjury, with deficits in a rotarod test of motor/ambulatory activity persisting for as 
long as 11 wk postinjury (40). Beam balancing and beam-walking deficits of short 
(1-3 d) duration are reported after moderate levels of lateral CCI with bilateral cran- 
iotomy (38,39). 

Transient (1 wk duration for tongue protrusion, forelimb tactile placing) or no (pole 
balancing, overall spontaneous activity, rotarod test) sensorimotor deficits have been 
reported after bilateral-frontal CCI (35,40). Rats with this type of injury, however, are 
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significantly impaired on tests of sensorimotor neglect or inattention (forelimb tactile 
adhesive removal) at 8.5  mo postinjury (40). 

7.2. Cognitive  Dysfunctions 
Central CCI at a severity producing no overt hippocampal cell loss has been shown 

to result in spatial learning and  memory deficits (assessed using a Morris water maze 
[MWM] task) at both 11-15 and at 30-34 d postinjury (111). Similar spatial learning 
deficits were reported to endure 30-31 d after a slightly higher magnitude of central 
CCI (103). 

Following TBI induced  via  weight-drop onto a dural impounder, naive rats show 
significant deficits in spatial learning (anterograde amnesia) during MWM testing, 
whereas rats trained in the MWM prior to TBI exhibit mild  and transient (1 d) retention 
(retrograde  amnesia)  deficits  during  reacquisition  tests  conducted  in  the  week 
postinjury (112). Spatial learning deficits in the MWM task during 3-4 wk postinjury 
have also been described after lateral CCI (108,109). Deficits in MWM performance 
have been shown to be proportional to the initial injury severity for up to 2 wk after 
lateral CCI, during initial acquisition (learning) as well as in retention (memory) tests 
of spatial learning and memory ability (53). When tested in the first 2 wk after lateral 
CCI, rats trained in eight-arm radial arm maze (RAM) tasks prior to surgery did not 
commit working  memory errors (reentry into previously visited arms) but did exhibit 
significant reference memory deficits (entry into never baited arms) and required  nearly 
twice as many trials to reach learning criterion as did noninjured control rats (113). 
These latter authors present data analyses that indicate that rats with unilateral cortex 
contusion have an ipsiversive turning bias in the maze tasks and shifted from an 
allocentric to an egocentric strategy to relearn the RAM  tasks. Other authors have 
reported that rats with lateral CCI exhibit significant working  memory deficits on a 
RAM task  when tested 6-7 mo postinjury and also exhibit significant acquisition defi- 
cits in a MWM task at 8 and 11 mo postinjury. Importantly, these animals were  not 
impaired in tests of orientation, timing, and attention such as a delayed nonmatching to 
position task (1-1 1 wk postinjury) or during testing (1 1 mo postinjury) for ability to 
perform a task utilizing differential reinforcement of low rates of responding (40). 

Rats  with  moderate  magnitudes  of  TBI  induced  via  lateral  CCI  with  bilateral  craniotomy, 
but  not those with milder injury, show significant impairments in spatial learning and 
memory (MWM testing) when tested between 10 and 20 d postinjury (39,96,97,114). 

Bilateral-frontal CCI is reported to produce significant spatial learning deficits 
(MWM test) when testing is conducted 7-18 d (35,57) or 10-20 d postinjury (56). Rats 
with  bilateral-frontal CCI were  not  impaired  on tests of  working  memory  in a RAM 
test at 6-7 mo postinjury, or on a MWM test of reference memory  at 8 mo postinjury 
(40). Animals with this form of injury were, however, significantly impaired in tests 
of orientation, timing, and attention such as a delayed nonmatching to position task 
(1-1 1 wk postinjury) or during testing (1 1 mo postinjury) for ability to perform a task 
utilizing differential reinforcement of low rates of responding (40). 

8. SECONDARY INSULTS AFTER RIGID INDENTATION 
Acute  secondary insults of a cerebral (e.g., intracranial hypertension, vasospasm) or 

systemic (e.g., hypoxia, hypotension) nature can contribute to ischemic injury subse- 
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quent to TBI in  humans, increasing neuropathology  and  worsening functional outcomes 
(18,24,25-27). The effects of purposefully imposed secondary insults on structural or 
functional outcome measures in  rigid indentation models of TBI in the rat have been 
examined in lateral CCI models (77,115,116). Imposition of hypoxia after lateral CCI 
did not increase  cerebral edema formation in the ipsilateral cortex, assessed 6 h 
postinjury (77). Hypoxemia was found to worsen beam-balance performance and delay 
recovery on this task after lateral CCI in a dose-dependent fashion (115). These latter 
authors reported that this secondary insult increased CA3 hippocampal neuronal death 
(but not CAI injury or the volume of cortical necrosis) at 7 d postinjury, and rats with 
hypoxia and lateral CCI exhibited evidence of necrotic and/or apoptotic cell death 
within the ipsilateral cortex and dentate gyrus (6-72 h postinjury) and the ipsilateral 
thalamus and CA3 region (24 and 72 h) of the hippocampus (115). The addition of  an 
ischemic injury (bilateral carotid occlusion) subsequent to lateral CCI has  been shown 
to significantly increase hippocampal neuronal loss (CAI and CA3 regions) and corti- 
cal contusion volume in a dose-dependent and time-dependent  manner,  with little effect 
seen if the ischemic insult was delayed until 24 h postinjury (116). 

9. SUMMARY AND FUTURE DIRECTIONS 
Studies utilizing rigid indentation models of TBI in the rat indicate that these meth- 

ods can consistently and reliably produce graded cerebral injuries with structural and 
functional outcomes that mimic many  of the features of  human TBI. These TBI models 
cannot replicate the full spectrum of human TBI, in that they do not produce prolonged 
coma, diffuse brain swelling, or diffuse axonal injury. Concern also exists regarding 
the frequency with  which rigid indentation models of TBI may induce acute epilepti- 
form, seizure-like activity (33,48,117). Research with these and other rodent models of 
TBI has,  however, contributed to our understanding of numerous  pathobiological events 
and biochemical cascades set in motion by TBI. Further research utilizing variants of 
the six general models of rigid indentation considered in this chapter will no doubt 
facilitate greater understanding of the diverse and complex biochemical and molecular 
mechanisms contributing to neuropathology and functional outcomes after TBI. 

Some relative strengths and weaknesses with  regard to known structural and func- 
tional outcomes, and identification of areas needing additional research within the vari- 
ous models of rigid indentation, is illustrated by examination of Table 1. Of the six 
models of rigid indentation the lateral CCI model has been the most  thoroughly charac- 
terized to date, but research on ionic fluxes and electrophysiological alterations induced 
by this type of injury is notably absent. As mentioned  in the preceding discussion, 
work  within some models of rigid indentation has indicated that profound differences 
in outcomes can occur dependent upon age (e.g., 73,86), gender (e.g., 8 4 ,  and whether 
TBI was induced to the right or left hemisphere (e.g., 55). Greater attention to, and 
research on, these important variables within each of the rigid indentation models of 
TBI will be needed  in the future. 
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Rodent  Ischemia  Models of Embolism 

and  Ligation of the  Middle  Cerebral  Artery 
Clinical  Relevance to Treatment  Strategies of Stroke 

Cesario V. Borlongan,  Hitoo  Nishino, 
Yun  Wang,  and  Paul R. Sanberg 

1. INTRODUCTION 
This chapter focuses on two models of cerebral ischemia: embolism and ligation of 

the middle cerebral artery (MCA). Advantages and disadvantages of MCA embolism 
and ligation are discussed in relation to establishing an appropriate model  of stroke. In 
addition, the clinical relevance of each technique to the development of experimental 
treatment strategies is outlined, highlighting recent novel therapeutic modalities, 
including neural  transplantation  and intracerebral infusion of neurotrophic  factors. Prior 
to discussing these two treatment strategies, an overview of the current status of phar- 
macologic intervention for stroke is provided, and we present critical problems (i.e., 
therapeutic window) inherent in drug therapy that limit its efficacy in the clinic. It is 
believed that the experimental evidence presented here will encourage further utiliza- 
tion of embolism and ligation models of cerebral ischemia in rodents as suitable animal 
models of stroke, and more importantly, should caution researchers and clinicians alike 
about critical scientific issues (i.e., early stage development of treatment strategies for 
stroke) that warrant validation in the laboratory setting prior to proceeding with clini- 
cal interventions. 

2. STROKE 
One of the leading causes of death in the United States is stroke, killing two in every 

five Americans and costing annually more than 100 billion dollars (I). To date, phar- 
macologic drugs are the treatment of choice for stroke; two major groups of drugs, 
namely  thrombolytic agents and  N-methyl+-aspartate  (NMDA)  antagonists (2-6), have 
been introduced to the clinic, but inconclusive results have been reported on whether 
such drugs actually alleviate central nervous system (CNS) dysfunctions associated 
with stroke. Unfortunately, most of these drugs have not  been fully validated in animal 
models of stroke. 

The use of thrombololytic agents (e.g., anticoagulants such as heparin, aspirin, and 
ticlopidine, and platelet inhibitors) is based on their action in combating the ischemia- 
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induced blood clots, thereby ensuring normal cerebral blood flow. While the CNS 
accounts for only about 2% of total body weight, it utilizes 15% of cardiac output, and 
therefore it  is not surprising that interruption to cerebral blood flow is the most com- 
mon etiology of cerebral  ischemia.  Thrombolytic  therapy  directly  reverses  this 
hypoperfusion caused by ischemia, but it has been found also to trigger increased bleed- 
ing in treated stroke patients (7). The timing of thrombolytic treatment is a decisive 
factor because a 1-h difference in its administration may prove detrimental rather than 
beneficial to the stroke patient. For example, injection of the thrombolytic drug strep- 
tokinase within 3 h of ischemic stroke could prevent the ischemic cascades, but at 
4 hr, it could exacerbate CNS damage and even induce fatalities (8,9). Thus, there is a 
very limited effective therapeutic window for current thrombolytic drugs following a 
stroke episode. 

Critical examination of the benefidrisk ratio also persists in the use of  NMDA 
receptor antagonists (i.e.,  MK-801), calcium channel blockers, caspase inhibitors, and 
protein kinase inhibitors. Accumulating evidence proposes that ischemic injury is 
accompanied by aberrant metabolic consequences, such as oxidative stress and free 
radical accumulation, which are harmful to cellular homeostasis (4,10). In animal mod- 
els of ischemic stroke, injection of NMDA antagonists, calcium channel blockers, 
caspase inhibitors, and protein kinase inhibitors (hereafter referred to as cell mainte- 
nance drugs) have been shown to exert a neuroprotective effect for maintenance of 
CNS vitality (411). Similar to thrombolytic agents, the timing of administration of cell 
maintenance  drugs  determines  their  efficacious outcome. For  example, MK-801 
protects against ischemia-related apoptosis only when injected prior to but not after 
3 or 6 h of occlusion (4). Caspase inhibitors seem to extend the therapeutic window to 
up to within 6 h of occlusion, but only when the CNS insult involves brief ischemia (4). 
Whereas the cascade of biochemical events leading to cell death, as well as neurologic 
dysfunctions, are prevented in animal models of stroke (6,I2) in clinical trials, calcium 
channel blockers only partially reduce morbidity of posttraumatic subarachnoid hem- 
orrhage, and only in younger patients (5). Protein kinase inhibitors also have been 
demonstrated to block cell death events associated with experimental stroke (3), but 
their utility in the clinic warrants additional investigation (13). Drugs such as melato- 
nin  and thioredoxin (10,14) targeting abnormal accumulation of free radicals or reac- 
tive oxygen species, have been shown recently  to ameliorate ischemia-induced CNS 
damage. However, maintenance or reversal of abnormal motor and cognitive functions 
has yet to be demonstrated in these free radical scavenger drugs. 

Based on the knowledge from pharmacologic therapy for stroke-related CNS  dys- 
functions, two critical issues need to be addressed in evaluating the efficacy of future 
treatment strategies for stroke: first the timing of neuroprotective intervention (either 
via thrombolytic therapy or cell maintenance therapy) during a stroke episode is very 
important and, second, the therapeutic window is very limited, that is, only acute stage 
stroke can be potentially treated. Here, we discuss neural transplantation therapy as a 
possible treatment for chronic stage stroke, and neurotrophic factor therapy for acute 
stage stroke or as a protective strategy for patients who are at risk of developing the 
disease. Because of the debilitation following a stroke episode, there is a demand for a 
rapid translation of experimental therapeutic modalities from  the laboratory to  the 
clinic. Nevertheless, the potential benefits of a therapy should be assessed against 
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the risk of developing side effects or of succumbing to  unknown outcomes including 
fatality. Of note, 3 of  15 malpractice claims in a stroke setting are related to  medica- 
tions (15). Clearly, critical evaluation of pharmacologic therapy and other new treat- 
ment strategies needs to be undertaken prior to their large-scale clinical usage. 

3. EMBOLISM AND LIGATION 
Stroke-induced neuronal damage arises from a two-stage insult involving ischemia 

and reperfusion injury. In adult rats, these two processes can be mimicked  by either 
MCA embolism or ligation followed by  reperfusion. In the following sections, the terms 
embolism and ligation of  MCA should be interpreted to mean the surgical procedure 
involving transient ischemia followed by reperfusion, and we concur with the view that 
the reperfusion process actually creates more widespread CNS damage than that pro- 
duced by the ischemia itself. In addition to characterizing neuronal  and behavioral 
alterations, the models of embolism and the ligation of the MCA have been utilized to 
examine the potential benefits of neural transplantation and neurotrophic factor thera- 
pies in ameliorating stroke-related dysfunction. Although  most studies presented here 
describe work done in our laboratories, we cite additional reports on similar topics by 
other researchers. 

3.2. Embolism 
Embolism (16-18) is one of the many standardized procedures for creating a stroke 

model in rodents. This model is one of the more noninvasive surgical procedures used 
to induce a stroke model.  We describe here the rat model of embolic stroke; a mouse 
model has been  recently developed (191, and a photothrombotic or laser-guided occlu- 
sion technique has been  introduced and appears even less invasive than the conven- 
tional embolic procedure (20,21). Variations of the embolic procedure have made 
possible localization of the ischemia-induced infarcted area in the brain compared with 
that of chronic global ischemia which produces large areas of necrotic tissues or disap- 
pearance of a chunk of tissues altogether. It appears that necrotic cell death dominates 
global ischemia, whereas apoptotic cell death accompanies transient, focal ischemia. 
Alternatively, the duration of occlusion of the MCA  may determine which mechanism 
of cell death promotes CNS damage. Of note, the apoptotic cell death caused by embo- 
lic ischemia can be replicated using an acute (10 min) global ischemia (22). In general, 
the apoptotic cell death produces small CNS damage, and infarctions are visible only 
after a long delay post-ischemia (23). Thus, the embolism technique that creates local- 
ized CNS infarction allows a more in-depth examination of the progression of the dis- 
ease-from death of a small population of cells  at early periods post-ischemia to 
apoptosis at later time points. Furthermore, this procedure allows a more extended 
survival of the ischemic animals that can then be tested behaviorally for deterioration 
of motor and cognitive functions or for characterization of effects of treatment inter- 
ventions at different stages of the disease. 

The embolic technique involves the use of a neurofilament that passes through the 
carotid artery and reaches the junction of the MCA, thus blocking the blood flow from 
the common carotid artery as well as from the circle of Willis. Based on our pilot 
studies, approx 15-17  mm  of the embolic filament needs to be inserted from the junc- 
tion of the external and internal carotid arteries to block the MCA. The preferred 
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embolus size is 4-0, made of nonabsorbable material (e.g., nylon), with the diameter of 
the embolic tip tapered to 24-26-gauge size using rubber cement. These lengths and 
sizes of the tip of the embolus are recommended for animals weighing between 250 
and 350 g, and additional adjustments are needed for larger animals. Nevertheless, 
even with animals weighing 250-350 g there exists some variation in the arterial struc- 
ture (e.g., longer internal carotid artery or larger diameter of the artery) that would 
require changing the insertion length as well as the size of the tip of the embolus. To 
circumvent this problem, the availability of sensitive behavioral parameters is used to 
verify  whether or not successful MCA occlusion has been obtained immediately fol- 
lowing insertion of the embolus. For example, just after recovery from anesthesia, 
ischemic animals demonstrate biased elevated swing activity, spontaneous rotation, 
and a characteristic body posture (see Subheading 5.) compared to animals with 
incomplete blockage of the MCA. Thus, animals that do not  show these behavioral 
hallmarks could be reanesthetized and successful ischemia could be accomplished by 
inserting the embolus deeper into the internal carotid artery or by  using  an embolus 
with larger diameter tip. In this case, we recommend the use of anesthetic gases (e.g., 
halothane or isofluorane) that would allow efficient behavioral testing, as well as 
adjustment of the embolus when necessary. 

3.2. Ligation 
The method  of ligation described by  Chen et al. (24) involves surgically opening the 

cranium (craniotomy) to isolate and gain access to the MCA. The ligation technique 
consists of ligating the MCA for 90 min and then opening the artery for reperfusion for 
24 h.  MCA ligation can induce motor behaviors in rats resembling stroke symptoms 
(25). The severity of stroke can be graded, which is helpful to evaluate the preventive 
effect of therapeutic strategies, such as trophic factors or their regulatory agents (see 
Subheading 7.). The ligation of the right MCA is accompanied by occlusion of the 
bilateral common carotids (CCAs) (24). Following anesthesia, bilateral CCAs are iden- 
tified and isolated through a ventral midline cervical incision. A craniotomy of about 
2 X 2 m m 2  is then  made in the right squamosal bone. The right MCA is ligated with a 
10-0 suture while the CCAs are simultaneously ligated with nontraumatic microsurgi- 
cal clips. These ligations are removed after 90 min,  which  has  been shown to induce 
maximal infarctions in rats (23). The craniotomy is then covered with Gelfoam and the 
wounds sutured. Reperfusion is usually  allowed for 24 h and animals are then killed for 
histological examination. 

Because of the invasive surgery inherent in the ligation model, the trauma associ- 
ated with this procedure can promote additional problems for  the animal. For example, 
deformity of the facial musculature, especially of the eye ipsilateral to the ischemia, is 
clearly visible post-surgery. The craniotomy ligation model, however, is much more 
consistent in producing CNS infarction compared with the embolic model,  which is 
highly dependent on the size of, and some developmental variations in, the structure of 
the MCA or common carotid artery. Most studies utilizing the ligation model report a 
short survival time for the ischemic animals, and therefore suggest that this method is 
more suitable for investigations of pathophysiological alterations associated  with stroke 
rather than analysis of long-term behavioral symptoms (but see the test introduced by 
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Bederson and colleagues, [25] described in Subheading 5). The locus of infarction 
associated with the ligation model is the frontal cerebral cortex and a large area of 
necrosis is usually observed in the ischemic region. Because the basal ganglia remains 
intact in MCA-ligated animals, behavioral alterations arising from the ischemia are 
assumed to be secondary to cortical dysfunction. In the embolic model, the striatum, 
particularly the lateral aspect, in addition to fronto-parietal cortex, is damaged, and 
therefore ischemia-induced behavioral deficits cannot be definitively associated with 
one CNS region. Thus, the choice of target CNS areas for therapeutic intervention 
should consider the ischemic regions produced in each model. 

4. BRAIN HISTOCHEMICAL/PATHOLOGICAL ALTERATIONS 
IN  ISCHEMIC  ANIMALS 

Ischemic animals develop CNS alterations that are reminiscent of stroke. The differ- 
ences in localization of infarcted areas following embolism and ligation can offer some 
clues as to which  CNS areas or cell populations and types are responsible for specific 
behavioral dysfunctions. In MCA-embolic ischemic animals, specific types of neurons 
degenerate,  including y-aminobutyric acid-ergic  (GABAergic),  cholinergic,  and 
dopaminergic cells (1 7,18,26-29). Neurons secreting substance P are found over- 
expressed in ischemic rat brains (30). Because the striatum is  at the core of infarction, 
these specific types of striatal neurons that are altered suggest their high level of vul- 
nerability to stroke insult and further indicate that therapeutic strategy should focus on 
rescuing these specific neurons (1,31). In contrast, most of the damaged neurons in the 
MCA-ligated ischemic animals are located in the frontal cortical region. Types of  neu- 
rons shown to be vulnerable to ligation of  MCA include GABA, cholinergic, and pyra- 
midal neurons (26,32,33). There is a massive infarction of the dorsal cortex, which is 
maximal at 24 h following the ligation (34). The pyramidal neurons are generally unde- 
tectable within the remaining tissue of the infarcted area. Using triphenyl tetrazolium 
chloride (TTC) staining, which is a marker for mitochondrial activity, the regions of 
infarction in  both embolic and  MCA-ligated models can be localized (Figs. 1 and  2). 

Examination of brains from embolic ischemic animals revealed histological distur- 
bances at both acute (9 d post-ischemia-reperfusion) or chronic (28 d) stages charac- 
terized  by loss of glial fibrillary acidic protein (GFAP) and microtubule associated 
protein (MAP-2)-positive cells, and infiltration  of  immunoglobulin G (IgG)  and  leuko- 
cytes  in  ischemic  striatum  and  cortex. In the penumbra of the infarcted cortex, there is a 
disappearance of GFAP-positive glia and IgG was extravasated, but pyramidal neurons 
can still be detected. Furthermore, a high degree of reactive gliosis is detected along 
the outside lining of the penumbra, forming a wall of GFAP-positive astrocytes. The 
soma of  these reactive astroglia are positively labeled by a marker (antibody against 
aquaporin-4) for the end-feet of astroglia in intact brain. These histopathological alter- 
ations in ischemic rats resemble some of the features observed in clinical cerebral is- 
chemia. The minimal tissue loss in embolic ischemia may parallel the early stage of 
human stroke. In contrast, the massive infarction (i.e., tissue disappearance) and largely 
necrotic tissue of the penumbra of the core of infarcted cortex in ligation ischemia 
seem to mirror that seen in end-stage stroke. 
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Fig. 1. Photomicrograph  of a brain  section  from an MCA-occluded animal. Triphenyl- 
tetrazolium  chloride  staining, a marker  of  mitochondrial  activity (black  shade), reveals that the 
lateral  aspect of  the  striatum is damaged  at 72 h post-ischemia-reperfusion.  Minor  cortical 
damage (more  anterior  section, not shown) underlying the  striatum is also  detected at the  same 
time  period. 

5. BEHAVIORAL ASSAYS FOR ISCHEMIC ANIMALS 
As stated earlier, embolic ischemic animals have been reported to survive longer 

than ligated ischemic animals, and thus more exhaustive behavioral tests can be admin- 
istered to the former group of  animals. Behavioral parameters that have characterized 
dysfunctions in the embolic ischemic animals include the elevated body swing test 
(EBST), drug-induced rotational test, catalepsy test, digiscan locomotor activity test, 
forelimb akinesia test and the body posture examination. For the ligated ischemic ani- 
mals, the postural reflex test by Bederson and colleagues (25) has  been  used. In this 
postural reflex test, rats are examined for the degree of abnormal posture when  sus- 
pended  by 1 m above the floor. Normal rats extend both forelimbs straight. Depending 
on the degree of infarction (Le., caused by right MCA ligation), rats with  minimal 
infarction may appose the right forelimb to the chest muscle and extend the left fore- 
limb straight; rats with moderate infarction may  show decreased resistance to lateral 
push in addition to the stereotypic posture displayed by  minimally infarcted rats; and 
maximally infarcted rats may twist the upper half  of their bodies in addition to the 
aforementioned behaviors. In addition, the passive avoidance test (35,36) has been 
shown to  be a good measure of memory performance in embolic ischemic animals. 

Among these arrays of behavioral tests, we note that the EBST and passive avoid- 
ance test appear to be more sensitive than the other tests, and observed dysfunctions in 
these two tests correlate highly with the degree of infarction caused by either embolism 
or ligation of the MCA. The EBST (37) involves lifting the animal by the tail and 
counting the number of body swings ipsilateral or contralateral to the lesion. Ischemic 
animals display a contralateral biased swing activity (>75%) compared to normal ani- 
mals.  On the other hand, the passive avoidance test (35,36) consists of the step-down 
apparatus, with electric shock (2 mA) given during the training period via the metal 
grid floors. The learning and memory performance of the animals is measured  by the 
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Fig. 2. Photomicrograph  of a brain  section  from an MCA-ligated  animal.  Triphenylte- 
trazolium  chloride  shows that the  dorsolateral aspect of the frontal  cortex is damaged at 24 h 
post-ischemia-reperfusion,  while  the  basal ganglia remains  intact. 

number of step-downs and the length of time required to learn the task, and the reten- 
tion of avoiding the electric shock (i.e., staying on the platform) after 24 h following 
the acquisition. Ischemic animals take a significantly longer time to learn the task, and 
could not stay  on the platform for the required 3 min during the retention test (1,35,36). 

As noted earlier, animals can be tested during the 1-h embolism or immediately after 
recovery from anesthesia in  both groups of ischemic animals. The absence of behav- 
ioral deficits in animals exposed to  MCA  ischemia-reperfusion can be used as a crite- 
rion for excluding  animals  that would subsequently be utilized  to  test treatment 
interventions. The importance of the behavioral tests to reliably exclude animals in 
which  ischemia-reperfusion  neuronal damage was not successfully induced is that they 
differentiate direct treatment effects from some residual effects in the host animal. 
Incomplete ischemia-reperfusion arising from technical problems in embolus or liga- 
tion can create only partial or no CNS damage at all, and would otherwise confound the 
interpretation of the results if not detected by appropriate behavioral assays. These 
different tests are also used  to measure recovery  of function in ischemic animals fol- 
lowing experimental treatment modalities. For example, neural transplantation therapy 
has  been evaluated in ischemic animals using the EBST and the passive avoidance test 
( I ) .  Accordingly, the stability of  motor/memory performance dysfunctions over time 
in ischemic animals needs  to be demonstrated in the behavioral tests; fluctuations in 
behavioral deficits should be solely and reliably attributed to treatment effects and not 
to spontaneous recovery that can accompany repeated tests (i.e., training effects) or 
some other transient behavioral abnormalities. We again recommend the use of EBST 
and the passive avoidance test in characterizing treatment effects, based on our obser- 
vation that the performance of embolic ischemic animals in these tests is significantly 
altered over a long period of time (at least 6 mo post-ischemia), and therefore subse- 
quent normalization of ischemia-induced dysfunctions in these tests can be reliably 
ascribed to the experimental treatment. 
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6. NEURAL TRANSPLANTATION 
Clinical trials of intracerebral transplantation of fetal cells have  been initiated in a 

limited number of Parkinson’s disease patients (38,39). Encouraging results have  been 
noted, including long-term survival of transplanted cells as well as significant behav- 
ioral improvement in transplanted patients. Because of logistical and ethical concerns 
regarding use of fetal cells, genetically engineered, porcine, Sertoli, adrenal medulla, 
and other nonfetal cells have been introduced as alternative graft sources for transplan- 
tation  therapy (40-43). 

We have recently examined the utility of transplanting human neuroteratocarcinoma 
cell line-derived (hNT) neurons into the brains of embolic ischemic animals ( I ) .  The 
main rationale for undertaking such transplantation in ischemic animals is the local- 
ized damage (i.e., striatal infarction) found in this model of stroke which resembles 
that observed in Huntington’s disease, a neurodegenerative disease characterized pri- 
marily  by striatal lesions. Because  laboratory studies (41,42,44,45) and recently clinical 
data (46) from several Huntington’s disease patients have demonstrated amelioration 
of motor dysfunction, as well as partial reconstruction of the striatal circuitry following 
transplantation of fetal striatal cells, neural transplantation therapy is potentially ben- 
eficial for animals with ischemic striatal damage. Of note, previous studies have shown 
that transplanted fetal striatal cells in ischemic animals resulted in normalization of 
neurotransmitter (Le., striatal GABA) release as well as motor dysfunctions (17,18, 
29,47). Because of inherent problems with the use of fetal cells as noted earlier, we 
examined the efficacy of transplanting hNT cells in ischemic animals. The hNT cells 
attain neuron-like features following retinoic acid treatment, and  they  have  been shown 
to survive in and integrate with  normal striata of rats (48). We find that transplantation 
of hNT neurons into the striata of ischemic animals promotes functional recovery ( I ) .  
Of note, there was robust recovery in animals transplanted with  hNT neurons that is 
significantly better than that observed in animals transplanted with fetal striatal cells. 
The EBST and passive avoidance test both revealed that as  early as 1 mo post- 
transplantation, and continuing for the next 6 mo, animals transplanted with hNT neu- 
rons displayed near normal motor function and memory performance compared to 
control ischemic animals. Those animals that recovered had surviving hNT neurons 
when their brains were analyzed histologically using antibody to human  neural cell 
adhesion molecule. Furthermore, when serial sections were stained for antibody to  low 
molecular weight neurofilament, the grafted hNT neurons demonstrated positively 
stained fibers with features similar to those of the host  tissue. Ongoing studies are now 
focusing on possible secretion of neurotrophic factors and neurotransmitters by the 
hNT neurons that may underlie the observed functional recovery in ischemic animals. 

The positive effects noted in transplantation of fetal striatal cells or human  cloned 
hNT neurons in ischemic animals suggest that recovery of motorkognitive functions 
noted  in chronic late-stage stroke may be ameliorated by reconstructing CNS morphol- 
ogy or circuitry as well as normalization of neurotransmitter release. This opens pos- 
sible treatment options for end-stage stroke patients who have been nonresponsive to 
pharmacologic therapy. 
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7. NEUROTROPHIC  FACTOR  TREATMENT 
We  and others recently found that neurotrophic factors prevent the loss of  dopamin- 

ergic function in Parkinsonian rats and decrease stroke-induced cortical infarction and 
nitric oxide (NO) release (34,49). These data suggest that neurotrophic factors may 
play important roles in therapy for these neurodegenerative disorders. 

As mentioned earlier,  grafting of fetal nigra1 tissues  into  the  striata of hemi- 
parkinsonian rats can diminish drug-induced rotational behavior. However, we found 
that the restoration of dopamine (DA) function is limited to the graft site (50,51). Neu- 
rotrophic factors such as glial cell line-derived neurotrophic factors (GDNF)  have  been 
shown to enhance survival as well as neurite outgrowth of DAergic tissue in vitro and 
in vivo, and  may play an important role during neuronal damage. For example, GDNF 
or neurotrophin-4 (NT-4) has  been demonstrated to increase the survival of corticospi- 
nal neurons in vitro (52). In addition, GDNF protects against 6-hydroxydopamine- 
induced lesions in the nigrostriatal DA neurons (53) and also promotes the  fiber 
outgrowth of DAergic transplants in the anterior chamber of the eye (54) or in the 
substantia nigra (55). GDNF receptor-a mRNA and GDNF mRNA are up-regulated in 
the sciatic nerve after injury in adult mice (56). The expression of transforming growth 
factor (TGF)-PI mRNA is increased in regenerating renal tubules following acute 
ischemic injury (56). Similarly, TGF-PI transcript expression is enhanced in the hip- 
pocampus following transient forebrain ischemia (57). These data suggest that GDNF 
and other TGF-P superfamily molecules have protective effects against ischemia, and 
indeed we have shown that pretreatment with GDNF in ligated ischemic animals sig- 
nificantly reduced infarction. This protective action by GDNF appears to be mediated 
by  production of NO reduction and release which occurs  during  the ischemia- 
reperfusion process and has  been implicated in the neurodegeneration process. 

Recent studies have indicated that 1,25-(OH)(2)-D3 is a potent inducer of GDNF 
expression in C6 glioma cells (58). Retinoic acid can further increase the effect of 
1,25-(OH)(2)-D3 (59). It is still not clear if 1,25-(OH)(2)-D3 and retinoic acid can 
increase GDNF levels in vivo. Since GDNF does not easily cross the blood-brain  bar- 
rier (BBB), it would be advantageous to use an agent that penetrates the BBB to increase 
the GDNF levels in the brain. Preliminary studies in our laboratory have  shown that 
application of 1,25-(OH)(2)-D3 enhances  the GDNF-mediated protection against 
ischemic damage in rats (60). 

One major obstacle in proceeding with clinical trials of neurotrophic factor therapy 
is the stroke’s limited therapeutic window, which has  been shown earlier to be an 
inherent problem with pharmacologic therapy. To be of clinical use, neurotrophic fac- 
tors must  be protective even if delivered after the onset of ischemia. The choice of 
route and duration of treatment should take into account the time span of excitotoxic 
insult associated with stroke, which lasts for 4 h in rats and about 48 h in humans (61). 
A combination therapy may be the next logical step toward achieving a protective/ 
reparative strategy that could be efficiently delivered during the extremely limited 
therapeutic window  and could reverse the progressive metabolic consequences (e.g., 
apoptosis and free radical accumulation) of ischemia. One such combination therapy, 
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the intracerebral transplantation of neuronal cells and GDNF treatment, has been initi- 
ated already in animal models of Parkinson’s disease and other neurodegenerative dis- 
orders (55). Further studies will be required to determine if such combination therapy 
induces anatomical restoration, coupled with functional recovery, following an experi- 
mental ischemic stroke. 

8. SUMMARY 
Animal models of stroke offer a platform to investigate neuronal dysfunctions, as 

well as motor/cognitive alterations, associated with this disease. Laboratory evidence 
directed toward understanding the mechanisms of cerebral ischemia has  been  gener- 
ated using both the embolism and ligation MCA  models. These models appropriately 
parallel many  of the neurohistopathological and behavioral hallmarks of stroke. Some 
differences exist between these two models and should be taken into consideration 
when investigating specific regions  of stroke. For example, the CNS areas of infarction 
are primarily localized to the striatum and cortex in the embolism and ligation model, 
respectively. Accordingly, the target CNS areas for treatment intervention may differ 
in each model. We have demonstrated that neural transplantation therapy may have 
potential benefits for  the embolism model, while treatment with the neurotrophic fac- 
tor GDNF can attenuate ligation-induced infarction. A combined therapy using neural 
transplantation and GDNF treatment has been explored in animal models of human 
disease, and  may prove beneficial for treatment of stroke. Understanding the basic 
mechanisms of stroke and development of  new, or refinement of existing, treatment 
strategies for the disease may be exploited using such animal models. 
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A Primate  Model of Hypertensive 

Cerebrovascular Disease 

Mark B. Moss 

1. INTRODUCTION 
Cerebrovascular disease (CVD) in humans has been shown to produce a variety of 

cognitive impairments ranging from selective deficits to wide-range dementia. Among 
the risk factors for CVD (e.g., age, diabetes mellitus, serum lipids, obesity, cardiac 
disease), arterial hypertension has been  identified as key (I) affecting more than 25% 
of the adult population of the United States (2). Gross effects of extreme hypertension 
are well known and include a four times greater risk for CVD  than normotensive indi- 
viduals (3). For the most  part, hypertension is an asymptomatic disorder, but recently it 
has been the focus of attention on its possible detrimental effects on cognitive function. 
Indeed, over the past two decades, evidence has  accumulated to suggest that hyperten- 
sion in humans produces, in many cases, a significant impairment in several domains 
of cognitive function. But because of the inherent limitations of human research, even 
with recent advances in magnetic resonance and positron emission imaging technol- 
ogy, our understanding of the neurobiological basis for hypertensive related cognitive 
impairment is unknown. It is also unknown to what extent the changes in cognition that 
are associated with hypertension represent the first stage in the development of CVD 
and vascular dementia. 

Animal studies using rodents, rabbits, and, to a lesser extent, nonhuman primates 
have contributed significantly to our understanding of the underlying mechanisms and 
pathological changes associated with hypertension and CVD, but we have yet to 
address the question of the neural basis for the neuropsychological consequences of 
hypertension. This chapter describes the development of a primate model of hyperten- 
sive CVD incorporating a multidisciplinary study that includes the assessment of 
cognitive function. 

2. DEVELOPMENT OF THE MODEL 
As clearly demonstrated by the contributions contained in this volume, the use of 

animal models provides a major approach to the study of human disease. The assess- 
ment of disease processes is difficult and rather limited with  human subjects owing to 
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lack of control over extraneous variables such unknown health histories, use of  medi- 
cations, control of diet, and unknown time of onset. It is also difficult to obtain behav- 
ioral,  physiological,  and  morphological  data  from  the  same  individuals  and  to 
thoroughly exclude individuals with insidious disease processes such as the early stages 
of  Alzheimer’s disease and other forms of dementia. Therefore, the development of 
animal models to study disease states provides clear advantages over research in 
humans. In cases of  human disease that affect the higher cortical function, incorporat- 
ing into animal models the assessment of cognition using behavioral tests that have 
been adapted for use  from established neuropsychological tests in  humans presents a 
added advantage. 

Although this approach typically provides more reliable and more precise data, the 
relevance to the human condition is a function of the adequacy with  which the experi- 
mental animal exhibits the human traits under study. In general, the use of animal mod- 
els  is indicated when the experimental methods are inconvenient or impossible to apply 
to human subjects, for example, specialized preparation and treatment of  tissue.  Our 
general goal  was to determine whether the rhesus monkey is a suitable animal model of 
human hypertensive CVD and vascular dementia. Much  had  been learned about vari- 
ous aspects of these disorders through series of clinically relevant human and animal 
model investigations. However, relatively few investigations have  used the monkey as 
a model of hypertensive CVD, particularly one in which cognitive function is carefully 
profiled. Thus, one major objective of this model was to establish the role of hyperten- 
sion in cognitive impairment and decline and the relationship of this decline to specific 
alterations in the brain. A second and related goal was  to determine the mechanisms 
that underlie the development of neuropathology as a consequence of hypertension. 

2.1. Rationale for the  Monkey 
In addition to the advantage of developing animal models of  human disease, we 

thought the particular strength of a nonhuman primate model lies in the close relation- 
ship of central nervous system (CNS) structure and connectivity between humans and 
nonhuman primates, and in the use of behavioral tasks in monkeys that have been 
adapted for use for  the clinical assessment and differential diagnosis of patients with 
CVD and vascular dementia as well as other age-related disorders. Studies from the 
literature have  shown that several species, including the monkey (2,4,5), are suitable 
for  the study of neurobiological consequences of hypertension and atherosclerosis (see 
6 for a review).  However, for the purposes of our model, the monkey is ideally suited 
because many  of the cognitive tasks used to assess patients with hypertensive CVD and 
vascular dementia can be adapted for use in this species. There are no counterparts of 
these tests that can be used in the rat or rabbit. The use of this species was also based on 
the long history of the demonstrated utility of monkeys as a model for conditions 
affecting humans in the various fields of medical science. There exists an extensive 
body of knowledge about the normal and abnormal biology of this species, an impor- 
tant factor from the standpoint of establishing correlations with observed CVD changes. 
Finally, whereas human life and health histories are often incomplete or nonexistent, 
extensive medical and social histories are available on the monkeys  used for our model. 

One issue often raised concerning the rhesus monkey is the age-equivalency and life 
span of these animals. In summary, the typical adult life-span of the rhesus monkey 
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may be considered to extend from 5 up to 30 years,  and it has  been estimated that the 
life-span ratio of human to monkey is approx 3 : 1.  On this basis, the monkeys that 
are describe below that were part of our 12-mo  and  39-mo experimental protocol might 
be considered in human terms as being hypertensive for approx 3 yr and 10 yr, 
respectively. 

3. COGNITION AND HYPERTENSION 
The study of the effects of hypertension on intellectual function in  humans  was ini- 

tiated more than 50 yr ago. Over this period of time, evidence has accumulated to show 
that hypertension produces impairment in cognition, but to a greater extent in some 
domains than in others. The earlier studies were conducted at a time when antihyper- 
tensive medications were  not available and variables such as age and education were 
typically not considered (7-9). The degree of impairment described in  many  of these 
studies was likely related to the fact that subjects often had severe, uncontrolled hyper- 
tension with frank neurologic signs. Therefore, it was  not surprising that many investi- 
gators  concluded  that  hypertension  not  only  produced  marked  impairments  in 
intellectual function, but also produced  marked grossly visible damage to the brain. 

More recent studies that have controlled for many of these factors have still shown 
that patients are impaired on a variety of cognitive tasks including those of general 
intelligence (10,11), and  memory function (12), but without evidence of frank damage 
to the brain. A well controlled study by Schmidt et a1 (13) assessed a.group of hyper- 
tensive individuals and compared performance to normotensive control subjects. They 
found that the hypertensive group was more impaired on tasks of verbal memory and 
total learning, but no difference in performance was observed on tasks of visual 
memory, attention, vigilance, and reaction time. Systolic blood pressure has been 
shown to be a sensitive measure of cognitive status as indicated by negative correla- 
tions with WAIS performance in a group of hypertensive male subjects (14). Deficits 
have also been found when hypertensive subjects were compared to normotensive sub- 
jects in WAIS performance subtest scores (15) and in verbal scores when studied lon- 
gitudinally over 5-6-yr intervals (16). Findings also show that, with longer exposure, 
blood pressure measures accurately predict cognitive decline (17). 

In a study conducted in Sweden on 1736 community-based  human subjects, both 
systolic and diastolic blood  pressures were significantly related to baseline performance 
on the Mini Mental Status Exam (MMSE)  and baseline systolic pressure was  signifi- 
cantly related to follow-up performance (18). Of direct relevance to the present animal 
model,  untreated  hypertension  in  humans has recently  been found to be inversely  related 
to both a composite index of cognitive performance and individual scores on tests of 
attention and  memory in the Framingham Heart Study (19-21). In a longitudinal study 
of 3735 Japanese-American men living in Hawaii, systolic blood pressure proved to be 
a significant predictor of reduced cognitive function 16 yr later (22). Finally, cognitive 
tests have shown a consistent trend towards poorer performance in hypertensive sub- 
jects with significant deficits in verbal learning in a study of inner city subjects in 
England (23). 

Attentional measures such as symbol/digit substitution, continuous attention, reac- 
tion time, paired word association, and inspection time threshold have all been found 
to be significantly impaired in a group of untreated mild to moderate hypertensive 
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subjects when compared to the performance of  age-matched controls (24). Similarly, 
regression analyses revealed that part of the impairment attributed to age in a study of 
visual  selective  attention was in fact  due to blood pressure  level  in a study of 
unmedicated  mild hypertensive subjects ranging from 18 to 78 yr of age (25). 

Taken together, the weight of evidence strongly suggested that hypertension pro- 
duces  impairment in the  domains of attention, memory, and executive  function 
(abstraction, set shifting) but to a much lesser extent in those of visuospatial skills, 
psychomotor speed, and verbal skills. Accordingly, we decided to assess the effects on 
cognition, with particular regard to attention, memory, and executive function, in our 
primate model of hypertensive CVD. 

3.1. Hypertension and Age 
Because the prevalence and incidence of  hypertension increases with age,  many stud- 

ies have focussed on the contribution of hypertension to age-related cognitive change 
(2628). However, the effects of hypertension on cognition may  not be uniform across 
the age range. In fact, and perhaps somewhat surprisingly, the effects of high blood 
pressure on cognition may be greater in younger than in older subjects (291, and this 
effect appears to be independent of demographic, psychosocial, and education-related 
factors (30). Hypertension was found to be negatively associated with WAIS verbal 
scores in younger (21-39 yr) but not older (45-65 yr) subjects while its effect on 
performance scores was greater for younger than older subjects (31). Similarly, hyper- 
tension in middle-aged adults was associated with a disproportionate decline in perfor- 
mance on tests of psychomotor speed and an increase in error rate on a test of visual 
selective attention (25). Certainly, additional work is needed to further understand the 
way in which these two variables interact. 

4. COGNITION AND CVD 
There is little disagreement among workers in the field that CVD can produce sig- 

nificant cognitive impairment, and  if widespread, a dementia state. However, the pre- 
cise nature and type of dementia states with cerebrovascular etiology are not clear. For 
example, the terms multiinfarct dementia, Binswanger leukoencephalopathy, small 
vessel disease, lacunar state, or cerebrovascular dementia have all been  used to describe 
a cognitive decline associated with CVD.  In addition, with the advent of more sensitive 
magnetic resonance imaging (MRI) technology, white matter abnormalities have been 
more readily detected and have given rise to a condition that is also associated with 
cognitive impairment. This condition, without known pathogenesis, has been coined 
by Hachinski et al. (32) as leukoaraiosis. Several investigators have identified a rela- 
tionship between changes in white matter detected on MRI and decrement in cognitive 
performance (13,331. For example, the study by Schmidt revealed that performance on 
a battery of cognitive tests, including memory and executive function, was signifi- 
cantly worse in a group of hypertensive elderly subjects with lesions of the white mat- 
ter on MRI as compared with a matched group of patients with normal white matter or 
small focal lesions. 

Indeed, the determination of the prevalence of cerebrovascular dementia has been a 
difficult challenge to investigators in the field. One of the earliest studies to assess the 
prevalence of hypertensive CVD was Akesson (34), who, using hospital and nursing 
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home records, found a prevalence of 0.21%. Later studies using community samples 
have yielded figures ranging from 1.86% (35) to 2.7% (36). In the same study,  age- 
specific rates revealed a range of  1.9% in the 65-74 yr range, to 4.3% in the 75-84-yr 
range. Incidence findings suggest that cerebrovascular dementia accounts for more than 
20%  of all dementia and likely contributes to another 15-20%  of cases. 

With regard to our primate model, we have found that the animals in our 39-mo 
studies evidence more severe and  widespread cognitive impairment than those in the 
12-mo studies. By virtue of the extent and range of impairment seen in the monkeys 
with 39 mo of hypertension, that is, an impairment in more than one cognitive domain 
that includes memory function, one might consider this as, at least by clinical defini- 
tion, an early dementia state. 

5. PRODUCTION OF HYPERTENSION 
The basis of this model is the production of hypertension in the monkey  which is 

achieved by surgical coarctation the thoracic aorta (37,38). Prior to surgery, monkeys 
are trained to perform in a Wisconsin General Test Apparatus on two behavioral tasks. 
They are then assigned to one of the experimental groups or the control group in a 
predetermined fashion based  on entry into the study (we have found no significant 
difference [ p  > 0.51 between the groups in preoperative performance). All monkeys are 
housed in the AAALAC approved Laboratory  of  Animal Science Center at Boston 
University Medical Center and are maintained on Purina monkey  chow for 6 mo before 
entry into the study. At surgery, animals are initially sedated with Ketalar (ketamine 
hydrochloride) and  blood pressure is measured using an Arteriosonde and  an ECG is 
recorded. The animals are anesthetized using sodium pentobarbital and are then intu- 
bated orotracheally and connected to a respirator. The monkey is placed in a lateral 
position with its left side up. A left anterolateral thoractomy is done along the fifth 
intercostal  space.  The  lung is retracted  medially  exposing  the  thoracic  aorta  at 
the posterior mediastinum. A segment of the thoracic aorta just below the level of the 
hilum of the left lung is mobilized and dissected without injuring the mediastinal and 
intercostal branches. The external diameter of the same segment is measured with a 
caliper. A 1 cm segment is then narrowed to luminal diameter of  2.0-2.5  mm using 
surgical callipers and a Casteneda partial occlusion vascular clamp (Pilling Instruments, 
Fort Washington, PA,  USA  (Fig. 1). A supporting band of umbilical tape is then  drawn 
around the coarcted segment and sutured without further constriction of the vessel. The 
coarctation of the aorta results in a decrease in luminal area of about 75430% (Fig.  2), 
as indicated by  autopsy findings. During the immediate 3-wk postoperative period, the 
monkeys are given angiotensin I converting enzyme inhibitors, diuretics, and digoxin 
to prevent heart failure. During the baseline period, and at 2-3 mo intervals throughout 
the experimental period, measurements are made of  body weight and blood pressure. 

The blood pressure in the brachial artery is monitored indirectly by the ultrasonic 
cuff  method weekly in the postoperative period  and  then at intervals of 2 mo with the 
use of the Arteriosonde (39). Direct measurements of the intraarterial pressure in the 
brachial and femoral arteries also are performed on the day  of the surgical coarctation 
and  at 3, 6, and 12 mo after the surgery. After exposing and cannulating the brachial 
and femoral arteries, the arterial pressure in these arteries is simultaneously mea- 
sured with strain gauge transducers attached to a Beckman dynograph recorder. Direct 
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Fig. 1. Illustration  depicting  the  partial  clamping of the  thoracic  aorta  during  the  coarctation 
surgery. 

measurements of brachial arterial pressure tended  to be higher than the indirect mea- 
surements (40) (Fig. 3). 

6. BLOOD PRESSURE FINDINGS 
Blood pressure data for 25 hypertensive monkeys who have completed our series of 

studies in either the 12-mo or 39-mo protocols, using direct intraarterial measurement, 
revealed an average systolic blood pressure of 185 _+ 5.8 mm Hg and an average dias- 
tolic blood pressure of 113 k 3.0 mm Hg. This compares with average systolic and 
diastolic blood pressures for  20 operated control monkeys  of 124 & 2.7 mm Hg and  an 
average diastolic blood pressure of 8 1 k 1.6 mm Hg, respectively. 

7. BEHAVIORAL ASSESSMENT 
Monkeys were trained both preoperatively and then postoperatively at 6 mo, 12 mo, 

24  mo,  and 39 mo. This approach allowed both postoperative retention of preopera- 
tively learned tasks and postoperative acquisition of new  tasks. Data are presented in 
this chapter on the 6-mo performance on attentional and  memory  tasks, on 12-mo per- 
formance on the memory tasks, and on 39-mo performance on the executive system 
function tasks. The details of these behavioral studies have recently been submitted for 
publication (41,42). 

7.1. Studies  on  Attention 
Only  a few studies have assessed the effects of hypertension on attentional skills. In 

each case the digit span subtest of the WAIS-R was  used as an index of attention. 
Among these four studies, one showed a strong trend  toward significance (13) and 
three showed  a significant impairment (11,15,30) in groups of hypertensive subjects. 
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Fig. 2. Arteriogram showing the  coarctation of the  thoracic  aorta  (arrow)  in  the  monkey. 

Taken together, the weight of evidence from studies in humans suggests that attentional 
function, at least measured  by digit span, may be impaired as a consequence of hyper- 
tension. But the domain of attention encompasses at least several interrelated abilities 
such as orienting, alerting, selection, and vigilance (43-45), and the effect of hyperten- 
sion on these elements of attention has not  been systematically assessed in human or 
animal studies. 

As part of our program, the effects of hypertension on attention was studied in 25 
young adult rhesus monkeys after 6 mo of hypertension. Their performance was  com- 
pared to that of 11 operated controls that underwent every stage of the surgical proce- 
dures up to but not including the actual narrowing of the aorta. Testing took place in a 
computer-controlled darkened testing chamber that contained a reward dispensing cup, 
a set of speakers, and a 19-in. color computer monitor covered with a resistive touch 
screen. 

The monkeys  were  acclimated  to  the  testing  chamber  and  then  completed a 
“pretraining”  task that consisted of 50 consecutive responses to a stimulus that appeared 
in  any one of 12 spatial locations on the screen in one session. Each response was 
rewarded. Formal testing began the day after the monkey  had completed pre-training. 
7.1.1. Simple Attention 

For the test of simple attention, the monkeys were required to touch the same target 
stimulus on the touch screen that they  had  seen during the pretraining phase. Mixed 
intertrial intervals of 5 ,  10, 20,40, and 60 s were used  in a pseudo-random fashion to 
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Fig. 3. The Intraarterial, Doppler and Dinamap methods of measuring systolic blood pres- 
sure all produce values that are highly significantly correlated with one another. However, the 
value that each technique identifies as the pressure differs significantly from one another (i.e., 
Intra-arterial  vs Doppler, p < 0.0001, Intra-arterial  vs Dinarnap, p < 0.0001, Doppler vs 
Dinamap, p < 0.0001). On average, the Intra-arterial produces the highest pressure, while the 
Doppler produces a value that is 6.35 mm Hg below the Intra-arterial pressure. Similarly, the 
Dinamap produces a value that is 25.03 mm Hg below the Intra-arterial pressure. For the Dop- 
pler, this difference remains relatively constant. However, as can be seen on the graph, the 
difference between intra-arterial and the Dinamap pressures is not constant for  as the pressure 
rises, the difference between the methods increases. 

prohibit the monkey from anticipating the appearance of the stimulus. As during the 
pretraining phase the target stimulus appears pseudo-randomly in one of 12 spatial 
locations on the screen. When  the stimulus was touched, the latency to touch was 
recorded, the touch screen became black, food reward was delivered, and the next 
intertrial interval began. If the monkey did not touch the stimulus on the screen within 
60 s, a nonresponse was recorded, no reward  was delivered, the touch screen became 
black, and the next intertrial interval began. Testing continued in this fashion for 
50 trials per day for 2 consecutive days. 

With  this  initial  measure  of  performance,  we  found  significant  correlations ( p  < 0.01) 
with systolic and mean blood pressure and the latency to respond measure at  the 10-s 
intertrial interval. Initial inspection of the data suggested an analysis based on the strati- 
fication of blood pressure. Indeed, when we grouped the hypertensive animals into 
borderline (135-150 mm Hg)  and significantly hypertensive groups (above 150 rmn 
Hg),  we found that the monkeys in the hypertensive group were significantly impaired 
when compared to the monkeys in  the normotensive group and marginally more 
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impaired when compared to the borderline hypertensive group ( p = 0.07). No signifi- 
cant difference was found between the performance of the monkeys in the normoten- 
sive group and the borderline group. 
7.1.2. Cued Attent ion 

Testing of cued attention was conducted in a fashion similar to that for simple atten- 
tion  with two exceptions. First, only 10- and 20-s intertrial intervals were used. Sec- 
ond, 2 s before the appearance of the target stimulus, a bright yellow cue, the same size 
as the target stimulus, appeared on the touch screen for 1 s before disappearing. The 
screen was then blank for 1 s before the appearance of the target stimulus. The cue was 
either valid (appearing in the same spatial location as the target stimulus) or invalid 
(appearing in a different spatial location than the target stimulus). The cues appeared 
on every trial in an intermixed fashion for an overall total of 75 positive cues and 
25 negative cues (44 positive and 6 negative during the first day and 31 positive and 
19 negative during the second day). Testing took place on the cued phase for 50 trials 
per day for 2 consecutive days. 

On the assessment of this component of attention, as with simple attention, we found 
a significant correlation between the systolic, diastolic, and mean blood pressure mea- 
sures and the latency to respond measures ( p < 0.01) for the 10-s intertrial interval with 
a valid cue and for both types of cue at the 20-s intertrial interval. Group comparisons 
revealed that the monkeys in the hypertensive group ( p  < 0.04) were significantly 
impaired when compared to the monkeys in the borderline and normotensive groups. 
No significant difference ( p > 0.89)  was found between the performance of the border- 
line and normotensive groups. 
7.1.3. Vigilance 

A measure of vigilance was extracted from the data collected during the simple and 
cued phases of  testing. The score for the vigilance test was the number of trials in 
which the monkey failed to respond to the target stimulus within 60 s of its appearance 
across the 4 d of testing (200 trials) simple and cued attention. The latency to respond 
measures from these trials was  removed from the data set to avoid bias for between- 
subjects comparisons. 

The results of this analysis showed no significant correlation between the number  of 
nonresponses and  blood pressure. Nor did it reveal any significant difference along this 
variable among the groups, a finding suggesting in part that motivation did not play a 
role in the attention findings. 

Thus, on our studies of attention, monkeys with hypertension were impaired on a 
task that required orienting to, and then responding by touching, a randomly  presented 
visual stimulus. Unlike normotensive animals, hypertensive monkeys did not benefit 
from the presentation of a cue that preceded the target stimulus. The  effect did not 
appear related to motivational state as there was no difference in the number of  missed 
trials. Rather, the findings suggest a reduction in the speed of processing in the stirnu- 
lus-response chain. 

7.2. Studies on Memo y 
As mentioned in the Introduction to this chapter, the weight of evidence suggests 

strongly that in humans, memory function appears quite vulnerable to the effects of 
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hypertension. We assessed the effect of hypertension using two tasks of memory func- 
tion (42), the delayed nonmatching to sample task  (DNMS) and the delayed recogni- 
tion span task (DRST), the latter of which has been used extensively with human 
subjects (46). 

The same 36 animals that were used for the attention tasks described above partici- 
pated in the memory studies we administered preoperatively, and at 6 and 12 mo post- 
operatively. Preoperatively, all monkeys were trained initially in a Wisconsin General 
Testing Apparatus  (WGTA). They were then administered the basic condition of the 
Delayed  non-matching-to-sample  (DNMS) described below. 

7.2.1. DNMS 
The DNMS task assesses the subject’s ability to identify a novel from a familiar 

stimulus over varying delay intervals. Various forms of this task have been used to 
assess memory function in monkeys following either transection of the fornix (4749),  
or limited removal  of selected temporal lobe structures (e.g.,  hippocampus or amygdala 
[48-511). In addition, this task  has  been  used to evaluate and quantify some aspects of 
recognition memory in patients with  Alzheimer’s disease and age-matched controls 
(52). Preoperatively, animals were administered the basic task. 

For the basic task, the trial begins with a sample object presented over the central 
baited food well. The animal was  permitted to displace the object and obtain the reward. 
Ten seconds later the recognition trial was  begun  with the sample object presented over 
an unbaited lateral well and a new, unfamiliar object presented over a baited lateral 
well. To now obtain the reward, the animal must recognize the original sample object 
and choose the unfamiliar,  novel object. Twenty seconds later, a different sample object 
was presented over the baited central well followed 10 s later by another recognition 
trial. The position of the two objects varied, on successive recognition trials, from left 
to right lateral wells in a predetermined order and a noncorrection procedure was  used. 
Thirty trials a day  were given until the animals reach a learning criterion of 90 correct 
responses in 90 consecutive trials or to a maximum of 1000 trials. Objects were drawn 
from a pool of 1500 “junk” objects, and in each daily session, 60 of the objects were 
used. The 1500 objects were randomly recombined to produce new sets of pairs so that 
the pairings presented were new and unique on each trial. 

Following administration of the basic task, the 10-s delay between the presentation 
of the sample object and the recognition trial was increased, in stages, first to 2 min  and 
then  to  10  min.  Ten  trials a day  were  given  with  the  monkey  remaining  in  the  testing  appa- 
ratus  during  the  delay  interval. A total  of 50 trials  were  given  with  each of the two delays. 

Six months postoperatively, all monkeys were readministered the DNMS basic task. 
Following this, they  were trained in  an automated test apparatus described on p. 417 
and were administered the delayed recognition span test. 

The delayed recognition span task is a short-term memory test that was designed to 
investigate recognition memory in monkeys following bilateral removal of the hippoc- 
ampus (53). It requires the subject to identify, trial-by-trial, a new stimulus among  an 
increasing array of serially presented, familiar stimuli. The task is administered using 
two different classes of stimulus material, spatial location or pattern shape. In this  way 
we will be able to characterize any recognition memory deficits that may occur as a 
general impairment or one that is material specific. 
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Testing on the delayed recognition span test took place in a computer-controlled 
testing chamber with a darkened interior. The chamber contained a reward dispensing 
cup, a set of speakers, and a 19-in. color computer monitor covered with a resistive 
touch screen. White noise was played in the background to mask extraneous sounds. 
Between test trials, the computer monitor blackened and the touch screen was deacti- 
vated. Monkeys were tested 5 d per week and M&Ms@ or Skittles@ candies were used 
as rewards. 

The monkeys were acclimated to the testing chamber and completed a “pretraining” 
task consisting of touching a stimulus that appeared for 50 trials per day in a pseudo- 
random fashion in 12 different spatial locations on the screen for food reward. 

For  the  spatial  condition of the  delayed  recognition  span  task,  the  computer 
touch screen was  programmed to display 12 nonoverlapping positions, arranged in a 
3 x 4 matrix.  Yellow circles were used as stimuli with the background color of the 
screen being black.  On the first trial of the first chain of trials, a circle appeared in one 
of the 12 positions that was rewarded. The animal was allowed to touch the circle and 
obtain the reward. The screen was blanked and reactivated 10 s later with a second 
positively rewarded circle (identical to the first) on the screen with the first circle reap- 
pearing in its original location. The animal  was required to touch the new circle to 
obtain the reward. Similarly, each successive correct response was followed by the 
addition of a new circle until the animal made  an error (i.e., chooses one of the previ- 
ously chosen circles). Ten such chains of trials were presented each day, 5 d per week 
for a total of 5 d (50 trials). The exact position of the circles in each chain was deter- 
mined randomly and was unique within  and across sessions. 

The pattern form of the delayed recognition span task  was administered in much the 
same way as the spatial form. However, for this condition of the task, on each trial the 
spatial location of the previously correct stimulus was changed in a predetermined 
random fashion so that the animal was able to identify the new stimulus based only on 
visual, rather than spatial, cues. The stimuli for the pattern condition were drawn from 
a pool  of 600 “clip-art” images. The images were drawn from the pool  in a predeter- 
mined fashion to ensure unique combinations on each trial. 

The first findings on  memory assessment revealed no significant difference among 
the groups on the DNMS measures at 6 mo postoperatively. Monkeys with moderate/ 
severe or borderline hypertension relearned the DNMS task as efficiently as operated 
controls. In contrast, however, on both the spatial and pattern conditions of the DRST, 
the performance of the  moderatehevere hypertensive monkeys was significantly 
impaired with respect to the performance of the control monkeys, suggesting that, in 
addition to attentional function, hypertension diminishes the memory “load” capacity 
by 6 mo. 

At 12 mo postoperatively, the findings revealed that the monkeys in the moderate/ 
severe group, unlike those in the borderline group or the operated controls, evidenced a 
significant decline in memory function. The moderatekevere monkeys now showed 
impaired performance on the 2-min delay condition of the DNMS.  In addition, they 
continued to show impairment on the spatial and pattern conditions of the DRST rela- 
tive to the borderline and operated control groups. Unlike either of these groups, they 
also showed a marked decline relative to themselves at 6 mo,  on the spatial condition 
of the DRST. 
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We generated a global measure of  memory function from the performance of the 
monkeys at 6 and 12 mo to have a single measure of cognitive impairment that could 
be related to the blood pressure measures.’ This measure was  based on performance of 
the delayed recognition span test and the delay conditions of the DNMS tests and is 
referred to as the cognitive impairment index. To combine the scores from the two tests 
we used the mean  and standard deviation from the population of control animals to 
standardize the scores by converting them to z-scores.  We  then averaged z-scores from 
the two tests to generate a measure of cognitive impairment. As can be seen in Fig. 4, 
this measure  correlates  significantly  with  both the systolic  and  diastolic  blood  pressures. 

7.3. Studies on Executive  Function 
Although  much is known about how  memory is affected by various disease pro- 

cesses, little is know about the changes in executive system functions. Executive sys- 
tem functions encompass many cognitive skills necessary  to perform high levels of 
cognitive abilities and includes skills such as cognitive flexibility, cognitive tracking, 
divided attention, ability to establish and maintain set, monitoring and modification of 
response pattern, and abstraction. A  variety  of tests of executive system have been 
developed and in studies of humans with hypertension, performance on these tests has 
generally been found to be impaired (11,54). 

One well established human test of executive system function is the Wisconsin Card 
Sorting Task (55,56). It was developed to assess cognitive flexibility, cognitive track- 
ing, the ability to identify abstract categories and to  maintain and shift cognitive set 
according to changing contingencies (57-59). The task requires the patient to sort a 
series of  cards  based  on three stimulus  dimensions+olor,  form,  and  number-utilizing 
feedback information from the administrator. The WCST  has  been  used to assess defi- 
cits that are associated with a  variety  of disease processes and injuries. Studies with the 
WCST have demonstrated impaired performance by individuals due to frontal lobe 
dysfunction marked  by characteristic disturbances including perseverative responses, 
an inability to shift set once established, and  an inability to utilize information from the 
environment to modify response (60,61). Milner (61) reported the ability to shift from 
one mode of solution to another on the WCST is more impaired by frontal than  poste- 
rior cerebral lesions. 

As part of an ongoing study of CVD in the rhesus monkey,  we utilized the principles 
of the WCST to develop a test of executive system functions for use with  nonhuman 
primates.  Our test, the Conceptual Set Shifting Task (CSST), requires the monkey to 
establish a cognitive set based on  a reward contingency, maintain that set for a period 
of time, and  then shift the set as the reward contingency changes. In this study, the 
CSST was  used to assess executive system functioning and frontal lobe integrity of 
monkeys with sustained hypertension to further our understanding of the relationship 
between hypertension and cognition. 

For this study we used  a subset of 10 of the monkeys used in the previous tasks on 
attention and  memory  which consisted of five hypertensive animals and five control 
animals. All monkeys were tested in the same automated General Testing Apparatus in 
which  they  had performed the attention and delayed recognition span tasks, for 80 
trials a day, 5 d per week. During testing a non-correctional approach was  used  and 
M&M’s  and Skittles were given as rewards. 
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Fig. 4. Cognitive  impairment  index  generated  from  the  performance  scores  on  the  delayed 
nonmatching  to  sample  and  delayed  recognition  span  test  at  the 6 and 12 mo  testing  intervals. 
The  level of impairment  on  this  index  was  significantly  and  linearly  related to the level of both 
systolic and disastolic  blood pressure  in  the  monkeys  in  this  study. 

The monkeys were required to complete a pretraining task that required them  to 
touch a stimulus on the computer screen 20 consecutive trials per day. The day after the 
monkeys completed this pretraining task,  they began a simple three-choice discrimina- 
tion task. The task presented the monkey  with a pink square, orange cross, and a brown 
12-point star. The three appeared in pseudo-random order in nine different spatial loca- 
tions on the screen. The pink square was the positive stimuli for all trials and the mon- 
key  was rewarded with a food treat when  he chose this stimuli. To make criterion, the 
monkey  had to choose the pink square for ten consecutive trials. 

The testing day after completing the discrimination task, the monkey began the 
CSST.  On each trial of the CSST three stimuli appeared in a pseudo-random pattern on 
the computer screen (Fig. 5).  The stimuli differed in color (red, green, or blue) and 
shape (triangle, star, and circle). All possible combinations of stimuli appeared on the 
screen over a 4-d cycle and if more than  4-d were needed to reach criterion the 4-d 
cycle was repeated until criterion was  reached. 

Testing consisted of  an acquisition category (red) and  then three concept shift cat- 
egories (triangle, blue, and star). During acquisition the monkey  was required to choose 
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Red 

Triangle 

15 sec inter-trial  interval 

Fig. 5. On each trial of the CSST the monkey is presented with three stimuli that vary in 
shape and color. During the first concept condition, the monkey must choose the red stimulus 
regardless of its shape as illustrated in the top three screens of this figure. Once the monkey 
chooses the correct stimulus on 10 consecutive trials, the computer switches the rewarded 
stimuli on the same testing day, without alerting the monkey. In the second concept condition 
the monkey must choose the triangle shaped stimulus, regardless of the color as illustrated in 
the bottom three screens of this figure. Again, when the monkey chooses the correct stimuli for 
10 consecutive trials, the computer switches the rewarded stimuli on the same testing day, 
without alerting the monkey. Testing continues in this fashion for the blue and star concept 
conditions. 

the red stimulus regardless of its shape to obtain a food reward. Once the monkey chose 
this stimulus on  ten consecutive trials the program switched the rewarded contingency 
during the same testing session, without alerting the monkey. Now, the monkey  had to 
choose the stimulus shaped like a triangle regardless of its color to obtain a food reward. 
Again, when the monkey  reached a criterion of 10 consecutive responses, the computer 
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switched the rewarded contingency within the same testing session, without alerting 
the monkey. The blue stimulus then  had to be chosen, regardless of its shape, in order 
to obtain a food reward. Finally, the last category, star, was rewarded, when criterion 
was reached on the blue category. 

The principal findings of this study include: (1) no significant difference between 
the hypertensive and normotensive monkeys on the simple three choice discrimination 
task; (2) hypertensive monkeys were impaired at abstracting the initial concept of color 
on the CSST and subsequently were impaired when shifted to the concept of shape, 
when shifted back to the concept of color and again when shifted back to the concept of 
shape; (3) hypertensive monkeys as a group demonstrated a greater tendency to 
perseverative in their response pattern when shifting categories than normotensive 
monkeys. 

The simple discrimination task required the monkey  to determine the positive stimuli 
out of an  array  of three stimuli based  on a reward contingency. Both the hypertensive 
and normotensive groups of monkeys were able to complete this task successfully. 
This suggests that the two groups of  monkeys were able to learn a stimulus reinforce- 
ment contingency at the same rate and that the impairment seen on the CSST is most 
like one of abstraction and cognitive flexibility. 

8. NEUROPATHOLOGY 
The neurobiological basis of the cognitive deficits associated with hypertension 

remain  unclear. We have  begun to explore the possible neuroanatomical bases for the 
impairment noted in attention. Yet, examinations of the brains of these animals using 
MFU even at 1 yr following surgery showed no evidence of stroke or infarct. Investiga- 
tors (62) have suggested that hypertension produces subclinical pathological changes 
in the brain prior to the appearance of acute events such as strokes. These findings are 
in line with those from the human literature demonstrating that hypertension produces 
subclinical pathological changes in the brain (28). 

To date,  we  have  identified  at  least  four types of neuropathologies  associated  with  hyper- 
tension in our primate model. The first, and most conspicuous, finding, using standard 
nissl  and  myelin  stains  was  minute  areas of infarction  in  both  gray  and  white  matter (63). 

The microinfarcts were irregularly shaped  and  of relatively uniform size with an 
average maximum diameter of slightly less than 1/2 mm. In  the  gray  matter these lesions 
were characterized by a total loss of neurons and in the white matter by  marked loss of 
myelinated fibers. The microinfarcts appeared with greater frequency in the white mat- 
ter of the forebrain, particularly  in the capsular system and the hemispheric  white  matter 
of the corona radiata and centrum semiovale. The area with the next highest density 
was in the cerebral cortex, with the remainder scattered throughout the forebrain, brain 
stem, and cerebellum. 

The relationship of the microinfarcts observed in the cases in this primate model to 
the classically described focal lesions in chronic hypertension in the human brain is 
uncertain. The lesions are smaller than lacunar infarcts, which according to Fisher (64) 
measure 0.5-15 mm  in diameter. They also differ from lacunar infarction in that they 
are not associated with obvious segmental degenerative changes in penetrating arteries 
or vascular occlusions, conspicuous changes in the brains with lacunar infarction 
(64,65). 
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In contrast, the size of the microinfarcts is similar to that reported in hypertensive 
encephalopathy. However, the appearance of the  lesions,  the associated vascular 
changes, and the distribution pattern of the lesions is different. In  human hypertensive 
encephalopathy, Chester et al. (66) reported that arteries in the brain and retina show 
segmental fibrinoid necrosis with thrombosis of arterioles and capillaries. In these 
brains, the vascular changes are associated  with petechial hemorrhages  and  microscopic 
or miliary infarction. 

The distribution pattern and morphology of the microinfarcts in the hypertensive 
monkeys also differs from that found in rat models of acute, severe hypertension and in 
rat  models  of severe established hypertension. In these models the lesions occur pre- 
dominately in the cerebral cortex in the location of the arterial borderzones and to a 
lesser extent in the thalamus (6749). The characteristic lesions are microinfarcts with 
rarefaction of the neuropil and preserved neurons, cyst formation, and occasional hem- 
orrhage (67,70,71). Ogata et al. (70) felt that these lesions were due to brain edema 
and, in a serial section study of five stroke-prone, spontaneously hypertensive rats, 
Ogata et al. (71) noted that they were related to single or multiple arterial occlusions. 
These arteries, like those noted in man  by Chester et al. (66), showed fibrinoid degen- 
eration. Thus, not  only is the distribution of the infarcts different than that found in 
humans  and  in  animal models of severe hypertension, there are differences in the details 
of the pathology and associated vascular changes. 

The microinfarcts observed in the hypertensive monkeys also do not appear to be 
related to leukoaraiosis. This term, originally coined by Hachinski (32), denotes a 
hypodensity in the white matter beneath the lateral ventricles in  CT scans or intense 
white matter signal in this location with  MRI. In a postmortem MRI study, van Swieten 
et al. (33) noted this change in a moderate to severe degree in 10% of the brains from 
individuals between 60 and 69 yr of age and in 50% of brains from individual between 
80 and 89 yr of  age. The MRI appearance of periventricular change correlated well 
with histological evidence of loss of myelinated fibers, gliosis, and abnormally thick 
arterioles measuring up to 150 pm in diameter. In some cases there were small white 
matter infarcts. The monkeys lack both the periventricular loss of  myelin  and the vas- 
cular changes noted  by  van Swieten et al. (33). 

A further consideration is the relationship of these lesions to Binswanger’s subcorti- 
cal leukoencephalopathy, a disease originally described by Binswanger in 1894 (84) 
and later called Binswanger’s disease by Alzheimer (72). It has received extensive 
attention in the literature, with several excellent reviews (73-76). The hallmark of 
Binswanger’s disease is a dementia that occurs in association with the loss of subcorti- 
cal myelin that is greater in the subventricular zone, sparing of the subcortical myeli- 
nated “U” fibers, and severe disease of the medullary arteries that supply the affected 
region. The vast majority of individuals, but not all, have systemic hypertensive 
(74,7577). Fisher (76), in his review, describes scattered foci of white matter destruc- 
tion “. . . from typical lacunar infarcts 3-6  mm in diameter at one end of the spectrum, 
down to merely spongy looseness of the tissue without frank necrosis.’’  In two cases 
personally observed by Fisher (76), serial sections failed to reveal evidence of vascular 
occlusions. Lacunar infarction occurs in 87% of the cases (76), indicating a close rela- 
tionship of this change to Binswanger’s disease. This relationship prompted  Roman 
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(75) to propose the term lacunar dementia to encompass both. The lesions in the hyper- 
tensive monkeys are smaller than those noted in  Binswanger’s encephalopathy and 
there is no evidence of diffuse white matter loss, subventricular accentuation of the 
lesions, or severe disease of penetrating arteries. Further, unlike in Binswanger’s dis- 
ease, the lesions are scattered throughout both white and gray matter rather. 

The microinfarcts observed in these hypertensive monkeys resemble those reported 
by Garcia et al. (78). These authors studied five hypertensive monkeys  with coarctations 
of the aorta of 2 mo to 2 yr duration. They noted grossly visible “spongy” lesions and 
selected these for detailed electron microscopic study. These measured 0.5 mm in 
diameter, were present in all five monkeys in a random pattern, and were most  abun- 
dant at 2 yr after the coarctation. In these areas, the capillaries were dilated with flat- 
tened endothelium, interrupted endothelial linings, increased thickness and deformity 
of the basement membrane,  and deposition of collagen and osmophilic material. 

In summary, we have found that the occurrence of multiple microinfarcts in the 
brains of hypertensive monkeys that occur in both the white and gray matter. Their 
relatively uniform size suggests that they are due to ischemia in the territory of a par- 
ticular caliber of blood vessel. They occurred in relationship to hypertrophic arteries 
that show no evidence of more advanced hypertensive cerebrovascular disease such as 
occlusion or segmental pathology, suggesting that they may be an early change in  natu- 
ral history of hypertensive neuropathology. In consort with behavioral testing that 
shows evidence of a progressive decline in cognitive function (79,80), the microinfarcts 
appear to be developing up to the time the animal is killed. 

Operated control animals had either brief clamping of the aorta or were operated on 
up to the point of clamping the aorta. None of these animal showed focal lesions in the 
Nissl-stained sections, suggesting that the lesions seen in the hypertensive monkeys 
can not be directly attributed to the surgical procedures. 

9. CONCLUSION 
To date, this primate model of hypertensive cerebrovascular disease has yielded 

several important observations. First, the monkey appears as a suitable model to assess 
hypertensive related cognitive impairment  and its relationship to alterations in the brain. 
We have been able to demonstrate the feasibility of inducing and maintaining moderate 
levels of chronic hypertension in monkeys with  very  low mortality and little to no 
health complications. Second, we have demonstrated impairments in domains of cog- 
nitive function as a consequence of hypertension that parallel those seen in humans 
and, in several instances using nearly identical behavioral tasks. Third, although not 
reported here, the model has permitted the application of a full range of MRI and PET 
imaging studies. Finally, the use of different perfusion protocols has allowed the dem- 
onstration of previously undescribed neuropathologies that can now be quantified and 
evaluation with respect to variables such as severity of blood pressure and degree of 
cognitive impairment. 

As with any suitable animal model, once firmly established, within certain limita- 
tions, other neurobiologic variables can then be explored. With the establishment of 
this model, other goals can be pursued including determining the effects of hyperten- 
sion on specific sensory systems, the use of computerized telemetry to monitor diurnal 
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rhythms and spiking of  blood pressure, to assess the effect of acute fluctuations in 
blood pressure on the integrity of the blood-brain barrier in hypertension, and to track 
the course of changes on MlU in hypertensive monkeys. 

The use  of animal models has provided important information toward the under- 
standing of hypertension and its relationship to CVD, but at the same time, has been 
criticized for lack of relevance to the human clinical condition. For example, it has 
been  noted  by several authors (81-83) that studies in animal models have not yet trans- 
lated into effective drug treatment for humans. This is related, in part,  to the difficulty 
in assessing the clinical and cognitive function of the animal.  With this in mind,  we 
have worked very hard to identify and optimize conceptual and operational similarities 
between our animal model and the human condition. 

Thus, by the careful selection of species and relevant cognitive, as well as physi- 
ological outcome measures, we believe animal models can continue to provide us with 
critical information about the neurobiological basis of hypertensive related CVD as 
well as other human disease states. 
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Nicotinic  Therapeutics  for  Tourette  Syndrome 

and  Other  Neuropsychiatric  Disorders 
From Laboratory to Clinic 

R. Doug Shytle,  Archie A. Silver, 
Mary B. Newman,  and  Paul R. Sanberg 

1. NICOTINIC THERAPEUTICS 
Despite the evidence dissociating the harmful effects of cigarette smoking from the 

pharmacological effects of nicotine ( I ) ,  the potential therapeutic properties of nicotine 
have often been ignored (2). On the other hand, a large body  of empirical evidence 
from both animal and human studies suggests that research aimed at understanding 
nicotine pharmacology may be an important area for future drug development (2-5). 
Nicotine modulates a family of ligand-gated ion channels know as acetylcholinergic 
nicotinic receptors (nAChRs). Those that bind to nicotine with high affinity and com- 
prise 90% of nAChRs in the brain have been characterized as a4p2 nAChRs, while 
those  with  lower  affinity  to  nicotine  but  higher  affinity  to  the  snake  toxin, 
a-bungarotoxin, have been characterized as a7 nAChRs (3). Several pharmaceutical 
companies are currently developing compounds that have more selective actions at 
various central nicotinic receptors with better safety profiles than nicotine. Some of 
these are discussed later in the chapter, but first we will discuss an area of research that 
may well have been the first systematic attempt to bring nicotine therapeutics from the 
animal laboratory to the clinic. 

The story of the therapeutic use of nicotine in the treatment of Tourette syndrome 
has its roots in the animal laboratory. Using neuroleptic-induced catalepsy as an animal 
model  of therapeutic efficacy, it was determined that nicotine potentiated the cataleptic 
effects of neuroleptics. Human clinical studies were subsequently initiated and con- 
firmed that the combination of nicotine and neuroleptics, such as haloperidol, provided 
better treatment than neuroleptics given alone. 

2. TOURETTE SYNDROME 
Tourette syndrome (TS) is a childhood onset neuropsychiatric disorder character- 

ized largely by the expression of sudden, rapid and brief, recurrent, usually non- 
rhythmic, stereotyped motor movements (motor tics) or sounds (vocal tics) that are 
experienced as irresistible but can be suppressed for varying lengths of time (6,7). The 
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symptoms usually begin in childhood and range from relatively mild to very severe 
over the course of a patient’s lifetime (8). Behavioral and emotional problems are also 
often present in these patients (9). TS is frequently treated with the neuroleptic halo- 
peridol, which is effective in about 70% of cases (10). Although neuroleptics are effec- 
tive in controlling the motor and vocal tics of TS, they have side effects that often lead 
to poor compliance. A therapy that could  magnify the therapeutic effects of neuroleptics 
while at the same time reduce the incidence of neuroleptic-induced side effects would 
be a great advance in the treatment of  TS. 

2.1. Neuroleptic-Induced  Catalepsy  as  an  Animal  Model 
Although a simple behavioral task, neuroleptic-induced catalepsy has  proven  to be 

an effective behavioral tool for assessing the extrapyramidal effects of neuroleptics. 
Considerable research has been conducted to determine the behavioral and neural 
mechanisms  underlying the neuroleptic cataleptic response in animals. For example, 
using selective neuronal lesion techniques with excitotoxic glutamate analogs such as 
kainic acid and quinolinic acid, Caldern et al. (11) demonstrated that the cataleptic 
response induced  by haloperidol was  mediated via the striatum, as lesions of the stria- 
tum attenuated the cataleptic effects of haloperidol. Neuropharmacologically, this 
motoric response is directly correlated with a neuroleptic’s ability to antagonize dopam- 
ine receptors in the striatum. 

Neuroleptic-induced catalepsy in animals has traditionally been  used to model the 
extrapyramidal side effects of neuroleptics. However, the same behavioral effect can 
be viewed as a therapeutic model  when  used to test potential drugs for treating hyper- 
kinetic movement disorders, such as TS. 

Although the pathogenesis of TS is still not  known, excessive striatal dopamine has 
been proposed (12,13). This hypothesis is based largely on the therapeutic effective- 
ness of neuroleptics that block D2 dopamine receptors (10) and recent SPECT image 
findings showing differences in D2 dopamine receptor binding in  the striatum of 
monozygotic twins who were discordant for TS (14). Thus, it has  been suggested that 
striatal dopamine excess or receptor hypersensitivity may  play a role in the etiology of 
this disorder. In this senerio, the striatal cholinergic interneurons and striatopallidal 
y-aminobutyric acid (GABA) output neurons are abnormally shut down owing to 
hyperinnervation of dopaminergic neurons acting via D2 receptors. As a consequence, 
the globus pallidus is disinhibited and unable to gate neuronal activity of thalamocorti- 
cal projections to motor areas of the cortex, thus resulting in the expression of motor 
tics (15). Haloperidol and other neuroleptics given to TS patients would  then act thera- 
peutically to reinstate inhibitory control over thalamocortical fibers by disinhibiting 
striatopallidal GABA output neurons. Thus, the neural circuitry underlying the cata- 
leptic response to neuroleptics is the same by  which neuropeltics are thought to help 
reduce the abnormal expression of tics in persons with TS. 

2.2. Effect of Nicotine  on  the  Cataleptic  Response  to  Haloperidol 
The use of nicotine in the treatment of TS stemmed from the finding of D. E. Moss 

and colleagues that cannabinoids strongly potentiated (up to 100-fold) neuroleptic- 
induced hypokinesis in rats (7). Because cannabinoids produce their effects on the 
extrapyramidal motor system through a nicotinic cholinergic mechanism, nicotine was 
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used in subsequent animal studies (16-18). Nicotine administered intraperitoneally, in 
a dose of 0.1 mgkg, potentiated the catalepsy, as measured  by the bar test, induced in 
the animals by resperine, fluphenazine, and haloperidol. These effects could be blocked 
by mecamylamine, a nicotinic receptor antagonist. Further animal studies with four 
experimental conditions (haloperidol and nicotine, nicotine alone, haloperidol alone, 
control) using haloperidol in a dose of 0.3 mgkg and nicotine 0.1 mgkg confirmed 
that low doses of nicotine did indeed potentiate haloperidol-induced catalepsy in rats 
(19). Nicotine alone, however, was ineffective. Further studies suggested that nicotine 
in doses of  0.1, 0.2, and 0.3 mgkg had no effect with the lowest dose of haloperidol 
(0.1 mg) but had marked effect on catalepsy induced by 0.2 and 0.4 mgkg doses of 
haloperidol (20,  21). These effects were independent of the dose of nicotine used. 

2.3.  Effect of Nicotine  on  the  Locomotor  Response to  Haloperidol 
Since lower doses of haloperidol more closely approximate the doses of haloperidol 

used clinically, a more sensitive measure than catalepsy was  needed  to evaluate the 
effects of a low dose of haloperidol in conjunction with nicotine. Therefore, separate 
studies were conducted using Digiscan Animal Activity Monitors for assessing loco- 
motion. The experiments evaluated the ability of nicotine to potentiate the locomotor 
inhibiting effects of haloperidol. Each animal was placed individually into one of eight 
open field boxes in an automated Digiscan-16 Animal Activity Monitor  System 
(Omnitech Electronics, Columbus, OH, USA) for a 1-h habituation period immedi- 
ately prior to the 6-h nocturnal testing period (20,21). Haloperidol produced a dose- 
related decrease in locomotion. Whereas the lowest dose of haloperidol (0.1 mgkg) 
decreased only total distance and the number of stereotypic movements, 0.4 mgkg of 
haloperidol significantly decreased all variables with the exception of rest time and 
average speed. Post hoc analyses demonstrated that nicotine significantly potentiated 
the hypoactivity produced  by haloperidol. Following 0.1 mgkg of haloperidol, nico- 
tine  potentiated  the  haloperidol-induced  decrease  in  total  distance,  number of 
movements, average distance per  move, all vertical activity measures, stereotypy time, 
and clockwise rotations. Following 0.4 mgkg of haloperidol, nicotine significantly 
potentiated the decreases in horizontal activity, number of movements, and vertical 
movements. 

These findings indicated that nicotine is able to potentiate the locomotor effects of a 
dose of haloperidol that was subcataleptic. Moreover, this study also revealed that nico- 
tine in conjunction with a low dose of haloperidol (0.1 mgkg) produced decreases in 
locomotion equivalent to those produced  by a high (0.4 mgkg) dose of haloperidol 
alone. This suggested that in patients with TS nicotine adjunctive therapy may  allow 
lower doses of haloperidol to be used without decreasing clinical effectiveness (21). 

2.4. Effect of Nicotine  on  Dland 0 2  Dopamine  Receptor-Mediated  Catalepsy 
Because haloperidol blocks both D l  and D2 dopamine receptors in the striatum, it 

was important to know which dopamine receptor was involved with nicotine’s potenti- 
ating effect. In another study, it was demonstrated that whereas nicotine potentiates 
haloperidol-induced catalepsy, it failed to potentiate the cataleptic response to the 
selective D l  antagonist, SCH23390 (20). Thus, the evidence supports the involvement 
of D2 but not Dl  receptor blockade in mediating the nicotinic potentiation of  neuro- 
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leptic-induced catalepsy. The fact that dopamine D2 receptors inhibit intrinsic cholin- 
ergic activity within the striatum more so than Dl  receptors suggests that the cholin- 
ergic synapse is the site of action for nicotine in producing its potentiating effect of 
neuroleptic-induced catalepsy. 

2.5. Significance of Preclinical  Findings 
Although neuroleptic-induced catalepsy does not reflect a direct animal model for 

TS, it does provide a  model for understanding the therapeutic actions of neuroleptics 
and nicotine in TS patients. This model’s validity was supported by the observation 
that dopamine D2 receptors were implicated in both TS (14) and the potentiating action 
of the  nicotineheuroleptic combination (20). The  findings  from these preclinical 
experiments suggested that nicotine may have some potential benefit in the treatment 
of  TS. 

2.6. From the  Laborato y to Clinic 
The potential usefulness of combining nicotine with neuroleptic treatment for TS 

has received support from human studies (19,22-29). The first open trial consisted of 
chewing nicotine gum three times daily in 10 TS patients concurrently treated with 
haloperidol. A decrease in tic frequency and severity was  noted as well as a subjective 
improvement in concentration and attention in 8 of the 10 subjects (19). A second 
study of 10 additional patients receiving haloperidol revealed a quantitative reduction 
in tic frequency following nicotine gum chewing. This reduction occurred both during 
the 30-min period of  gum chewing and at 1 h postadministration (25). A subsequent 
controlled trial also yielded similar results, with nicotine gum plus haloperidol reduc- 
ing both tic severity and frequency, whereas nicotine gum alone reduced only tic fre- 
quency and placebo gum alone had no effect (26). 

Because of gastrointestinal side effects of nicotine gum  and the short duration of 
action, Silver et al. (30,31) examined the  effects of transdermal nicotine patches1 
(7 mg/24 h) in 11 TS patients who were not responding to current neuroleptic treat- 
ment. Using a video camera to  record tics at baseline and at 3 h post-application, they 
noted a  47% reduction in tic frequency and  a  34% reduction in tic severity following 
transdermal nicotine patch (TNP) application. Surprisingly, in two patients, the effect 
of  a single nicotine patch  persisted for a variable length of time after patch removal. 
Similar benefits of nicotine in TS patients were subsequently reported by an indepen- 
dent group (27-29). These long-term therapeutic responses to the TNP were again 
found in another study comprising 20 TS patients who were followed for various 
lengths of time following the application of the patch (24,32). 

2.7. A New Hypothesis 
Although the therapeutic interaction between nicotine and haloperidol in TS patients 

would be consistent with facilitation of striatal ACh release underlying the nicotine 
potentiation of haloperidol-induced catalepsy by nicotine in rats, nicotine also has the 
ability to increase striatal concentrations of several other neurotransmitters, one of 
which is dopamine. This is paradoxical because the potentiation of haloperidol would 
require a relative decrease in dopamine release. Another possibility was that nicotine 
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was causing an inactivation of the nicotinic receptors involved with the presynaptic 
release of dopamine. Although a mixed agonist/antagonist effect of nicotine may 
be involved with the total therapeutic response to transdermal nicotine found in TS, the 
available  evidence  from  animal  studies suggests that a prolonged inactivation of 
nAChRs following exposure to transdermal nicotine may be responsible for  the long- 
term therapeutic response seen in some TS patients (32). Thus, the difference in the 
short duration of action of nicotine gum  and the longer action of transdermal nicotine 
may be attributed to a difference in length of  nAChR inactivation. 

2.8. From Nicotine  to  Mecamylamine 
A nicotine-induced “receptor inactivation” hypothesis would be consistent with 

reports that mecamylamine, a noncompetitive nAChR antagonist, also potentiates neu- 
roleptic-induced catalepsy (I 7) possibly by blocking nAChRs involved with the tonic 
release of striatial dopamine (33,34). Mecamylamine (3-methylaminoisocamphane 
HCl) was developed and characterized by Merck & Co. as a ganglionic blocker with 
hypotensive actions (35). Although mecamylamine was  marketed for many years as 
an antihypertensive agent (Inversine@), it has  been replaced by more effective antihy- 
pertensive medications. The doses used to control blood pressure in adults range from 
10 to 90 mg/d, but are on average 25 mg/d (package insert). 

In addition to its peripheral ganglionic blocking actions, mecamylamine crosses the 
blood-brain barrier and functions as a selective nicotinic receptor antagonist at doses 
that do not have a significant effect on parasympathetic function (36,37). As a result, 
mecamylamine blocks most  of the physiological, behavioral, and reinforcing effects of 
tobacco and nicotine (38). 

Recently, mecamylamine, given in oral doses ranging from 2.5 to 7.5  mg per day to 
several TS patients who either had not or currently were not responding to traditional 
pharmacological treatment (39), resulted in a wide range of therapeutic benefits. 
Although tic severity improved in some of the patients, a more consistent observation 
was that many  of the behavioral and emotional symptoms of TS improved even in 
those patients in whom severity of tics was  unchanged. Most patients have reported 
feeling less tense, less irritable, with fewer mood swings. Patients with rage attacks 
have also reported improvement. While placebo effects and spontaneous remission of 
symptoms are obvious possibilities for the reported improvement, many patients con- 
tinued to report improvement in symptoms while taking mecamylamine on a daily basis 
for more than 6 mo. 

3. OTHER ANIMAL MODELS IN NICOTINE THERAPEUTICS 
3.2. Cognitive  Enhancing Effects of Nicotine  and  Its  Therapeutic Sigificance 

It has long been recognized that nicotine improves performance on a variety of cog- 
nitive tasks in nicotine-naive animals (40,4I). In fact, studies investigating the thera- 
peutic  potential of nicotine  for  Alzheimer’s  disease (42) and  attention  deficit 
hyperactivity disorder (ADHD) (43,44) are consistent with cognitive enhancing effects 
in aged rats (45) and  in rats with lesions of the basal forebrain (46). 

Because nicotine improves cognitive function in animals, several pharmaceutical 
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companies have been characterizing novel drugs that have more selective effects and 
have a better safety profile than nicotine (47). For example, scientists at  Abbot Labora- 
tories were the first to study the actions of the novel nAChRs activator, ABT-418. This 
drug, which  has  high affinity to the a4p2 nAChR,  was found to improve cognitive 
function under various experimental conditions in  both rats and primates (48-50). 
Moreover, this drug was virtually devoid of the side effects produced by nicotine. 
Whereas phase I1 clinical trials with  ABT-418 in Alzheimer’s disease patients was 
discontinued owing to short-lived improvements, ABT-418  was recently found to per- 
form superior to placebo in a human clinical study designed to investigate the drug’s 
effect in cognitively impaired adults with ADHD (51). 

A very good behavioral model for understanding attentional processes is the well 
known prepulse inhibition (PPI) of a stimulus-evoked behavioral response (52). The 
use of PPI as a model for attentional processes is based on the observation that PPI is 
deficient in schizophrenics (53) and  may therefore be related to cognitive-attentional 
deficits found in this population. Interestingly, nicotine has  recently  been found to nor- 
malize PPI deficits found in schizophrenics (54) and in animal models of sensory 
gating (55). These findings, together with the fact that between 70% and 90% of all 
schizophrenic individuals smoke tobacco (561, suggest that schizophrenic individuals 
may smoke tobacco to self-medicate because of the cognitive activating effects of 
nicotine. 

Another nicotine receptor ligand, GTS-21,  which  was developed by scientists inter- 
ested in improving cognitive function in elderly patients with Alzheimer’s disease, has 
been found to have neuropharmacological actions that differ markedly from both  nico- 
tine and  most other synthetically generated nAChR ligands (57). This drug, while also 
improving water maze performance in  aged rats (40,58), acts as a partial agonist at the 
a7 nAChR  and  an antagonist at the a4p2 nAChR. These findings may have particular 
relevance to persons with schizophrenia, as significantly fewer a7 nAChRs are found 
in the hippocampus of schizophrenic individuals when compared to normals. Because 
GTS-21 produces prolonged improvements in PPI over that obtained by nicotine, the 
possibility exists that this drug may have marked therapeutic effects in schizophrenia. 
Thus, animals models of sensory gating would be a logical choice for nicotine scien- 
tists who are interested in designing potentially novel antipsychotics. 

3.2. Analgesic  Effects of Nicotine and I t s  Therapeutic  Significance 
Another animal model of potential therapeutic interest is nicotine’s ability to increase 

latencies to respond to noxious thermal stimulation in mice (59). Because this effect 
was completely blocked by mecamylamine, but not  by the opioid receptor antagonist 
naloxone, scientists at Abbot recognized the possibility that potent nonaddictive anal- 
gesics could be developed with selective actions at  nAChRs. By developing analogs of 
the highly potent nicotinic analgesic (60) epibatidine, a toxin isolated from frogs, Abbot 
scientists screened nearly 500 compounds for their ability to increase the latency to 
respond to noxious thermal  stimulation  in mice (61). One of these  compounds, 
ABT-594  was found the produce naloxone-insensitive analgesic effects at a potency 
equivalent to that of morphine (62). Phase I clinical trials with this drug in humans with 
chronic pain are currently underway. 



Nicotine  Therapeutics 437 

4. SUMMARY AND CONCLUSIONS 
In this chapter, we reviewed the evidence, consistent with findings initially observed 

in  animals,  that  administration of nicotine  (either 2 mg nicotine  gum or 7 mg 
transdermal nicotine patch) potentiates the therapeutic properties of neuroleptics in 
treating TS patients and that a single patch may be effective for a variable number of 
days. This research clearly demonstrates that a relatively simple behavioral effect of a 
drug, such as neuroleptic-induced catalepsy in animals, can be used quite successfully 
to model the therapeutic effects of the same drug in  humans. 

We also briefly reviewed  how other animal models are currently being used in the 
field of nicotine research to develop potentially useful therapeutic agents. Advances in 
the understanding of the molecular biology and neuropharmacology of nAChRs  may 
provide targets for the development of novel and selective modulators of  nAChRs in 
the brain. This contention is supported by the dissimilar behavioral effects observed 
following systemic administration of currently available nicotinic ligands. Novel ani- 
mal models such as PPI, coupled with a thorough understanding of the neuropharma- 
cology  and functional characteristics of more of the putative human  nAChR subtypes, 
will facilitate the discovery of more efficacious and less toxic nicotine-like drugs that 
may provide potential novel therapeutic agents for a variety of central nervous system 
conditions. 
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Neural  Grafting  for  Parkinson’s 

and  Huntington’s  Disease 

Ben  Roitberg,  Peter  Shin,  Jose  h  Sramek, 
and  Jeffrey Ip Kordower 

1. INTRODUCTION 
Parkinson’s disease (PD) was first described by James Parkinson in 1817 and con- 

sists of a combination of the following cardinal features: (1) bradykinesia-akinesia, (2) 
resting tremor, (3) rigidity, and (4) postural instability. The clinical syndrome results 
from degeneration of dopaminergic neurons in the substantia nigra pars compacta sec- 
ondary to marked decreases of dopamine (DA) at axon terminals in the striatum (i.e., 
caudate and  putamen). The exact pathogenesis of PD is unknown although several 
theories exist.  The discovery that  the chemical agent l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP) can cause Parkinsonism raised the possibility that PD can 
be caused by  an environmental toxin. Other theories center around the possibility that 
PD is caused by oxidative stresses from defective elimination of oxyradicals in the 
nigrostriatal system. The mainstay of treatment for PD has been pharmacological 
(levodopa, dopamine receptor agonists, monoamine oxidase B inhibitors, anticholin- 
ergics, etc.). L-Dopa, which is the immediate metabolic precursor of DA, is the most 
frequently used therapeutic agent.  Long-term use is associated with the development 
of several severe side effects including dyskinesias and fluctuations in response (the 
on-off phenomenon) which eventually limit its use. Surgical techniques have also 
been used to alleviate the symptoms of  PD. These include ablative (thalamotomy, 
pallidotomy) or disruptive (deep brain stimulation) procedures aimed at augmenting 
thalamocortical innervation as well as reconstructive approaches aimed at replacing 
the degenerative nigrostriatal pathway, such as neural transplantation. 

Another therapeutic approach is the replacement of lost neurons using neural trans- 
plantation strategies. Neural transplantation research for  the treatment of PD has 
evolved considerably over the past two decades. Preclinically, Stenevi et al. (1) were 
the pioneers in transplantation research, first grafting monoaminergic neurons to cen- 
tral nervous system (CNS) sites. In 1976, they attempted to transplant cervical gan- 
glion from newborn  and adult rats, and  ventromedial  mesencephalon, dorsolateral pons, 
and median pontine raphe region from embryonic, newborn, and adult rats into three 
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different CNS locations: the caudal diencephalon and caudate nucleus, onto the dorsal 
surface of the caudate nucleus and onto the pial covering in the choroidal fissure. The 
most consistent survival of central monoaminergic neurons occurred when embryonic 
tissue was transplanted in the choroidal fissure. These experiments established for  the 
first time that (1) the age of the donor tissue, (2) the site of transplantation, and (3) the 
technique of transplantation are all important in predicting neural transplant survival. 

To study the behavioral and histopathological results of neural transplantation for 
Parkinsonism, a good, predictable animal model was required. Fortunately, Ungerstedt 
(2) initially developed the unilateral 6-hydroxydopamine (6-OHDA) model in rats in 
1968. His efforts were based upon earlier studies that showed 6-OHDA caused degen- 
eration of sympathetic nerve terminals in the peripheral nervous system (2a). Injec- 
tions were made into several regions of the brain known to contain monoaminergic 
neurons including the caudate and putamen, the zona compacta of the substantia nigra 
(SN), and the area dorsolateral to the nucleus interpeduncularis. Fluorescence micros- 
copy revealed depletion of dopamine at dopamine nerve terminals and cell bodies. 
Furthermore, injection of  6-OHDA into the SN caused depletion not only of the DA 
cell bodies of the SN, but also of the DA terminals in the caudate nucleus and putamen. 
Ungerstedt also noted motor asymmetry  in the rats. From this initial study, Ungerstedt 
developed quantitative rotational models in rats by administering amphetamine, which 
causes presynaptic release of DA and hence rotation toward the lesioned side (3)  and 
apomorphine which acts on postsynaptic DA receptors and hence rotation away from 
the lesioned side owing to DA receptor supersensitivity (4). These models allow  a 
behavioral confirmation of unilateral striatal lesions as the number of rotations strongly 
correlates with the degree of the striatal lesion. 

Using this model, Bjorklund and Steveni (5) and Perlow et al. (6) independently 
were able to show graft  survival  and behavioral changes after transplantation of 
embryonic rat ventral mesencephalon into unilateral 6-OHDA lesioned rats. Bjork- 
lund’s (5) technique was to create a cavity in the parietal cortex and place the solid 
graft on the dorsal surface of the head  of the caudate-putamen. Histologically, 19 of 23 
transplants survived with some graft viability lasting for at least 7 mo. The number of 
DA neurons surviving varied from very few to as many as 4000. In 16 of the 19 surviv- 
ing specimens, there was  DA fiber outgrowth across the border of the transplant and 
into the neostriatum. Using Ungerstedt’s rotational model, Bjorklund and co-workers 
were able to eliminate amphetamine-induced turning in rats with large transplants and 
extensive fiber ingrowth proving that the grafts were functional as well. Perlow et al. 
(6) placed grafts consisting of embryonic ventral mesencephalon into the lateral ven- 
tricle ipsilateral to the 6-OHDA-lesioned striatum. A reduction of turning behavior in 
response to apomorphine in rats receiving ventral mesencephalic transplants was 
observed. Histochemical studies showed good DA graft survival. Ingrowth from the 
grafts was limited to the part of the caudate adjacent to the graft. In 1980, Dunnett et al. 
(7) demonstrated that the embryonic nigral transplants could improve spontaneous 
rotation and choice behavior in addition to rotation. However, there was no difference 
between transplanted rats and controls in  a battery of sensorimotor testing. As a fol- 
low-up to his original study, Bjorklund et al. (8) performed staged bilateral 6-OHDA 
lesioning in rats followed by unilateral ventral mesencephalic transplants placed on the 
dorsal surface of the right striatum. After the second lesion, rats had severe akinesia, 



Neural Grafting for PD and HD 443 

aphagia, and adipsia. Following grafting, there was recovery in certain aspects of 
motor behavior, as well as sensory attention and sensorimotor orientation on the side 
contralateral to the transplant. One possible explanation for these findings is that the 
ingrowth of DA fibers was confined to the dorsal parts of the head of the caudate- 
putamen, whereas the ventral and lateral parts remain denervated in this model (8). To 
test this hypothesis, Dunnett et al. (9) placed similar solid fetal ventral mesencephalic 
grafts in a lateral cortical cavity, thus innervating the ventral and lateral parts of the 
neostriatum, and was able to ameliorate deficits in sensorimotor attention. Conversely, 
grafts in this location did not affect motor asymmetry in 6-OHDA-lesioned rats. This 
may be due to the limitations of graft-derived innervation when tissue is placed within 
the lateral ventricle or other fluid-filled spaces. 

To circumvent this problem, Bjorklund et al. (1O)'developed the cell suspension 
neural grafting technique in which trypsin is used  to dissociate a solid graft into a 
suspension consisting of single cells or small cell aggregates. This technique allowed 
stereotactic placement of cells within the striatum as opposed to on the surface of the 
striatum with solid grafts or  in ventricular sites, with minimal damage to surrounding 
tissue. This technique also resulted in behavioral benefit with respect to  motor  asym- 
metry testing. Brundin et al. (11) characterized factors that affect cell viability in sus- 
pensions of embryonic CNS tissue. The four factors that affected in vitro viability were: 
(1) the handling of the suspension after trypsinization, (2) the storage time of the sus- 
pension after dissociation, (3) the gestational age of the donor fetuses, (4) the brain 
region from which the cells were obtained. These in vitro criteria allowed for predic- 
tion of graft survival and functionality in vivo with the 6-OHDA rat model. This group 
also established that a minimum of about 120 surviving neurons was required to pro- 
duce a functional effect in rotation testing in the rat model. This number is equivalent 
to approx 1-2%  of the normal number of dopamine neurons in the nigrostriatal system. 
Bjorklund et al. (12) using the cell suspension neural grafting technique, was able to 
show that the grafts survived in both DA target areas (i.e., striatum) and nontarget areas 
(i.e., parietal cortex, substantia nigra, lateral hypothalamus) but that significant fiber 
outgrowth occurred only in the DA target areas. The fiber outgrowth radiated on aver- 
age 1-2 mm from the implant site, necessitating multiple implants to achieve extensive 
coverage of the striatum. These observations provided further evidence that fiber out- 
growth depends on specific interactions with the surrounding host tissue. Biochemical 
analysis of striatal DA levels demonstrated a restoration to 13-18%  of normal with 
recovery of motor asymmetry  on rotation testing occurring with as little as 3%  of the 
normal striatal DA levels (13). Behavioral recovery was also observed when the grafts 
were placed in the dorsal neostriatum (14) with compensation of  amphetamine-induced 
rotation occurring more rapidly than in prior studies using the solid grafting technique. 
Using this technique, placement of suspension grafts in the ventral-lateral neostriatum 
was found to ameliorate sensorimotor deficits while placement into nontarget areas 
was without effect. The specificity of  graft-host interactions was further elucidated by 
Mahalik et al. (15) who, using tyrosine hydroxylase (TH) immunoreactive staining and 
electron microscopy, was able to show that labeled axons made contact with unlabeled 
dendritic processes and labeled dendrites made contact with unlabeled axons in a nor- 
mal morphological fashion. These findings suggest specific graft-host interactions and 
possibly functional synaptic transmission of DA from graft to host. 
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The success of these early transplant efforts led  to more widespread interest in this 
area and  to neurotransplantation in nonhuman  primates. This was  heralded  by the dis- 
covery of a new animal model  of Parkinsonism. In 1979, a single case of Parkinsonism 
was reported after the intravenous injection of  an illicit narcotic, a reverse ester of 
meperidine. This mixture also contained the product MPTP. Shortly thereafter, several 
more cases were reported (16). These patients gradually developed a syndrome charac- 
terized by akinesia, rigidity, flexed posture,  and resting tremor. The clinical symptoms 
were reversed by  L-Dopa or DA agonists. One of these patients died of a drug overdose 
2 yr after the onset of  MPTP-induced Parkinsonism and a postmortem was  performed. 
Neuropathologically, there was  neuron degeneration in the substantia nigra, abundant 
extraneuronal melanin pigment, and an astrocytic response with glial scarring (16). In 
1983, Burns et al. ( I  7) applied MFTP intravenously to primates and  was able to repro- 
duce a syndrome similar to Parkinsonism. The rhesus monkeys exhibited akinesia, 
rigidity, a flexed posture, and a postural tremor all of  which were reversible with 
L-Dopa. Decreased levels of homovanillic acid (HVA), a product  of  DA metabolism, 
occurred in the primate cerebrospinal fluid (CSF) along with a 90% reduction of sub- 
stantia nigra neurons and a marked decrease of striatal DA. Bankiewicz et al. (18) 
administered MPTP via the right carotid artery to nonhuman primates and  was able to 
produce a hemiparkinsonian primate model. In this model, there is very little effect to 
the contralateral nigrostriatal system secondary to the rapid conversion of lipophilic 
MPTP which readily crosses the blood-brain barrier into nonlipophilic MPP.  Clini- 
cally, the hemiparkinsonism was manifest on the left side by the development of 
bradykinesia, rigidity, and dystonic posturing over a 3-wk period. The administration 
of  L-Dopa reversed these motor effects. Neurochemically, DA  and  HVA levels were 
reduced  by > 95%  when compared with the uninfused side in the same monkeys. Patho- 
logically, the number of TH-immunoreactive (TH-ir) cell bodies in the lesioned sub- 
stantia nigra compacta (A9 area) was markedly reduced when compared with the 
untreated side. This model  has  been useful for several reasons: first, it provides a unique 
internal control; second, the monkeys are still able to care for themselves without the 
need for L-Dopa or DA agonists. 

In 1986, one of the first successful attempts at neurotransplantation in a nonhuman 
primate was published by  Redmond et al. (19) and Sladek et al. (20). The monkeys 
were lesioned with systemic MPTP initially, then fetal monkey nigra1 allografts 
(CRL 17 cm) were placed within the striatum bilaterally into two monkeys and in cor- 
tical regions in a control monkey. Prior to transplantation, all monkeys  showed classic 
Parkinsonian signs as well as markedly  reduced levels of CSF HVA. Posttransplant, a 
reduction in Parkinsonian signs was accompanied by a gradual increase in CSF HVA 
in the two monkeys with striatal implants but did not occur in the cortically trans- 
planted monkey or in nontransplanted controls. The monkeys were killed at  69 d 
posttransplant and immunohistochemistry revealed numerous TH-positive neurons in 
the striatum with extensive neuritic arborization at the graft site. In this study, fetal 
cortex was transplanted as a control. These grafts did appear to survive but there was 
no evidence of neuritic arborization or neuronal migration outside of the transplant 
boundary. Graft rejection did not appear to be a problem in any of the transplants. This 
was the first study to  show survival of fetal neurons in a nonhuman primate and sug- 
gested specificity of connections from transplanted fetal neural tissue that paved the 
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way for further studies. A more extended reversal of MPTP-induced Parkinsonian 
symptoms in nonhuman primates was shown by Sladek et al. (21) in 1988 and Taylor et 
al. (22) in 1990. Solid grafts of fetal ventral mesencephalic tissue were placed bilater- 
ally without precavitation in either the caudate nucleus or cingulate cortex or cerebellar 
grafts were placed in the caudate nucleus. Significant behavioral improvement as 
determined quantitatively by  Parkinsonian  summary scores and  healthy behavior scores 
(22) was observed only following transplantation of ventral mesencephalic tissue into 
the caudate nucleus. This improvement was observed up until 7.5 mo, at which time 
the animals were killed for histochemical analysis. The grafts appeared to have surviv- 
ing TH-positive neurons with TH-positive fiber outgrowth past the graft-host interface 
and no signs of tissue rejection were present. Bankiewicz et al. (23) performed trans- 
plants of primate fetal mesencephalic tissue into a hemiparkinsonian primate model 
(18). The technique differed from that of  Redmond  and Sladek in that 2-5 wk prior to 
transplantation, cavities were surgically created in the medial caudate region to pro- 
vide a well-vascularized site for the graft. Bankiewicz was also able to show improve- 
ment in Parkinsonian symptoms that persisted for 7 mo until the monkeys were killed. 
On histochemical analysis, there were TH-positive cells and fibers within the graft, but 
in contrast to results from other investigators (19-21,24), there was no evidence that 
the TH-positive fibers cross into the host striatum. There were, however, TH-positive 
fibers from the ventral tegmental area oriented toward the graft and it was concluded 
by Bankiewicz et al. (23) that the motor recovery observed was due to sprouting of 
remaining host DAergic fibers and that the graft may act as a stimulus for this sprout- 
ing. Using the same animal model with  nonDAergic fetal transplants (i.e., cerebellar 
tissue, spinal cord tissue), Bankiewicz et. al. (25) were able  to show behavioral 
improvement and sprouting of DAergic fibers from areas of the host brain not affected 
by MPTP (ventral tegmental region). This further supported their hypothesis that 
behavioral recovery  was secondary to some trophic influence of either the graft or the 
hosts response to injury rather than from direct effects of the graft alone. Sladek et al. 
(24) in addressing these differences, concluded that these findings were based on less 
than optimal graft placement and survival and that the use of “cavity” formation pre- 
disposed to glial scar formation which may act to inhibit sprouting across the graft- 
host margin. 

Sladek et al. (24) also looked at graft survival as a function of donor gestational age. 
Prior studies suggest that neurogenesis of substantia nigra neurons occurs between 
embryonic d 36 and 43 with rapid axon elongation occurring soon thereafter (26). In 
MPTP-treated monkeys, Sladek et al. grafted a 44-embyonic-d-old donor in which  neu- 
ritic outgrowth would be expected to be minimal  and a 49-d estimated gestational age 
(EGA) donor from which more extensive outgrowth would be expected. The DA cell 
survival and outgrowth of neurites into host tissue exceeded those in previous reports 
of Sladek et al. (20,21) with an average of  1500-3500 TH-positive neurondgraft site 
from the embryonic 44-d-old donor and  an average of 150-400 TH-positive neurons/ 
graft site from the embryonic 49-d-old donor. DA levels were also examined from 
micropunches in proximity  to the graft sites and were found to  be elevated from 4-  to 
14-fold when compared with the untransplanted side. Even though there was viability 
of neurons from donors of different ages, the number of surviving neurons from the 
younger graft was  an order of magnitude higher than that from the older one. 
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The practical problems associated with transplantation of fetal tissue for neuro- 
degenerative disorders include availability, long-term storage, and transportation of 
donor tissue. Collier et al. (27) looked at cryopreservation of fetal primate DA neurons 
and found that there was survival of tissue (CRL 8.0-19.5 cm) that was cryopreserved 
for up to 28 d.  Although there was viability of graft tissue in culture and 50 d after 
transplantation into primate striatum, the freeze stored tissue appeared to yield fewer 
TH-positive neurons  than fresh tissue grafts. Behavioral improvement was  not  assessed 
in this study. Redmond et al. (28) were able to show viability of cryopreserved human 
fetal neural tissue (9-12  wk gestation) in both cell culture and after transplantation into 
primate neostriatum. The primates were placed on cyclosporin A for immunosuppres- 
sion and there was no evidence of rejection of the xenografts 70 d after transplantation. 
These findings open up the possibilities of banking fetal tissue and allow for safety 
testing and viability testing of the tissue prior to transplantation. 

Although the results of fetal tissue grafts were promising in various animal models 
of Parkinsonism, ethical and practical considerations prompted investigators to search 
for alternative sources of donor tissue in a parallel fashion. Freed et al. (291, in 1981, 
chose adrenal medullary tissue as an alternative to fetal grafts for several reasons. First, 
the adrenal medulla produces DA as an intermediary in the synthesis of epinephrine; 
second, adrenal chromaffin cells assume a more neuronal morphology when  grown as 
grafts in the anterior eye chamber or in culture in the absence of corticosteroids; and 
finally, intraocular adrenal medulla grafts have been  shown  to innervate intraocular 
grafts of cerebral cortex. Using the 6-OHDA rat model, Freed et al. (29) were able to 
show that intraventricular adrenal medullary grafts survived at 2 mo posttransplant and 
that there was a significant reduction in apomorphine-induced rotation in  the adrenal 
medullary transplanted rats vs the sciatic nerve graft controls. On histochemical analy- 
sis, however, there was no evidence of reinervation of the caudate by the grafts. The 
initial hypothesis for the reduction in rotational behavior postulated the diffusion of 
DA from the graft into the striatum which decreased postsynaptic supersensitivity 
of  DA receptors. 

2. CLINICAL  ASPECTS OF FETAL NEURAL TRANSPLANTATION 
Since the first report of transplanting large pieces of occipital cortex from one ani- 

mal to another within and across species in 1890 (30), a wealth of information has been 
gathered that demonstrates transplanted neural tissues and genetically engineered cells 
survive and function in the nervous systems of animals and humans. This abundance of 
data, mostly from animal models of neurodegenerative disease, have led to the concept 
that neural transplantation may be therapeutic alternative for various neuropathologi- 
cal entities (3140). Parkinson’s disease (PD)  was chosen for initial clinical neural 
transplantation trials for a number  of reasons. First, PD pathogenesis is believed prima- 
rily to affect one population of neurons, the DAergic cells of substantia nigra pars 
compacta (SNc). This specificity provides opportunity for an investigator to replace 
only one population  of chemospecific neurons, thus reducing complications associated 
with trying to obtain and graft multiple populations of donor cells. Second, systemic 
administration of DA is an effective treatment in the early stages of  PD. This implies 
that postsynaptic cells requiring nigrostriatal DA require nonspecific tonic stimulation 
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for its function rather than phasic stimulation requiring much more complex interac- 
tion between the pre- and postsynaptic cells. Lastly, the target area for implantation, 
the caudate and putamen, although large, is relatively circumscribed. 

The first published report of  neural transplantation to treat a clinical condition in 
humans was in patients with PD. Bjorklund et al. in 1982 (41) grafted adrenal medul- 
lary tissue into the striatum of  a patient affected by  PD. The treatment was  unsuccess- 
ful, but deemed safe and this study propelled other clinical investigations into studying 
neural transplantation as a possible therapy for PD in humans. In 1987 Madrazo et al. 
(42) reported clinical benefit following adrenal cell transplantation into the right cau- 
date of two patients. Dramatic clinical improvement was reported in these two patients 
for 10 and 3 mo posttransplantation. This report was met with great enthusiasm and 
started a flurry of investigations into employing adrenal medullary tissue as a source of 
DAergic cells for transplantation. Multiple clinical investigations could not confirm 
the findings of Madrazo et al. At best, follow-up study showed mild to moderate 
improvement lasting almost 18 mo postoperatively, after which the patients' clinical 
function came back to their baseline level (4345) .  Furthermore, of the several trans- 
planted patients who came to autopsy, only one patient showed survival of just a  few 
grafted TH-positive cells (46). Sporadic clinical investigations are ongoing using adre- 
nal chromaffin cells along with peripheral nerve cografts as a source of nerve growth 
factor for the transplanted cells (47). However, the major focus of neural transplanta- 
tion has turned to use of fetal DAergic cells as the donor source for the graft. 

Clinical testing using fetal DAergic cells for neural transplantation to treat PD began 
in 1985 but was  not reported until 1987  by Jiang et al. (48). A  20-wk-old fetal ventral 
mesencephalon (FVM) was grafted into a cavity created in the caudate nucleus of  a 
patient suffering from PD that was made 20 d prior. Transient improvement was noted 
and there was no complication associated with the procedure. Similar trials were then 
undertaken by Swedish (49), British (50,511, and Mexican (52) groups. Lack of  major 
complications and moderate clinical benefit seen from these studies sparked an interest 
in pursuing neural transplantation as a therapeutic alternative for PD. Clinical trials 
began worldwide (53-59). To date, more than 150 fetal transplantation procedures for 
PD have been reported all over the world.  A multicenter double-blinded randomized 
trial is currently under way to determine therapeutic efficacy of fetal neural transplan- 
tation for PD. 

2.1. Lund Program 
Lindvall and co-workers pioneered clinical fetal grafting for PD.  A total of 16 

patients have been transplanted with embryonic neural tissues starting 1984-1985 to 
present. These studies are ongoing to determine efficacy of neural transplantation in 
treatment of patients with Parkinsonian syndrome. Up  to date 16 patients have been 
and are currently being followed by this group. These patients were diagnosed as 
having idiopathic PD for 5-15 yr except three patients who were suffering from MPTF" 
induced Parkinsonian syndrome. They were implanted with FVM tissues from 6 to 
9  wk gestational age. FVM tissues from three to seven different fetuses were used 
to prepare a cell suspension for implantation into one side (caudate and putamen) of a 
patient. From two to five passes of the stereotactic needle were required to deposit into 
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putamen and one to two passes into caudate for implanting FVM tissue suspension. 
Clinical and neurophysiological status were followed (49,6064). Pre- and serial post- 
operative 6-~[’*F]fluorodopa (F-Dopa) positron emission tomographic (PET) scans 
were done (65) to noninvasively assess graft viability. PET scan studies using F-Dopa 
have  shown decreased uptake in the striatum, particularly in the posterior putamen  of 
PD patients compared to  normal volunteer subjects (66). The patients were immuno- 
suppressed with cyclosporin A, azathioprine, and  prednisone. 

The first two patients were unilaterally implanted in the caudate and the putamen. 
Immediately after transplantation there was worsening of the Parkinsonian symptoms 
in these patients. These two patients showed only minor improvement in Parkinsonian 
symptoms after 2 yr of observation. The side contralateral to the implanted site was 
seen to be most improved. Minor increases in F-Dopa uptake were measured in grafted 
striatum compared to the nongrafted site 12 mo postoperatively in both patients. No 
change in F-Dopa uptake was evident in the 6 mo postoperative PET scan. More than 
9 yr of follow-up showed no persistent improvement in these symptoms. 

For the second set of patients in the series, Patients 3 and 4, approx  30% reductions 
in “off’ phase and the number of daily “off” periods were consistently noted. Prolon- 
gation and pattern of effect of single-dose L-Dopa were also observed. L-Dopa was 
withdrawn from patient 4 by 30 mo postoperative because of improvement in symp- 
toms.  Moreover, during the “off’ phase there was a decrease in Parkinsonian symptoms 
contralateral to the grafted side. In one patient, dexterity and arm movement motor 
scores were significantly  increased but not for  the  other  patient.  These  clinical 
improvements started appearing approx 8-16 wk postoperative. The fetal neural grafts 
did not alleviate tremor in any  of the patients from the two series. Serial postoperative 
F-Dopa PET scans showed gradual increase in  F-Dopa uptake at the grafted site in  both 
patients of the second series as compared to the contralateral side, which showed 
decline in the uptake.  In fact, there was normalization of F-Dopa  uptake in the grafted 
striatum of Patient 4 by 72 mo posttransplantation. Lindvall et al. attributed the differ- 
ences in the result of the two series to some technical changes from that employed in 
the first series. Use of  a thinner stereotactic needle was  thought to be the most impor- 
tant factor. Use of  a buffered solution instead of saline tissue medium, differences in 
the cannula loading of the fetal tissue, a shorter time of tissue storage before transplan- 
tation, and implanting the same amount of tissue only in the putamen instead of in both 
caudate and putamen were other changes. 

A third study in the series was carried out by  Lindvall’s group with the knowledge 
that there was  a  marked decline of  F-Dopa uptake in the nongrafted regions of the basal 
ganglia of transplanted patients (62,641. Staged bilateral implants were implemented 
10-23  mo apart in four new patients, designated patients 7, 8, 9, and 10. The same 
technique as described earlier was  used for transplantation. Immunosuppression was 
also started similar to the previous description but discontinued 12 mo after the  last 
transplantation. Serial F-Dopa PET scans were also performed. 

All cases showed F-Dopa  PET scan evidence of graft survival but clinical responses 
were variable between individual patients. Patient 8 did not improve significantly after 
transplantation. This patient at  a later evaluation was diagnosed to have grossly atypi- 
cal multisystem atrophy or grossly atypical PD. Patient 9 developed dementia after the 
second transplant and the authors were not able to evaluate the patient’s clinical status. 
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On the other hand, Patients 7 and  10,  who  were relatively young onset PD patients with 
L-Dopa-induced dyskinesias, reportedly showed promising response. During the first 
6 mo postoperatively the L-Dopa-induced dyskinesia was worse but then  reportedly 
improved. Other fine motor activities were also reported improved. Group data of the 
four patients after first surgery showed a decrease in L-Dopa dose of  10%  and 20% at 
the end of the first and second postoperative years and 34% and 40% decrease in the 
“off‘ phase in the similar time period. The L-Dopa induced “on” phase increased 45% 
and 58% serially during the first two consecutive years. United Parkinson’s Disease 
Rating Scale (UPDRS) motor score was shown to be decrased 26% by the second year 
posttransplantation. After grafting, Patients 7 and 10 were able to reduce medications 
and return to their professional lives. 

Five patients were also reportedly transplanted with FVM tissues treated with 
lazaroid (64). A preliminary report by Widner stated that his group used only three 
donor tissues per side instead of four to seven donors. F-Dopa PET study showed clear 
graft survival at 9 mo posttransplantation with similar progression of clinical benefits 
reported in previous series. In fact, within this group, one patient was reportedly taken 
off all antiparkinsonian medication and returned to his full-time employment 10 mo 
after surgery. 

At about the same time the trials were being done on patients 3 and 4, a very interest- 
ing study was concurrently going on (67). Widner et al. implanted FVM tissues into the 
striatum bilaterally of two patients, 43 and 30 yr old, with Parkinsonism secondary  to 
injection of  MPTP. MPTP selectively destroys DAergic cells of SNc of humans (68) 
and monkeys (69,70), inducing a condition that resembles idiopathic PD (71). Preop- 
eratively, two MPTP patients were rated at Hoehn and Yahr stage IV and  in one patient 
stage V during practically defined “off’ periods. Neither patient was able to carry on 
independent activities of daily living. For the first time, a matched clinical comparison 
could be made for the therapeutic efficacy of neural transplantation between  human 
and laboratory models. In nonhuman primates, FVM cell transplantation has been 
shown to improve Parkinsonian symptoms induced by MPTP (72-78). The same trans- 
plantation technique was used as described earlier. 

These patients have been followed for more than 5 yr postoperatively. They dis- 
played a marked decrease in rigidity and bradykinesia. Hoehn and Yahr scores were 
decreased approx 1.5 stages in both patients. Gradual improvement in activities of daily 
living parameters started approx 3-9 mo postoperatively and continued to improve for 
up to 24 mo in both patients. Improvement in motor performance appeared approx 
12 mo postoperatively with sustained improvement noted at the 24 mo follow-up visit. 
A significant reduction in dyskinesia was noted for the two patients. One of the patients 
who had spent most of her preoperative “on” period with dyskinesia was able to spend 
> 50% of the “on” time without dyskinesia. F-Dopa PET scans showed no increase in 
striatal F-Dopa uptake 6 mo postoperatively. However, a significant bilateral increase 
in striatal F-Dopa uptake was noted at 12 mo posttransplantation. This was a sig- 
nificant finding because increase in striatal F-Dopa uptake was associated with the 
temporal pattern of clinical improvement. It  is important to note that although immu- 
nosuppressants were discontinued at 12-18 mo postoperatively, the patients continued 
to improve clinically at 24 mo. 

An additional MPTP-exposed patient was transplanted with the same surgical 
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technique and evaluation  methods  (64). The patient had  very severe Parkinsonian  symp- 
toms and was intolerent of  L-Dopa because of its side effects, including hallucinations 
and  dyskinesias.  All L-Dopa  and agonists were discontinued because  of their side effects 
prior to surgery. The patient was unable to walk, talk, or move her arm voluntarily for 
more than 2 yr. One year after transplantation, her FluoroDOPA-PET reportedly 
showed clear improvement from  the preoperative scan. Reduction in rigidity and 
improvement in initiation ability was noted. The latest follow-up of  2.5 yr after implan- 
tation reported that the patient was able to manage most of her chores of daily living 
without any help and able to ambulate on her own for short periods. Her speech 
was also reportedly intelligible. The patient was not taking any antiparkinsonian 
medication. 

Widner and collaborators hypothesized that the extent of Parkinsonian symptomatic 
amelioration noted  in these two patients is attributed to using larger volumes  of tissues 
to implant into the striatum bilaterally, and differences in pathophysiology of MPTP- 
induced  and idiopathic Parkinsonism. Use of seven to eight fetuses for implanting FVM 
tissues into one patient is the most complete attempt at grafting of bilateral striatum in 
any clinical series reported up  to that time.  By providing a greater number of DAergic 
cells, perhaps a greater distribution of striatum was innervated exhibiting enhanced 
clinical amelioration of Parkinsonian symptoms. Another explanation, not exclusive of 
the former, is that idiopathic Parkinsonism is a progressive degenerative  disease 
whereas MPTP-induced Parkinsonism is a one-time destruction of DAergic cells of the 
SNc. Possibly, in idiopathic PD the continual degenerative nature of the disease pro- 
cess offsets the improvement that occurs after transplantation. These two factors should 
be taken into account when comparing the transplantation studies from the MPTP- 
induced Parkinsonian model of  nonhuman primates (76,79) with the clinical studies on 
neural transplantation in human idiopathic PD patients. 

2.2. United  Kingdom Trials 
In 1988 Hitchcock et al. (5031) first reported results following stereotactic implants 

of electively aborted FVM tissue into the right caudate nucleus of two patients suffer- 
ing from PD.  An additional 10 patients were entered into the study. At 6 mo  and 1 yr 
posttransplantation follow-up of 12 patients were reported (80,81). All patients entered 
into the study had progressive worsening Parkinsonian symptoms and had  been suffer- 
ing from PD for 6-26 yr. FVM tissues of  11-1 8 wk gestational age were used. These 
FWM tissues were older than those tissues utilized by other groups (37,49,55,56,60- 
63,82) who  were experiencing success with neural transplantation. In fact, preclinical 
studies have demonstrated that donor cells of this age fail to survive (83).  No  immuno- 
suppression was utilized. Three patients were dropped from the study because they 
failed to comply  with further follow-up and changed their drug regimen. These inves- 
tigators reported that three patients had sustained clinical improvement for longer than 
12 mo with significant reduction in levodopa @-Dopa) dosage. Three patients had  mild 
improvement with increase time spent in the “on” phase. L-Dopa dosage decrease also 
accompanied reduction in dyskinesia along with improvement of motor scores. Clini- 
cal improvement in motor state occurred within the first 3 postoperative months in 
both “on” and “off” states. These changes were seen to plateau at approx 6 mo  post- 
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operatively. Three patients had significant worsening or no improvement in Parkinso- 
nian symptoms at 1 yr postoperatively. 

2.3. American Trials 
American trials began with Freed et al. (55,56,82), who reported on transplantation 

of FVM tissues into the striata of  seven patients suffering from PD with a disease 
duration of  7-20 yr.  All patients were Hoehn and Yahr stages 3 4  prior to surgery. 
FVM tissues of 6-7  wk gestational age from one embryo were used for each patient. 
Using the growth pattern observed after implanting human fetal cells into immunosup- 
pressed rats as a guide to surgical technique (84-87); FVM tissues were injected ster- 
eotactically into the patient’s striatum with 4 mm spacing. For the first two patients, the 
tissue was implanted unilaterally into caudate and putamen contralateral to the side 
with the worse symptoms. The last five patients received the tissues bilaterally, stereo- 
tactically placed in the striatum. Cyclosporin and prednisone were used in every other 
patient to assess the need for immunosuppression in these patients.  In addition, to  mini- 
mize the risk of graft rejection, all patients and the fetal tissue were matched for AB0 
blood  group. The 1-yr postoperative clinical course of the first patient who received the 
implants unilaterally was reported in 1990 (55,56), then in 1992 reports on the remain- 
ing patients were published (82). 

After the FVM transplantation, Freed and co-workers reported that Hoehn  and Yahr 
scores were improved by  1.2 points (p < 0.01). Statistically significant improvement in 
activities of daily living scores appeared 3 mo postoperatively during “on” periods and 
at  12 mo postoperatively during “off” periods. In those two of the seven patients 
receiving unilateral implants, one patient was  not improved during the 33 mo  of fol- 
low-up. More interestingly, in one patient who received a unilateral implant, a signifi- 
cant improvement in motor function of hands and feet was noted with increase in 
activities of daily living. The side contralateral to the implant site showed a greater 
increase than the ipsilateral side although bilateral improvement was  observed. Dyski- 
nesia contralateral to the implanted side appeared 11 mo postoperatively, necessitating 
reduction in antiparkinsonian medication. In the five patients who  received implants 
into the putamen bilaterally, statistically significant improvement in facial expression, 
postural control, gait performance, and  body bradykinesia was  noted. One interesting 
observation of note was that autonomic signs of  PD such as urinary urgency and consti- 
pation improved in two patients, one patient with a unilateral graft and one with bilat- 
eral implants. The L-Dopa requirement decreased by  39% (p < 0.01). Lastly, no benefit 
of immunosuppression was noted. In fact, Freed et al. concluded immunosuppression 
may have interfered with the graft development. 

Cryopreserved FVM tissues were  used to implant into the right caudate nucleus  of 
four patients with severe PD by Spencer and co-workers (88-90). These fetal tissues 
were 7-1 1 wk gestational age and were cryopreserved for up to 10 mo in liquid nitro- 
gen before being utilized. FVM from only one fetus was  used per patient. Two to four 
targets were selected for implantation into the caudate at 4 mm apart. Cyclosporin was 
started 2 d prior to surgery and continued for 6 mo postoperatively in all patients except 
for a patient (Patient 2) who for medical reasons had to stop the immunosuppression 
2 mo postoperatively. F-Dopa PET scans were performed on only one patient pre-  and 
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postoperatively. Three nonoperated control patients, matched with the grafted group 
for age and disability, were followed at the same time to compare the therapeutic effec- 
tiveness of the fetal nigra graft. One patient, Patient 2, was  not included in the group 
statistics because he died 4 mo postoperatively from events unrelated to the surgery. 
Prior to his death, he showed minor improvement in autonomic function, but no 
improvement in his motor or other neurologic functions. The clinical courses of three 
operated and control patients were followed for up to 18 and 12 mo, respectively. There 
was no statistically significant difference in objective testing scores between grafted 
and control patients. This result may not be surprising because preclinical studies 
showed fetal nigra1 cells > 9 wk gestational age fail to survive transplantation (83). 
Furthermore, cryopreservation has  been shown to be associated with decreased fetal 
graft viability (91). 

An interesting addition to the study by Spencer et al. came with the patient who died 
4 mo postoperatively. Histologic studies of this patient were reported by  Redmond et 
al. (57). On autopsy it was found that the patient suffered from striato-nigra1 degenera- 
tion rather than from PD. Viable graft sites were seen in the caudate. The graft-host 
margin was readily visible accompanied by capillary infiltration across this margin. 
Viable neurons were observed in the graft along with synaptic network seen with 
electron microscope but there was no mention  of axons crossing the graft-host  mar- 
gin or  synapse  formation  between  grafted neuron and  the  host neuron. Grafted 
TH-immunoreactive cells were  not found in the graft, although they  were seen in the 
host SNc. However, they were able to identify neuromelanin granules in the neurons of 
grafted cells. It is noteworthy that those granules are typical of adult-type SNc DA cells 
and are not  typically seen in  normal  prenatal cells (92). This expression of  neuromelanin 
may be pathologic. No evidence of immune rejection was observed although the 
immunosuppressive agent was discontinued 10 wk prior to patient death. 

Markham et al. (93) in 1994 published another clinical series on the first 6 of 13 PD 
patients implanted unilaterally with FVM tissue derived from  one  or  two fetuses 
7-9 wk gestational age. The implantation was performed on the side of the striatum 
contralateral to the side exhibiting the most severe symptoms. A single pass  was  made 
into the caudate and three to four passes were made into the putamen. Cyclosporin was 
started perioperatively and continued indefinitely. Antiparkinsonian medications were 
also reduced postoperatively. Four of the six patients, followed postoperatively for at 
least 1 yr  were  reported to have  modest  to moderate improvement in their clinical symp- 
toms.  F-Dopa PET scan showed distinct quantitative improvement in three of the four 
modestly to moderately improved patients. One of the four patient’s PET result was 
still pending at the time of publication. They concluded that given the results of the 
literature and their own result, neural transplantation should not be considered as a 
therapeutic alternative for PD. 

2.4. French Trials 
Peschanski and Defer reported 24 mo outcome of five unilaterally transplanted PD 

patients with  FVM tissues between 6 and 9 wk gestational age (9495). In an accompa- 
nying article, Remy et al. (96) reported a series of F-Dopa  PET scans performed on 
these five patients before and up to 24 mo after transplantation. Patients ranged in age 
from 48 to 67 yr old and had been suffering from PD from 10 to 32 yr. They were 
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determined to be Hoehn and Yahr stages IV-V during “off” periods. These patients 
were unilaterally implanted with  FVM tissues derived from one to three fetuses. The 
tissues were placed into the caudate and  putamen  of the side contralateral to the most 
severe symptoms, except for  the  first patient who received the grafts only in the 
putamen. Three tracks were used to stereotactically implant the FVM tissues into 
the putamen  and one track into the head  of the caudate. Cyclosporin, azathioprine, and 
prednisone were started 2 d preoperatively and cyclosporin was continued for 7 mo 
postoperatively, at which time it was discontinued: azathioprine and prednisone were 
continued indefinitely. 

Nigra1 transplants were reported to improve skilled movements such as finger dex- 
terity, hand-arm simultaneous movements and rapid pronation-supination. Also a 
moderate decrease in the amount of time spent in the “off’ state, “on-off’ fluctuations, 
and freezing episodes was  noted; but other symptoms were not affected. These clinical 
improvements such as finger dexterity and increase in the “on” state were statistically 
correlated with the F-Dopa PET scan uptake increase. In fact, correlation coefficients 
of 0.544 and 0.5 14 were shown  between  F-Dopa uptake coefficient and finger dexter- 
ity for grafted and nongrafted putamen, respectively. Moreover, a correlation coeffi- 
cient of 0.673  was determined between  F-Dopa uptake coefficient and  percent of time 
spent in the “on”  period. A greater improvement was observed during the “off” period 
than the “on”  period postoperatively. Bilateral improvement was observed in terms of 
movement speed, with the amplitude and precision of movement in the limb contralat- 
eral to the grafted striatum showing the most improvement. These clinical improve- 
ments appeared approx 3-6 mo postoperatively. These changes were stable for up to 
36 and 28 mo postoperatively in the first and second patient of the series respectively. 
Gait, walking, and speech disturbances did not show any improvement. Results from 
this group indicated the possibility that increasing the volume of host striatum receiv- 
ing the reinnervation may enhance the clinical condition. 

An interesting observation in this study was the delayed appearance of lateralized 
dyskinesia in the limbs contralateral to the grafted side. This dyskinesia was seen 
appearing 8-26 mo postoperatively in three patients. All patients in this series were 
reported to have symmetrical bilateral dyskinesia preoperatively that was greatly 
improved initially by the graft. Then lateralized dyskinesia reportedly emerged. The 
side that continued to display greater motor improvement in terms of amplitude and 
precision was the side with  worse dyskinesia, suggesting enhanced but unregulated 
DAergic tone. Freed et al. have reported a similar finding on one of their unilaterally 
implanted patients who developed similar dyskinesia 11 mo postoperatively on the 
side contralateral to the implanted striatum despite improvement in skilled movements. 

2.5. Spanish  and  Mexican  Trials 
Most of the human  neural transplantation studies in the recent past have utilized 

stereotaxic surgery for implantation of FVM cells into the striata of PD  patients. Pref- 
erentially, these cells were implanted into the putamen, because motor control in the 
basal ganglia (97-99) and loss of DAergic cell projections from SNc (100-104) in PD 
have been found to preferentially lie in the posterior putamen. Still, Madrazo and 
co-workers (42,52,105,106) published a series of reports on transplanting a block of 
FVM tissue into the caudate of four patients: one woman  and three men ages 45-52  yr 
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who  had  been suffering from PD for 9-16 yr duration. These patients were Hoehn and 
Yahr stage 111-IV. The tissues acquired from spontaneously aborted fetuses were 
12-14  wk gestational age. Right frontal craniotomy was  used  to implant 2 x 2 x 3mm 
blocks of FVM tissue into the right caudate of a patient within 4 h of fetal tissue acqui- 
sition. Only one fetus per patient was  used. Immunosuppression with cyclosporin A 
and prednisone was started perioperatively and continued indefinitely except for pred- 
nisone, which  was tapered down to “off” in 6 mo. Improvement in bradykinesia, rigid- 
ity, gait disturbance, postural imbalance, and facial expression was  noted both by the 
patient and  by observers along with increased sensitivity to L-Dopa medication from 
19 to 50 mo postoperative follow-up period. 

Similarly, Lopez-Lozano et al. implanted 10 PD patients with  FVM tissue blocks 
into the caudate nucleus using  open craniotomy as done by Madrazo’s group (107,108). 
All patients in the study were in  Hoehn  and  Yahr stages IV-V. One block of  FVM 
tissue from a single fetus of 6-8 wk gestational age was utilized per  patient. Pre- and 
postoperative Hoehn and Yahr,  UPDRS,  and  Northwestern  University  Disability Scores 
(NUDS)  were utilized. Immunosuppressants were started 1 d preoperative to indefi- 
nitely postoperative, except for four patients in  whom the immunosuppressants were 
discontinued  because  of  medical complications. Although clinical decline was observed 
for the first postoperative month, statistically significant improvement was reported in 
8 of the 10 patients at 6-7 mo posttransplantation. Clinical improvement persisted 
in 7 of the 10 patients, but plateaued at  36 mo postoperatively. Thereafter there was a 
trend toward decline in clinical status. Clinical improvements in  both “on” and “off” 
phases were  noted. A statistically significant increase in time spent in “on” was seen 
that started approx 7 mo postoperatively and persisted until the end of the study 60 mo 
posttransplantation. Moreover, a significant improvement in dyskinesia and reduction 
in administration of antiparkinsonian medication was noted that appeared in a stepwise 
fashion over the 60 mo of follow-up. They concluded that improvement observed was 
the result of reinnervation of the caudate nucleus by fetal cells, although no physiolgic 
or anatomic data were available to support this conclusion. 

2.6. Anatomic and  Physiologic  Evidence of Graft  Survival  in  Humans 
Although there has  been  an abundance of clinical reports on patients who were 

implanted with FVM tissues for treatment of  PD, anatomic data have been scarce. Until 
recently it has been unclear whether fetal nigra1 grafts survive and innervate the sur- 
rounding structures and whether clinical improvement was associated with graft 
viability and growth. This question was answered in 1995 by  Freeman et al. (109), 
when  they published a clinical report on four PD patients implanted bilaterally with 
FVM tissues 6 1/2-9  wk old in the postcommissural putamen. Three to four embryos 
were used per side and the deposits were situated approx 5 mm apart. Cyclosporin A 
was  given for 6 mo postoperatively and subsequently discontinued. F-Dopa PET scan 
was done pre-  and at 6 mo postoperatively. A report of 6 mo postoperative follow-up 
showed improvement in  UPDRS  “off” scores, and significant reduction of “off” time 
along with a decrease in percent of time spent in “on” with dyskinesia. Moreover, an 
increase in  F-Dopa uptake in a PET scan was  noted in all four patients. 

Two patients died 18 and 19 mo postoperatively from  events unrelated to the 
surgery. The first patient died from massive pulmonary embolus after an ankle fusion 
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18 mo after the FVM transplantation. The brain was acquired within 4 h of patient 
death and placed in Zamboni fixative. We published a series of reports on neuro- 
anatomic and metabolic studies of the patient’s brain (110-114). Implants were found 
to be larger than the volume that was originally transplanted. An abundance of TH-ir 
neurons were identified within the graft. These TH-ir cells displayed morphological 
features similar to those seen in a normal substantia nigra. TH-ir cells sent out fibers 
that crossed the graft-host  boundary and innervated up  to 5-7 mm from the graft sites. 
Electron microscopic studies indicated synapses between transplanted TH-ir cells and 
host cells in the putamen.  No host DAergic cell sprouting was observed. In situ hybrid- 
ization of the graft showed robust TH mRNA gene expression. To assess functionality 
of the graft, cytochrome oxidase histochemistry was performed. Densitometric mea- 
surements showed two- to threefold higher cytochrome oxidase activity within the 
grafted postcommissural putamen  than in the nongrafted caudate or anterior putamen. 
Specifically, adjacent section staining of TH-ir  and cytochrome oxidase showed sig- 
nificant codistribution of the staining pattern, indicating DAergic cells had high meta- 
bolic activity. Lastly, although there was decreased density of  blood vessels within the 
graft as compared to the host putamen, these vessels were nonfenestrated and  of the 
CNS type. The second patient also showed similar findings (113). 

2.7. Technical Issues 
Olanow and co-workers ( I  15,116) elaborated upon some important problems that 

need to be solved in order to offer neural transplantation as a therapeutic option. Fac- 
tors considered to be most important are donor age, method  of tissue storage, type of 
graft, site of implantation, volume of grafted tissue, tissue distribution, necessity of 
immunosuppression, and patient selection. Another important consideration is tech- 
nique of tissue implantation. The answers to many of these issues are still unclear and 
have yet to be settled. In the following we briefly discuss current body of knowledge 
regarding these issues. 

Donor age is a critical variable for transplantation. The most favorable donor age is 
thought to be when DAergic cells first appear in the subventricular zone to the time just 
prior to neuritic process extension. It has been determined that TH-ir cells appear in the 
human mesencephalic subventricular zone around 5 1 / 2 4  1/2 wk gestation with first 
identifiable neuritic processes identified at 8 wk gestation. Neuritic process are seen to 
reach the striatum at 9 wk gestation (117). Implantation of human  FVM tissues into 
immunosuppressed rats showed maximal survival of the suspension graft if the FVM 
tissues were 5 1/2-8  wk gestational age and 6 1/2-9  wk gestational age for solid grafts 
(83). In fact, in human trials, those groups that used FVM tissues greater than 9 wk 
gestational age showed no significant clinical recovery or meaningful anatomic TH-ir 
cell survival (48,57,81). However, those groups that used the cells within the optimal 
range showed meaningful clinical recovery and indirect evidence of anatomic recovery 
by  F-Dopa PET scan (61,94,109). Moreover, postmortem studies showed TH-ir cell 
survival in the transplanted patients (110,111). 

Development of  an optimal storage technique is essential if fetal neural transplanta- 
tion is to continue. The tissue needs to be stored to screen for various infectious agents 
and possible donor-recipient antigen matching. It seems at this time, more than one 
donor fetuses will be required to obtain necessary DAergic cell number survival in 
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the host striatum. Groups have tried different ways to store fetal tissues prior to graft- 
ing. Fetal tissues, cryopreserved for up to 10 mo, have been utilized by Spencer et al. 
(88), which showed a trend  toward clinical improvement. Tissues cryopreserved for 
greater than 1 yr were also shown to be associated with a significant decline in  cell 
survivability after transplantation in rat model (91). Human amniotic fluid (82) and 
chemically defined “hibernation medium” (109) have also been utilized with clinical 
benefit. Most other clinical series that showed clinical benefit to date have used the 
tissues within 24-48 h of tissue acquisition. 

Most clinical series have utilized cell suspension grafts. Although more homoge- 
neous tissue distribution is achieved with suspension graft, the cells are more likely to 
be injured during the preparation of the tissues. In fact, the optimal window  of donor 
age for the suspension graft is approx 1 wk earlier than for the solid graft (83). Lopez- 
Lozano et al. (107,108) used solid human graft implantation using open craniotomy 
and reported significant clinical benefit in patients suffering from PD.  Human FVM 
xenografts into rat models have shown equivalent survival, after transplantation as a 
solid piece or suspension (83). The advantage of a solid graft is that tissue preparation 
is easier and cytoarchitectural relationships are better preserved. 

Approximately 60,000 DAergic neurons have been shown to project to the human 
putamen (118). Although this number provides a goal for cell number replacement for 
FVM cell transplantation, the precise number  of cell replacements necessary to pro- 
vide adequate functional recovery is as yet  unknown.  At this time, investigators can 
only guess as to the number of cells necessary to obtain full functional recovery in 
PD patients from existing basic sciences data.  Approximately 5-10% of transplanted 
FVM tissue consist of DAergic cells and of these it has been shown that only 510% 
survive  the  grafting (119). Preclinical  data  showed  that  approx 20,00040,000 
DA-containing neurons from single human fetuses survive transplantation in immuno- 
suppressed rats (87,120). However, at this time we do not  know  what percentage of 
surviving DA-containing neurons make functional connections with host striatal cells 
nor do we know the distribution of connection. The only thing that we  know  at this 
time is that clinically replacement of greater number  of cells results in better clinical 
recovery in humans (52-54,57,109, I 15,120). 

Even if the correct number of cells is replaced, if the site of cell replacement is 
inappropriate, functional recovery is unlikely. Basic studies using animal models have 
shown that the posterior two thirds (postcommissural putamen) differs from the cau- 
date and anterior putamen in its embryological development (121) and anatomic con- 
nectivity. The postcommissural putamen has  been shown to  have reciprocal anatomic 
and functional connections with precentral motor fields whereas caudate and anterior 
putamen have connections with prefrontal association cortex and frontal eye fields 
(97,991. Pathological (100-102) and functional F-Dopa PET scan studies (103) show 
greater loss of DAergic innervation to the posterior putamen  then caudate or anterior 
putamen in patients suffering  from idiopathic PD. More interestingly, functional 
recovery in rodents (122,123) and primate (77) PD  models  show site-specific recovery 
of particular function, thus theoretically making postcommissural putamen the better 
site for graft implantation to improve motor deficits. 

Distribution of fetal  cell replacement within the striatum is another important 
consideration. Based on DA diffusion studies in the brain parenchyma (124,125) and 
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laboratory observations, it has been hypothesized that transplanted human fetal nigral 
cells can innervate up to a 2.5 mm  radius. Thus to achieve confluent innervation of the 
host striatum, various investigators have  spaced the cell deposits at 5 mm  apart. Post- 
mortem anatomic studies in humans have shown that transplanted TH-ir cells extend 
neuritic processes up to 5-7 mm from the grafted site in host striatum (110,111). How- 
ever, even with this type of innervation pattern seen with histologic study, complete 
reversal of clinical symptoms has not  been achieved.' 

The need for immunosuppression in fetal neural transplantation is a very important 
question because of its potential for morbidity and significant costs. Some grafting 
studies using immunosuppressive agents had to be discontinued because of complica- 
tions associated with their use (108). Although most groups proceeding with fetal neu- 
ral  transplantation  have used immunosuppressive  agents  such  as  cyclosporin A, 
azathioprine, and steroids, the necessity of immunosuppression in clinical settings has 
not been firmly established. The existing data using animal models and  human clinical 
trials are variable. In nonimmunosuppressed rats and nonhuman primate models of  PD, 
fetal allografts have been  shown to survive (126,127) and clinical improvement has 
been suggested in patients who received fetal grafts without immunosuppression 
(51,80,82). 

In light of these variable findings, some groups have examined the effect of immu- 
nosuppression on clinical outcome and histologic findings. Freed et al. (82), who 
implanted AB0 antigen matched FVM cells  into half of the transplanted patients, 
showed greater clinical improvement in patients who were not immunosuppressed as 
compared to the immunosuppressed group. Similarly, Ansari et al. (128) noted a statis- 
tically significant reduction in L-Dopa requirement comparing pre- and postoperative 
patients in the nonimmunosuppressed group, whereas no differences in L-Dopa require- 
ments were seen in the immunosuppressed group. Various investigators have  been able 
to show continued clinical improvement even after the discontinuation of immunosup- 
pressive agents (64,67,94), suggesting that long-term immunosuppression may not be 
necessary. However, studies of immune marker expressions in the two patients who 
had fetal nigral transplant (129,130) and died 18 and 19 mo postoperatively demon- 
strated the presence of immune cells including microglia, macrophages, T cells, and B 
cells. These markers were seen within the fetal grafts in  both patients who  had received 
only a 6-mo course of cyclosporin A.  Even  with the presence of the immune cells, 
however, numerous TH-ir cells were noted and no other evidence of graft rejection was 
seen. A possible explanation raised from the study was that immune cells may secrete 
trophic factors that may ultimately enhance graft viability and/or neurite outgrowth. 

On the other hand,  Lopez-Lozano et al. (131) reported three of four patients in  whom 
cyclosporin A had to be discontinued, 27-42 mo postoperatively because of complica- 
tions associated with the medication. These patients experienced significant clinical 
deterioration after discontinuation of immunosuppressants. They attributed this dete- 
rioration to possible AB0 antigen mismatch and  open craniotomy instead of stereotac- 
tic needle injection for the surgical procedure. 

In summary, a review  of the existing literature from around the world showed sig- 
nificant clinical benefits in using fetal neural transplantation for treating idiopathic PD 
patients and some iatrogenically induced Parkinsonism. The greatest clinical benefit 
was seen in the "off" state. Moreover, reduction in the dose of  L-Dopa was possible. In 
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fact, Lindvall et al. reported on two patients suffering from idiopathic PD  who  were 
followed for more than 5 yr and were able to return to  work after neural transplantation 
(64). Other groups such as Freeman et.al. and Pechanski et al. were able to show long- 
term clinical  improvements  in neural transplant patients. However, the  range of 
observed clinical benefits was variable and it  is extremely difficult to assess or predict 
what particular function neural transplantation will improve. 

In realization of the fact that neural transplantation is still in its infancy as a thera- 
peutic modality for treating CNS diseases, we are heartened by the fact that some ques- 
tions have  been answered because of the efforts of various investigators in the field. 
Namely, it can be stated that sustained clinical improvement can seen after neural trans- 
plantation. It is also reasonable to surmise that implanting a greater number  of cells 
yields a better clinical outcome (67,94,105). Although unilateral implantation of fetal 
grafts leads to bilateral improvement, greater improvement is seen contralateral to the 
implanted site; thus most beneficial clinical effects can be achieved by bilateral trans- 
plantation (94). Most importantly, transplanted fetal TH-ir cells do survive and actu- 
ally make functional connections with the host striatal cells. There are still many more 
questions to be answered for neurosurgeons to offer neural transplantation as a thera- 
peutic option for a patient suffering from end-stage idiopathic PD  at this time. 

2.8. Huntington's Disease 
Huntington's disease (HD) is a severe autosomal dominant neurologic disorder 

inherited with almost 100% penetrance. It is distinguished by a constellation of psychi- 
atric, cognitive, and  motor  symptoms. There are about 25,000 cases in the United States, 
many  of  them descendants of just six individuals who had immigrated from one village 
in England (132,133). The usual age at onset is in the fourth or fifth decade of life, but 
the disease can begin at any age, even in childhood (132,133). The psychiatric and 
cognitive decline may precede the chorea, and frequently manifests itself with alter- 
ations in character, depression, and suicidal tendencies. The deterioration is inexo- 
rable, with complete disability and death inevitable, usually occurring within 17 yr of 
symptom onset (132). 

The primary neuropathological changes in HD are atrophy of the basal ganglia, with 
severe neuronal loss in the caudate nucleus and  putamen (132,134). The striatal projec- 
tion neurons are preferentially affected (135,134). Early in the disease, the striatal pro- 
jection to the external globus pallidus is preferentially affected. The loss of these 
medium-sized spiny neurons is extensive, up to 90% (133,136). The main  neurotrans- 
mitter of these cells is y-aminobutyric acid (GABA), and they also contain enkephalin 
and substance P. The GABAergic projection neurons receive a glutamatergic input 
from the entire cortex in an innervation pattern that is topographically organized. Stri- 
atal interneurons are relatively spared in  HD. Striatal degeneration may underlie in part 
the dementia seen in HD (137) in addition to the motor deficits. However,  in advanced 
cases, cortical atrophy is seen as well. Functional decline precedes actual atrophy as 
demonstrated by  PET and SPECT studies of patient and of persons at risk (132,138). 

The gene for HD  was found in 1993 (139). The defect associated with the disease is 
an expanded CAG repeat on chromosome 4. The gene codes for a protein (Huntingtin), 
which is widely expressed, but the function of  which remains unknown (139). 

There is no effective treatment for HD. The severity of this disease increases the 
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urgency to find a treatment, and risks associated with experimental techniques become 
more acceptable. The initial successes of neural transplantation in various models, 
notably animal models of Parkinson’s disease, and later in limited clinical  trials 
(140-142), prompted investigation into the potential of cell transplantation to treat HD 
(143,144). The rationale for using transplantation is quite solid-there is a potential to 
reconstitute lost structures, at least partially, with cells that do not have the genetic 
defect that caused the disease. Nevertheless, many questions had to be  answered before 
human trials could be attempted. First, a reliable animal model of the disease had to be 
established, both to help understand the etiology and pathophysiology of the human 
disease, and to test treatments. Then, parameters pertaining to the graft itself, the donor, 
the transplantation technique, and the host response had to be elucidated. 

2.8.1. Excitotoxic Lesions of the Striatum  in  Rodents 
Is a Useful Model of Huntington’s Disease 

In 1976, the first animal model was developed (145,146). The researchers noted that 
systemic administration of monosodium glutamate in rats caused widespread neuro- 
toxic effects. This toxicity was limited to dendrites and soma,  while the axons were 
unresponsive. Whereas systemic administration of kainic acid, a rigid analogue of 
glutamate and a potent neurotoxin, caused high incidence of seizures and death, local 
injection into the striatum produced focal striatal degeneration. The axons passing 
through that area, or terminating in it, were spared. The damage increased with increas- 
ing dose of kainic acid (KA). At the 2.5 yg dose, there was a marked loss of intrinsic 
neurons, while  the DAergic innervation to the striatum was not affected. Moreover, the 
neurochemical and histological changes were paralleled by a marked spontaneous 
abnormal rotatory behavior by the rats. 

Further studies confirmed the findings, and found additional similarities between 
the KA animal model and HD (147,148). Characteristic stereotypy and impaired 
memory were found in the lesioned rats, making the model increasingly attractive. The 
presence of cognitive decline in a model  where the lesion is restricted to  the striatum 
also provided strong support to the concept that the striatum is implicated in complex 
psychological functions (147). Other excitotoxins, such as ibotenic acid, a synthetic 
analogue of glutamate, were found to have similar properties to KA and have also been 
used in preclinical HD studies (149). 

The excitotoxicity model  was further refined when quinolinic acid (QA) was found 
(149). QA is an endogenous tryptophan metabolite, and is a potent neurotoxin. It pro- 
duced lesions similar to those caused by KA or IA. Moreover,  QA appeared to be more 
selective, damaging the medium spiny GABAergic projection neurons and selectively 
sparing cholinergic interneurons or neurons expressing nicotinamide adenine diphos- 
phate hydrogenase (NADPH). In contrast to KA lesions rats treated  with larger QA 
doses did not display neuronal degeneration in distal brain areas (149,150). Also, the 
projection neurons that contained substance P were affected more than somatostatid 
neuropeptide Y containing neurons. These neurochemical findings closely paralleled 
those in HD (150). The activity of quinolinic acid phosphoribosyl transferase, the 
degradative enzyme of QA,  was increased both in QA-lesioned rats and in postmortem 
samples  from HD patient  brains (151,152). Concentrations of GABA as well as 
glutamate were decreased in brains from both patients with HD  and  QA-lesioned rats 



460 Roitberg et al. 

(153). Follow-up of the lesioned rats at 6 mo  and 1 yr revealed striatal atrophy and 
persistence of neurochemical changes, such as reduced  GABA, substance P, and  cho- 
line acetyltransferase (ChAT) activity; increases in somatostatin and neuropeptide 
Y activity; elevated concentrations of 5-hydroxytryptophan and sparing of NADPH- 
diaphorase neurons. The findings resembled the neurochemical features of HD, more 
than the KA model. 

Despite some controversy (154,155), the QA excitotoxicity model of HD for many 
years was the standard animal model  of this disease (156). QA excitotoxicity dupli- 
cated the histological and neurochemical changes of HD, and suggested that glutamate- 
induced excitotoxicity is the basic mechanism of HD (156). This notion was supported 
by the finding that skin fibroblasts of HD patients were more susceptible to the toxic 
effects of glutamate in culture medium. Interestingly, glutamate treatment produced a 
decrease in the gluthatione levels in the affected cells, and glutamate-induced cell death 
could be inhibited by cotreatment with antioxidants. 

Most glutamate-induced toxicity is induced by activation of the NMDA receptor 
rather than the K or Q receptors. QA is a relatively selective NMDA agonist (136). The 
NMDA receptor activates a Ca2+ channel, and the intracellular accumulation of this ion 
may lead to cell death. Increasing the extracellular calcium levels increased the sensi- 
tivity of neurons to glutamate toxicity. This effect was abolished by MK-801 and 
N-methyl-D-aspartate  (NMDA) receptor antagonists (156~) .  Calbindin-D28k, a cal- 
cium binding protein, is increased in  the cytoplasm of the medium-sized spiny neurons 
in vitro as well as in vivo. The pattern of this increase in the rat  QA model was similar 
to that in HD patients (157). 

The excitotoxicity model has imperfections, which are addressed later in this chap- 
ter. Nevertheless, the understanding of  HD  was  remarkably advanced by the advent of 
a reliable animal model,  which duplicated many  of the anatomical and neurochemical 
findings of  HD. 

Maybe the most important benefit of the excitotoxic lesion model in rodents was in 
development of the fetal striatal cell graft paradigm, to reverse the deficits caused by 
this injury, as a first step toward application of the new understanding of the disease to 
the treatment of  human patients. 

3. ANIMAL MODELS 
3.1. The Metabolic The0 y of HD and  a  New  Animal  Model 

The QA excitotoxicity model is very useful.  QA is an endogenous molecule, but its 
production tended to be lower in HD patients, which does not support QA overproduc- 
tion as the primary factor in neurodegeneration in HD (158). Moreover, the neuron 
death in the human neurodegenerative diseases tends to be gradually progressive, unlike 
the sudden cell death from QA injection or from glutamate release associated with 
ischemia. Although excitotoxicity may  play  an important role in HD, other intrinsic 
vulnerabilities of the degenerating neurons are likely. 

Metabolic defects  have been implicated in a variety of neurological disroders 
(159,160). Reduced oxidative metabolism would leave cells energy deficient and more 
vulnerable to excitatory  amino  acids. The delayed  onset  and  gradual  nature of 
neurodegenerative diseases may be related to progressive impairment of mitochondrial 
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function, such as occurs normally with aging (160). This progressive impairment 
could be accelerated in patients who have a genetic defect of mitochondrial meta- 
bolism.Indeed,  mitochondrial  toxins,  most  notably  citric  acid  cycle  inhibitor 
3-nitropropionic acid (3-NPA),  has  been shown to produce a pattern of striatal degen- 
eration closely resembling HD. This toxciticity could be blocked by  NMDA antago- 
nists, further  linking  metabolic  impairment and excitotoxicity (160,161). Direct 
injection of 3-NPA into the rat striatum produced a severe localized lesion, with exten- 
sive necrosis of neurons of all types (162). Remarkably, low-dose systemic 3-NPA 
administration every 4 d for 28 d produces marked spontaneous changes in rat locomo- 
tor behavior (161,162). Chronic systemic 3-NPA treatment led to lesions selective for 
dorsolateral striatum and to spontaneous bradykinesia and gait abnormalities in rats 
(163). Manipulating the time course of the injections, researchers could produce per- 
sistent hyperactivity, or hypoactivity, correlating to early and advanced HD, respec- 
tively (164). Generally, smaller total doses of 3-NPA led to hyperactivity, and higher 
doses or more injections resulted in hypoactivity, thus replicating the progression of 
HD (165). Bordelon et al. (166) recently provided another link between QA toxicity 
and metabolic dysfunction. QA injection caused a 30-6096 decrease in oxygen con- 
sumption, ATP,  NAD, aspartate, and glutamate 12 h following administration. These 
declines presumably represented rapidly progressive mitochondrial dysfunction. 

Mitochondrial dysfunction is increasingly associated with  human neurodegenerative 
diseases. Mitochondrial toxin MPTP caused Parkinsonism in humans. Complex I defi- 
ciency may  play a role in PD (1671, and Alzheimer’s disease was  recently associated 
with accumulation of genetic defects in mitochondria (168). Complex II/III deficiency 
may contribute to HD (167). The potential of the 3-NPA  model to provide further 
insight into the pathogenesis and treatment of  HD gave the impetus to expand this 
model to primates. Chronic administration of 3-NPA to baboons caused first apomor- 
phine induced, and as the treatment continued, spontaneous dystonia and dyskinesia. 
Lesions in the caudate and  putamen  were seen on  MRI,  and the histological evaluation 
showed selective depletion of calbindin neurons, sparing of NADPH-diaphorase  neu- 
rons, astrogliosis, and other changes typical of HD (169). Some of the more devastat- 
ing symptoms of HD are not motor, but cognitive and  psychiatric. Palfi et al. (170) 
demonstrated the triad  of spontaneous abnormal movements, cognitive impairment, 
and progressive striatal degeneration in the baboon. 

Both the QA excitotoxicity model  and the 3-NPA  model are useful in cell transplan- 
tation research. Mitochondrial metabolic defects and excitotoxicity are probably inter- 
twined in the pathogenesis of  HD, and both are energy-depleting processes. Although 
the 3-NPA  model demonstrates a biphasic deficit, it  is also more time consuming, and 
may be less practical for studies of  neuron replacement therapy. Replacement should 
be done only after the 3-NPA treatment is discontinued; otherwise the transplanted 
neurons will be exposed to its toxic effect. The questions of stability of the systemic 
3-NPA effect over time after stopping the injections and direct comparison of the 
effects of 3-NPA with those of  QA await further research. 

3.2. Primate Models 
Although the rat model helped establish the basic model of HD and  was  used to test 

therapeuric approaches, such as fetal cell transplantation, it is not solely adequate to 
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determine a clinically relevant therapy. There are obvious differences between the rat 
and primate brain. The monkey brain is 20-30 times larger, primates have  a  very dif- 
ferent movement repertoire, and anatomically, the striatum in primate brain is divided 
by the internal capsule into caudate and  putamen. Primate studies were the next step on 
the road to clinical application of neural transplantation for HD. 

In  1989, Hantraye and co-workers injected the NMDA agonist ibothenic acid (IA) 
into the caudate-putamen  of baboons. The unilateral injection produced rare spontane- 
ous dyskinesias. However, when apomorphine was administered to those animals fol- 
lowing the lesion, it produced a variety of dyskinesias and choreiform and dystonic 
movements. Other studies were done with KA and  QA,  and L-Dopa was also used as a 
stimulant to induce motion abnormalities closely resembling HD (171). The primate 
excitotoxicity model demonstrated a selective vulnerability of striatal neurons similar 
to that seen in HD (172). 

Using his model, xenografts (rat derived donors) of fetal striatal transplants were 
shown to partially reverse the behavioral effects of the lesion. When the cyclosporin 
treatment was stopped, the grafts were rejected, and the symptoms reappeared. Ani- 
mals  who  received cyclosporin only did not  show  an improvement in apomorphine- 
induced abnormal movements (173). 

Others used different excitotoxins such as the NMDA agonist QA (174). Using this 
model, a number of technical issues relating to transplantation, histopathology, neuro- 
chemistry, and MR imaging were elucidated (173,175,176). 

Ferrante et al. (176) characterized the QA lesion in detail. It showed remarkable 
similarities to HD. Medium-sized spiny neurons were selectively lost, and GABA 
immunoreactivity was depleted without significant loss of somatostatin immunoreac- 
tivity. The matrix  part  of the patch-matrix striatal organization was selectively atro- 
phied. Most remarkably,  pretreatment of three of the monkeys with MK-801, a 
noncompetitive NMDA antagonist, prevented QA  toxicity. The possibility was raised 
that excitotoxicity mediated  by  NMDA receptors contributes to the pathogenesis of 
HD.  Beyond its use in the basic understanding of HD and the basal ganglia circuitry 
( I  76,177), the nonhuman primate model is relevant to the development of therapeutic 
strategies for humans. The success of fetal grafts in the nonhuman primate model led 
the way to the first clinical experiments. 

3.3. The Rodent  Model of Striatal  Transplantation 
The first report of successful fetal striatal grafts in the excitotoxic lesion model was 

1981 by  Wally Deckel (178). This landmark study was rapidly followed by others. 
Deckel (179) and Isacson (180,181) reported reversal of some behavioral deficits 
caused by intrastriatal injections of excitotoxins. In these studies, rats received injec- 
tions of fetal striatal cell suspensions bilaterally, into previously lesioned striata. The 
grafts survived well,  in  a  patch-matrix organization. Nocturnal hyperactivity, cogni- 
tive impairments on T-maze test, and abnormal responses to amphetamine and apo- 
morphine were partially corrected by fetal striatal implants (181-183). These effects 
were paralleled by partial normalization in neurotransmitters, such as GABA  and ace- 
tylcholine. The utilization of glucose followed the same pattern of partial recovery. 

As  opposed to the ectopic striatal placement of  nigra1 grafts, the striatal grafts grew 
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best when placed homotopically within the striatum. Evidence for graft integration was 
also found. Dense DAergic innervation was found within graft-derived patches as well 
as other evidence of graft functional integration (184). Interestingly, the striatal grafts 
showed good survival in these studies, and better integration into the host tissue rela- 
tive to nigra1 grafts which typically have a 5-10% survival rate (185). 

In early striatal grafting studies, the parameters mediating successful grafts were 
delineated. Most researchers used fetal rat or mouse tissue from d E14-E17, when the 
striatal  neurons  differentiate,  but  have not yet  extended  long  axons  and  exhibit 
the maximal potential for growth (186,187). The fetal grafts were shown to undergo 
growth and maturation at a rate similar to that of the normal striatum (188). The 
microenvironment of the grafts proved crucial to their survival. Grafts survived best 
when implanted 1 wk after a lesion in the target area, worse when implanted into the 
intact brain, and worst when the transplant was done immediately after the lesion (189). 

Clearly, some changes occurred that created a better environment for the delayed 
transplants. Further in vivo and tissue culture studies (190-192) demonstrated the role 
of astrocytes and trophic factors in transplantation. Usually, astrocytes from both the 
graft and the host form a border between  them,  which represents a barrier to the grow- 
ing axons (188). However, under certain conditions astrocytes provide essential sup- 
port for  the transplant. Early in the development of the astroglial response to  the 
transplant, the astrocytes provide important trophic support and produce laminins and 
other factors that guide the elongating graft axons into the host brain (189,192), but 
subsequent migration of astrocytes to the area of the graft may eventually limit its 
integration. We will return to the later developments and the use of trophic factors in 
transplantation and brain regeneration. 

Another critical factor to consider was the precise source of the transplanted fetal 
striatal tissue. Early experiments used both medial and lateral ganglionic eminences as 
a source of “fetal striatal primordia” (188,193). The grafts tended to produce a distinct 
pattern of acetylcholinesterase (AChE) rich patches within areas of AChE-poor tissue. 
Initially, these were thought to represent a process of compartmentalization resembling 
the normal striatum (184,194). In 1990, Graybiel et al.  proposed  a different interpreta- 
tion: the patches were the sorting out of the striatal tissue from the mixed striatal and 
nonstriatal cells in the primordia. This reaggregation occurred even when  a cell sus- 
pension was transplanted. The markers of striatal cells were found on the patch cells, 
and the nonpatch areas contained types of neurons not normally found in the striatum. 
Grafting tissue derived .from the lateral ganglionic eminence enriched the AChE-rich 
fraction, and improved graft integration into the host (195). These findings were corre- 
lated  with  improved  functional  recovery  after  grafts of lateral  ganglionic  eminence (196). 

Both whole pieces of tissue and cell suspensions have been  used for transplantation. 
The suspensions, prepared by trypsination and mechanical separation, Were success- 
fully used in stereotactic neuronal grafting into deep areas of the brain (185). Trans- 
plantation of whole pieces of neural tissue avoids the trauma  of separation, but the 
central portions of the implants tend to grow less well and are vascularized less rapidly 
(197). Both methods are currently used. The solid graft blood vessels anastomose with 
the host vessels, and the cell suspension grafts have the potential to become rapidly 
vascularized by the host (197). 
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3.4. Early  Xenotransplantation 
The transplantation of CNS cells across species presents additional challenges, 

mainly related to immunological rejection, but also to optimal timing and size of the 
graft. Nevertheless, xenotransplantation was  thoroughly investigated for two reasons: 
first, to explore the potential for future clinical use of xenotransplantation, and second, 
as a research tool. 

Transplants of lateral ganglionic eminence  cells  from various species  into  the 
lesioned rat striatum resulted in anatomical integration and functional reconstitution of 
the rat neural circuits (198). Human to rat transplants were instrumental in showing the 
ability of  human fetal tissue to grow and reinnervate the host  brain,  as a step toward 
clinical application of neural grafting (198-200). The most important single determi- 
nant of xenograft success was the use of immunosuppression with cyclosporin A. The 
risk of rejection increases with the phylogenetic distance between the donor and the 
recipient. Mouse to rat transplants had a 30% survival rate even without immunosup- 
pression, but virtually all the pig  to rat or human to rat transplants were rejected if  not 
treated  with cyclosporin A. 

Mouse to rat transplants proved valuable in conclusively determining the origin of 
grafted axona sprouting into the host following transplantation. Lund et al. (201) took 
advantage of a mouse-specific monoclonal antibody to show immature graft axons 
growing into the host brain. Similar techniques were later used in the primate model 
and in the human  to rat model (198). Although research in neurotransplantation has 
come a long way since the first experiments in the rodent model, it still provides a 
necessary first step in the investigation of  new approaches and new treatments aimed at 
neuroprotection or improvement of transplant outcome (202). 

4. NEUROPROTECTION AND CELL TRANSPLANTATION 
FOR NEUROPROTECTION IN  HD 

Most cell transplant experiments involve replacement strategies for neurons lost to a 
degenerative disease. However, it is arguably better to prevent the loss in the first place. 
HD is singularly amenable to neuroprotection strategies. This is the only neuro- 
degenerative disease in which we know the precise genetic defect, and can predict who 
will come down  with the disease. 

Since the original studies of Levy-Montalcini, great progress has been  made in our 
knowledge of trophic factors in the brain and their function. In 1987, the basis was laid 
for the practical use of nerve growth factor (NGF) for neuroprotection in the CNS. 
Three groups initially showed a dramatic increase in survival of  axotomized medial 
septum cholinergic neurons after intraventricular infusion of NGF (203,204). Follow- 
ing this initial demonstration of in vivo effects of  NGF, a plethora of studies have 
revealed the potent effects of NGF in a variety of animal models. 

With regard  to  HD, a number  of trophic factors were tested to determine which 
could best protect the striatum in the animal models of  HD. Glial cell line derived 
neurotrophic factor (GDNF) and ciliary neurotrophic factor (CNTF) were found to be 
effective (205-209). Intracerebral administration of CNTF protected the striatal output 
neurons, whereas brain-derived neurotrophic factor (BDNF)  and neurotrophin-3 did 
not prevent the death of those neurons following intrastriatal injection of QA (207). 
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CNTF  receptor immunoreactivity was identified  in globus pallidus, subthalamic 
nucleus, red nucleus, and substantia nigra pars compacta in Cebus upella monkeys, 
indicating that CNTF supports many areas in the basal ganglia (210). Therefore, CNTF 
was chosen for extensive further study, with significant neuroprotective effects against 
excitotoxic injury in both the rodent and the primate models (208,211). 

Brain protection by neurotrophic factors appeared to be a highly attractive strategy, 
but the central question remained that of their delivery. Systemic administration was 
not effective, and several clinical studies failed to show a significant benefit. To be 
effective, the factors had to be delivered directly to the neurons that needed  them. 
Several strategies crystallized. First, direct injection into the brain was tried. Although 
simple, it has the theoretical disadvantage that it does not provide continuous protec- 
tion, unless a constant infusion pump is used. Infusion of fluid directly into the brain 
may produce local swelling and  mass effect. Nevertheless, ongoing human trials in 
amyotrophic lateral sclerosis (ALS) utilize constant intrathecal infusion of CNTF with 
an implanted pump. Another strategy, direct biological delivery by transplantation of 
cells  engineered  to  produce  trophic  factors, was made  possible by independent 
advances in genetic therapy (212). 

Specific cell replacement therapy for neurodegenerative diseases works best when 
the original cell types and their connections are reconstituted. However, if cells are 
used only as delivery systems, no such constraints exist. Therefore, nonneuronal cells 
and xenografts can be good vehicles, provided the issues of graft rejection are solved. 
Emerich et al. (208) transfected baby hamster kidney cells with an expression vector 
for human CNTF (hCNTF),  and implanted them into the rat striatum using polymeric 
capsules. The pores in the polymer are large enough to allow CNTF out and nutrients 
in, but too small to admit immune system cells. Cognitive dysfunction, motor deficits, 
and striatal degeneration were effectively prevented. Another advantage was the abil- 
ity to retrieve the capsules for analysis at any  time. The encapsulated grafts showed 
excellent viability and no rejection. Despite concern about loss of transgene expression 
over time (213), the grafts continued to secrete CNTF thoughout the time of the study 
(208,211). Remarkable prevention of the striatal lesion by the encapsulated CNTF- 
producing cells was also shown in the primate model, then shown also in the primate 
(211). CNTF also prevented retrograde atrophy of layer V neurons in the motor cortex. 

Biological delivery of trophic factors provided an unexpected advantage. We have 
seen that intrastriatal NGF selectively protected cholinergic neurons when infused 
directly, but did not protect other neurons (214). Indeed, only the cholinergic neurons 
express the high-affinity trkA NGF throughout life. Fibroblasts transfected with the 
gene for NGF were implanted into the rat corpus callosum, and decreased the size of 
subsequent excitotoxic lesions by 80% (215). A similar effect was shown when striatal 
degeneration was induced by the mitochondrial toxin 3-NPA (216). Even in the 
absence of  any lesion, NGF delivered by encapsulated cells induced hypertrophy of 
both cholinergic and noncholinergic neuropeptide Y-immunoreactive neurons (214). 
The mechanism responsible for this phenomenon is unknown, but  may involve secre- 
tion of a secondary factor, affecting neurons that do not have a trkA NGF receptor. 
Possibly, the different routes  of delivery affect different radical scavenger mechanisms, 
or differentially affect astrocytes, which then may change the permeability of the 
blood-brain barrier. Nonneuronal cell transplants for biological delivery of trophic 
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factors are excellent vehicles, very safe if encapsulated, and easily obtainable. They 
appear to have advantages over direct infusion of trophic factors, and are close to im- 
mediate human application. 

Nevertheless, the nonneural cells do not naturally secrete neurotrophic factors, and 
they  may lose transgene expression over too long a time course for human clinical 
usefulness (213). Moreover, the secretion of the factors is tonic, unregulated by  host 
feedback systems, and potentially detrimental. Therefore, the future cell transplants for 
trophic factor delivery may focus on  neurons, astrocytes, or neural stem cells in an 
attempt to best approximate physiologic conditions. Indeed, Kordower et al. (217) 
transplanted mouse stem cells from transgenic mice in which the glial fibrillary acid 
protein (GFAP) promoter directs the expression of  human  NGF. The cells were epider- 
mal growth factor (EGF) responsive. The polymer encapsulated graft of these cells into 
the rat striatum markedly reduced the size of subsequent QA lesions. 

5. HOW DO GRAFTS WORK? 

Grafts can have several effects, from detrimental to full integration. They can dam- 
age the host brain by producing a pressure effect and by the initial trauma associated 
with the transplantation procedure. Grafts can diffusely secrete growth factors or neu- 
rotransmitters, they can form synapses with host neurons and provide tonic reinnerva- 
tion of the host brain, and finally, the graft may be fully integrated into the recipient 
circuitry, with reciprocal innervation. Clearly, there are many beneficial effects of cell 
grafting that do not require synaptic connection with the host. Even transplants con- 
taining only glial cells improved a learning deficit in rats after frontal cortex ablation 
(189). Intraparenchymal fetal striatal transplants resulted in functional recovery long 
before any anatomical connections were established (218). Rat allografts tend to show 
only scant striatonigral efferents, but are a strong stimulant for sprouting or regenera- 
tion of adult nerve fibers (219). But, if the effects of the grafts were largely neurohu- 
moral, why transplant cells and go to the trouble of specimen collection and the risk of 
rejection or infection? Local delivery of medication can be accomplished in other ways. 
However, reciprocal innervation can provide the essential and precise modulation of 
graft function, and a more physiologic outcome. Years of intensive research showed a 
high degree of functional and anatomical integration of the grafts, and accumulated 
evidence of graft effects in the animal HD model that go beyond tonic secretion of 
substances. Long growth of axons into the host brain was demonstrated in the mouse to 
rat transplants (201). Xu et al. (220) demonstrated restoration of the corticostriatal pro- 
jection similar to the normal connections expected in the rat neostriatum (221). Exten- 
sive DAergic afferents from the host substantia nigra were also seen (222). Many 
neuronal types characteristic of the normal striatum were found in the fetal grafts, with 
the appropriate relation to both afferent cortical and thalamic fibers and efferent neu- 
rons projecting to the globus pallidus (223). Wictorin et al. (224) demonstrated growth 
of the grafted fetal neurons along the internal capsule tracts, to reinstate the synaptic 
input into the host globus pallidus. Evidently, fetal neurons were able to overcome the 
inhibitory effect of the oligodendroglia on adult axon elongation. Moreover, human 
fetal neurons transplanted into the rat were shown to grow well and reach substantia 
nigra even as far as the spinal cord (199). The longer period  of growth and the greater 
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length of the human axons in their original environment may have contributed to their 
success. Ultrastructural evidence was consistent with normal maturation of the trans- 
planted neostriatum, at light and electron microscopic levels, although the density of 
the synapses was lower in the transplants than in the host tissue (225,226). These ana- 
tomical data, together with the functional recovery and biochemical data reviewed ear- 
lier, began to suggest that the grafts can at least partially reconstitute the neural circuits 
in the host brain.Striata1 tissue was more effective than peripheral nerve or adrenal 
medulla grafts in protecting the host striatum against QA toxicity (187). Xu et al. (227) 
found that cortical and thalamic stimulation resulted in synaptic responses within the 
rat fetal grafts, measured by in vivo intracellular recording. Ultimately, Campbell, from 
the University of  Lund  team (228), measured  GABA  overflow from transplants with 
intracerebral microdialysis, and demonstrated inhibition of graft GABA release by the 
host DAergic projection and its stimulation by the host glutamatergic corticostriatal 
projection.The issue of reconstituting lost circuits is more important in HD than in PD 
models, because nigra1 cells are mainly  needed to provide tonic secretion of DA, and 
striatal cells homotopically transplanted into the striatum are expected to reach their 
normal targets for optimal effect. It appears that the fetal cells can, albeit partially, 
restore the host striatal function and connectivity. 

6. HUMAN TRIALS AND FUTURE DIRECTIONS 
Animal experiments in rodents and primates established models of HD; and  proved 

survival, marked anatomical and functional integration of homotopic fetal allografts 
and xenografts, and functional improvement of  HD signs in the animals. Moreover, 
transplants of cells genetically modified to secrete trophic factors protected striatal 
neurons from degeneration both in the excitotoxicity and the mitochondrial dysfunc- 
tion models. Although many questions remained, such as the optimal quantity of cells 
and number of injections, ways to increase graft survival, and duration of immunosup- 
pression, they could not be answered but with clinical trials. The first transplant strat- 
egy for HD was homotopic fetal striatal allografts. 

After the reports of success following neural grafts in rodents, and initial successes 
in the human  PD trials, and even before the results of the primate model experiments 
were in, the first attempts to treat humans with fetal cell allografts were reported from 
Czechoslovakia and Mexico (229,230). These initial reports claimed some functional 
improvement in the patients, but no standardized evaluation was done, and they were 
not followed with long-term studies or larger series. In the West, encouraged by the 
successes of neural transplantation in PD, researchers were discussing the rationale for 
intracerebral transplantation  in  HD. Several assumptions  had to be made: (1) The results 
of animal experiments can be extrapolated to clinical trials. (2) Transplantation of stri- 
atal neurons is adequate. (3) The graft will  not be susceptible to the effects of the 
ongoing degenerative process, or will even slow it (231,232). Consensus emerged that 
recognized the excellent correlation between success of transplantation in animal  mod- 
els of PD  and the human clinical trials. The anatomical appearance of the grafts in 
humans was identical to that in the monkey brain (233), and functional recovery  was 
seen. Therefore, given the disabling nature of  HD,  and the successes of grafting in 
animal models, the logical next step was human trials (231,232). 

In 1995, enough data accumulated to allow determination of the optimal gestational 
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age and anatomical location of the graft. Lateral ventricular eminence tissue taken 
before postovulatory wk 22 was likely to give good results (141). At the same time, 
Quinn et al. (234) presented an assessment protocol based on the Core Assessment 
Program for Intracerebral Transplantation (CAPIT)  which is used for PD transplanta- 
tion studies. They called the protocol CAPIT-HD. The way  was  paved for systematic 
clinical trials. The human transplantation experiments are still at an early stage. Never- 
theless, initial results are encouraging. Philpot et al. (235) report improvement of some 
cognitive symptoms in three patients 4-6 mo following transplantation. 

Current advances in fetal intracerebral allografts notwithstanding, human fetuses 
are a limited, and at least in the United States, controversial source of donor tissue 
(236). Therefore, the use of xenografts has tremendous appeal. Potentially, animals 
such as pigs can be a continual source of appropriate fetal tissue for transplantation. 
We have seen earlier in this chapter that xenografts can become integrated in the host 
brain circuitry, and restore lost function. Two major barriers remain to widespread 
clinical use of xenotransplants-graft rejection and transmission of known and 
unknown pathogens (237). 

The most  common  method of immunosuppression is the systemic administration of 
cyclosporin A,  but the drug has  many side effects. Despite the relative immunological 
privilege of the brain, xenografts are usually rejected, unless immunosupprssion is used 
(238,239). Many  methods  were tried, with some success, to provide immunoprotection 
without  immunosuppression.  They  ranged from anti-interleukin I1 (240), through  mask- 
ing of donor MHC class I antigens (241), anti-T-cell  antibodies (242,243), to 
cotransplantation with Sertoli cells (244). Polymer encapsulation eliminates the risk  of 
graft rejection, but is not useful for neural cell transplants where the goal is to pro- 
vide functional integration (244,245). Graft rejection appears to be a controllable 
problem. Furthermore, patients may be willing to undergo a course of immuno- 
suppressive therapy, if the graft provides them with a functional improvement. The 
problem of transmissible pathogens, including retroviruses, remains unsolved  at this 
time (237). 

In the future, neural transplantation is most likely to have long-term success and 
widespread application for human neurodegenerative diseases, when the optimal com- 
bination of the crucial variables is found, that is, a safe and plentiful cell source, with 
good function and integration, absence of graft rejection, adequate trophic support by 
factor expression or cotransplantation, and protection against oxidative stress. 
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Future  Prospects of Gene  Therapy 

for  Treating CNS Diseases 

Daniel A. Peterson,  Jasodhara Ray, and Fred H. Gage 

1. INTRODUCTION 
In the last several decades, enormous gains have been made in our understanding of 

the pathogenesis of various human diseases. By understanding  the biochemical, 
molecular, and genetic mechanisms through which a disease state manifests itself, it 
becomes possible to develop rational strategies for therapeutic intervention. In addi- 
tion  to providing insight into disease mechanisms, studies using molecular biology 
have provided a tool, gene therapy, through which it  is possible to induce a cell to make 
a specific protein that could interfere with the disease process. Gene therapy provides 
for a local, regulated delivery of the therapeutic gene product, thereby avoiding some 
of the systemic side effects of drug therapies. Gene therapy has  been investigated with 
some success in several organ systems and this review discusses efforts to use gene 
therapy in central nervous system (CNS) diseases. Considerations for using gene 
therapy and the benefits of various delivery approaches are addressed. The potential 
efficacy and drawbacks of gene therapy for CNS disease are discussed in light of 
advances in preclinical  research. Finally, the future prospects for the use of gene therapy 
in the clinic are discussed in terms of safety, ethical considerations, and public opinion. 

2. CONSIDERATIONS FOR  THE USE OF  GENE  THERAPY 
To apply gene therapy, it  is necessary to  have a detailed understanding of the 

molecular and biochemical sequences in  the  cell biology of both the healthy and 
the disease state, an understanding of the anatomical framework of the tissue involved, 
and an understanding of the physiological balance necessary for the health of this tis- 
sue and  of its function within the context of the whole organism. As a result, the poten- 
tial utility of gene therapy rests upon a foundation of accumulated knowledge.  In the 
future, additional applications for gene therapy may  well be suggested by advances in 
basic research on healthy and diseased tissue. 

Up to the present time, pharmacotherapy has  been the primary  medical approach for 
intervention in disease processes. Although this approach has been quite successful 
and will continue to be the therapeutic approach of choice in most instances, there are 
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Fig. 1. (see next page) Ex vivo gene therapy begins with virus production. (A) A construct 
containing the therapeutic transgene and a selectable antibiotic resistance gene (neomycin 
resistance in this example) with an appropriate promotor for each (P1 and P2, respectively) is 
cloned into a viral backbone. The resulting plasmid is introduced by chemical or physical meth- 
ods  into  cultured  cells  that  either  constituitively  express  viral  packaging  proteins  or  are 
cotransfected to express these proteins. These cells, called producer cells, generate and pack- 
age virus which is released into the culture media. (B) Media from the producer cell cultures is 
used to infect the primary cells that will be used for gene delivery. (C) To ensure that cells 
harvested for gene delivery are infected to produce the transgene, cultures are exposed to  an 
antibiotic (G418 in this example) that is lethal (X) to cells not expressing resistance (the ne0 
gene product). (D) Following selection, infected cells are characterized by Southern or Western 
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a number of considerations that make the search for alternative therapies viable. In 
regard to CNS disease, a major consideration in drug delivery is the size of the com- 
pound and its ability to cross the blood-brain barrier. Even  if the drug crosses the 
barrier, it may be necessary to deliver high concentrations of the substance systemi- 
cally to achieve a suitable dosage in the brain. Depending upon the half-life of the drug, 
repeated doses may be required to achieve the desired tissue level. Because the drug 
cannot be directed only to the tissue of interest with systemic administration, all tissues 
are exposed to the same biological level of the drug achieved in the tissue of interest. 
As a result, there can be considerable side effects due to both the absolute levels of the 
drug administered and to the response of other tissues. Finally, with drug delivery there 
is the danger of sensitization, where increasing levels of the drug are needed to main- 
tain the same level of tissue response. A well  known example of these difficulties in  the 
CNS is Parkinson’s disease (PD), in which oral administration of the dopamine precur- 
sor, levodopa @-Dopa),  which crosses the blood-brain barrier, is given to counteract 
the reduced striatal dopamine levels that follow the death of substantia nigra dopamin- 
ergic neurons. The remarkable recovery of PD patients treated  with L-Dopa raised hopes 
that this drug delivery might be a cure for PD. However, although initially effective, 
this pharmacotherapy becomes limited after a few years of treatment and also produces 
side effects ( I ) .  

To overcome some of the disadvantages of systemic administration, strategies have 
been developed to deliver neuroprotective genes directly into the brain in a localized 
fashion. Experimental gene therapy approaches reviewed in this chapter primarily 
address somatic gene therapy, where the  cell receiving the new transferred gene, called 
a transgene, is a somatic (nonreproductive) cell. The use of germ line gene therapy is 
addressed briefly in the  last section of this chapter. There are two  strategies  for 
transgene delivery: ex vivo and in vivo gene therapy. With ex vivo gene therapy, cul- 
tured cells are genetically manipulated to express the corrective transgene and then 
implanted into an organism (Fig. 1). Depending on the types of cells used, implanted 
cells reside at the site of implantation and function as “mini-pumps” to deliver the 
transgene products locally at a even rate or migrate and deliver gene products over a 
wide area. Alternatively, therapeutic genes can be directly delivered into the organism 
in situ (in vivo gene therapy; Fig. 2). The choice of a particular method depends upon 
a number of considerations, including the type of disease and how  much of and how 
long the recombinant protein must be delivered. 

The identification of a monogenetic, or single gene, defect presents the most straight- 
forward case for the use of gene therapy. Here, the delivery of a single gene and the 
expression of its product can correct the defect and eliminate the disease. Examples of 
such diseases where gene therapy approaches  are being investigated  include  the 
hemophilias (2,3) and cystic fibrosis (4). It is more difficult to address disease processes 
that are polygenetic or whose etiology at the molecular level is not clear. Neuronal 

Fig. 1. (continued) blots or by  immunocytochemistry  to  confirm  their  expression of the 
transgene or its  product. (E) Delivery  of  transgene  product  into  the  brain is  accomplished  either 
by  direct  stereotaxic  injection  of  infected  primary cells into  the  brain  parenchyma  or  by  placing 
a  suspension  of  infected cells in  a  collagen matrix  into  a lesion  cavity. 
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Fig. 2. (A) In vivo gene therapy begins with virus  production  from  producer  cells  as 
described in Fig. 1A but without the need to include a selectable marker gene in the construct. 
(B) The virus collected from the producer cell culture media is purified and concentrated by 
ultracentrifugation and the aliquoted for viral stock. (C) Viral titer is determined by infecting a 
cell line with the incidence of plaque formation used to calculate the number of viral particles 
per aliquot and viral expression is evaluated by Southern or Western blot or immunocytochem- 
istry. (D) The virus is then directly injected into  the brain parenchyma where neural cells are 
directly infected and subsequently produce the gene product. 

response to injury and neurodegenerative diseases, such as Alzheimer’s and Parkin- 
son’s diseases, reflect circumstances where the disease state cannot yet be entirely 
attributed to  a single gene. Gene therapy can still be considered for use with such com- 
plex degenerative processes by delivery of a gene whose product is thought to provide 
trophic support for the injured tissue or to replace the output of the injured tissue. In 
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addition to supplying a corrective gene, a gene can also be delivered whose product 
selectively inhibits host gene function such as ribozymes (5,6). Gene delivery can also 
be used to selectively target cells, such as cancer cells, by introducing a gene whose 
product is either directly lethal or renders the cell susceptible to host immunogenicity 
or pharmacotherapy (7,8). 

In addition to the identification of a suitable transgene and isolating or obtaining its 
cDNA to clone into a vector, successful gene therapy depends on a number of factors. 
These include the choice of vector, the elements in the vector that control long-term 
stable gene expression both  in vitro and in vivo,  and, in the case of ex vivo gene therapy, 
the choice of cells for gene delivery. The advantages and weaknesses of the various 
choices are discussed in the following sections. 

3. APPROACHES  TO TRANSGENE DELIVERY 
3.2. Ex Vivo Gene Delive y 
3.2 .l. Choice of Vector-Refroviral Vectors 

Transgenes are introduced into cells by delivery vehicles or vectors (Fig. 1). Vector 
constructs contain cis-acting elements (e.g. promoters/enhancers, polyadenylation sig- 
nals, splice signals) that are involved in determining when and in  which tissue or cell 
type a gene will be expressed. There are two classes of vectors: nonviral and viral. 
Transgenes can be introduced into cells by nonviral vectors using a number of chemi- 
cal (calcium phosphate, lipofection) or physical methods (electroporation, microinjec- 
tion) (9). However, gene transfer by nonviral vectors is largely inefficient (10). To 
date, most gene therapy approaches use viral vectors that have  been  modified to dis- 
able any pathogenic effects. At present, retroviral vectors are the most  commonly  used 
viral vectors for  ex vivo gene transfer. 

Retroviruses are a group of viruses whose RNA  genome is converted into DNA  in 
the infected cells. Retroviral vectors are plasmid DNAs derived from Moloney murine 
leukemia virus (MoMLV) (10,11). In the vector, the viral genes are replaced with 
transgene sequences and placed under the control of viral long terminal repeats (LTR) 
or internal promoter/enhancers. The vector also contains a psi packaging sequence 
required for the encapsidation of genomic-length RNA into virions. Recombinant vec- 
tor is transduced into packaging cells that contain a provirus lacking packaging signals 
but provides the viral structural genes in trans for the production of transmissible viral 
particles. The  culture  medium  from  the  packaging  cells  containing  replication- 
defective infectious virus particles is then  used to infect the target cells. 

Despite their high infection efficiency, a critical limitation of retroviral vectors is 
their inability to infect nondividing cells such as brain cells (11-13). As a result they 
can be successfully used for ex vivo gene therapy only using specific cell types that 
show  good  growth characteristics in vitro. Another disadvantage of retroviral vectors 
is the rare possibility of their random insertion, causing the disruption of cellular genes, 
or the insertion of regulatory sequences (promoter or enhancers) near a cellular gene 
leading to inappropriate or uncontrollable expression of this gene. 

Stability of transgene  expression  from  retroviral  vectors is  still  problematic 
(12,14,15). Although growing cells can stably express transduced genes, the expres- 
sion decreases considerably in quiescent cells (16). Within 2 mo after grafting to the 
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brain, there is a gradual down-regulation of transgene expression ( I  7,18). Although the 
mechanism  of down-regulation is unclear, the nature of the transgene, the promoters or 
enhancers, and the cell type used  may be some of the factors involved. The appropriate 
choice of promoter/enhancers can stabilize transgene expression; however, the search 
for  such  critical  factors for sustained  transgene  expression would require time- 
consuming trial and error. These difficulties have prompted  an exploration of  ways to 
control  transgene  expression using regulatable vectors, such  as  the  tetracycline- 
controlled  retrovector  system (19), where  genes  can  be turned off or  on  by  exogenous  agents. 

3.1.2. Choice of Ce2Z Type 
The choice of cells for ex vivo gene therapy depends on a number of considerations. 

First,  the  cells  should  withstand  the  genetic  manipulation  process and express 
transgenes stably in vitro. Second, the cells should survive in the brain noninvasively 
and express the transgene at a physiologically significant level for a long period of 
time.  Early  work focused on the use of immortalized cell lines for genetic manipula- 
tion, as the robust proliferation of these cells in vitro made them easy to grow and to 
transduce efficiently with retroviral vectors. However, many of these cell lines contin- 
ued to proliferate after grafting in the brain and were lethal to the experimental ani- 
mals, limiting their usefulness for long-term therapeutic applications (14,20,21). Other 
work focused on  primary cells, such as skin fibroblasts, as targets for gene transfer as 
such cells show good but nonpathological survival within the CNS (1420-22). One 
advantage of genetically modified fibroblasts cultured from skin biopsies is that they 
can be used for autologous grafting to reduce immune rejection. One of the disadvan- 
tages of fibroblasts is that, being nonneuronal, they will not make functional connec- 
tions with the host  brain, limiting their biological effect to passive transgene expression 
(14,20-22). Genetically modified fibroblasts from different species grafted in both 
peripheral (PNS) and central nervous system (CNS) survive in a nonmitotic state for up 
to 2 yr  and produce and release transgene products in vivo that affect the functional and 
anatomical properties of the host brain (14,21,23,24). 

Primary astrocytes also have been  used as cellular vehicles for gene delivery in the 
CNS, as their rapid proliferative capacity in vitro makes them amenable to gene trans- 
fer by retroviral vectors. Astrocytes grafted into the brain migrate from the site of 
implantation and survive for 2-3 mo (25-27). The good survival and transgene expres- 
sion of astrocytes postgrafting (14) have made  them useful for gene delivery in vivo. 

Genetically modified primary cells function as a “mini-pump”  to supply factors 
locally, and are useful for delivery of factors near compromised neurons to prevent 
their further damage and halt the progression of neurodegeneration. However, the 
engraftment of these cells within the brain parenchyma may itself displace and damage 
neurons or disrupt connections. Furthermore, larger brain structures, such as the stria- 
tum,  may require multiple deposits of modified primary cells, magnifying this concern. 
A final consideration for ex vivo gene therapy is that, although the brain is immuno- 
privileged, grafted cells can trigger immune reaction leading to adverse effects. 

3.2. In Vivo Gene Therapy 
In recent years, research has focused on the development of vectors that can be used 

to directly introduce the transgene into nondividing cells in the brain to effect their 
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Table 1 
Characteristics of Viral  Vectors  Currently in Use for  Experimental 
In Vivo  Gene  Deliverv 

Integration  into Transgene Immunological Safety 
host  genome? expression response considerations 

Adenovirus No Short-term  Cellular  and  humoral  Cytotoxicity, 
inflammation 

Adeno-associated  virus  May  integrate  Long-term  Not  established  Cytotoxicity, 
inflammation, 
purification 
from  helper 
virus 

Herpes  simplex  virus-I Yes Short-term 

Lentivirus 

Minimal  Cytotoxicity, 
spread  of 
possible 
reverted 
wild-type 
virus 

Yes  Long-term  Minimal  Possible 
insertional 
mutagensis 

endogenous production of the gene product (Fig. 2). Furthermore, the vector systems 
described in the following subheadings can also be used successfully to deliver genes 
to cells in culture that can be subsequently used for ex vivo gene therapy. The potential 
advantages of in vivo gene therapy is that the intraparenchymal displacement and 
immunological stimulation of grafting modified cells into the brain can be minimized 
and that the host cells would themselves express the transgene product. In contrast to 
ex vivo gene therapy, this would permit modification of intracellular pathways without 
requiring a secreted gene product to retain its biological activity in the extracellular 
environment and  then be taken up  by or activate receptors on the host cell. The vectors 
described below and some of their properties are summarized in Table 1. 
3.2.1. Adenoviral  Vectors (ADVs) 

The recombinant ADVs are commonly derived from type 5 adenovirus, which can 
infect both dividing and nondividing cells and is not associated with  human malignan- 
cies. Replication-defective ADV can be generated by replacing the immediate early 
El gene, which is essential for replication, with a promoter/enhancer and the transgene 
(13,15,28,29). The recombinant ADV is then replicated in cells that express the prod- 
ucts of the El gene.  However, the transgene does not integrate into the host genome 
and expression lasts only a short time.  When  ADVs expressing the marker gene Lac2 
from different viral  promoter/enhancers  were injected into different regions of the brain, 
a large number of neurons, astrocytes, and microglia were found to express @-gal as 
early as 24 h post-inoculation but the expression was substantially reduced within 
1-2 mo (30-33). Although these results indicate that adenoviral vectors can be used 
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for in vivo gene transfer, transgene expression within these vectors is susceptible to 
adverse regulatory influences. The down-regulation of transgene expression has  been 
reported to be associated with  both cellular and  humoral immune responses to the viral 
proteins (34). Modified  ADVs have been generated that lack all of the viral structural 
genes that are provided in trans (35). The transgene expression from these vectors 
lasted longer than the first generation vectors in which  only the E l  gene was deleted, 
but the titers were low. Presently, ADVs  may be useful where short-term transgene 
expression is required, such as in  tumor cell killing. 
3.2.2.  Adeno-Associated Vectors (AAVs) 

AAV is a defective parvovirus that can infect various types of  mammalian cells but 
is not apparently associated with  any  human disease. AAV depends on the coinfection 
of  ADV  to complete its life cycle (13,361. Unlike ADV,  AAV can, but does not always, 
integrate into the host cell genome even when the cells are in a quiescent state. Without 
a helper virus,  AAV establishes latency by integrating into a single locus in human 
chromosome 19 (37). All of the AAV sequences except inverted terminal repeats 
(ITRs), which define the beginning and the end of the virus, can be removed to accom- 
modate foreign DNA. Recombinant AAV  (rAAV) is produced from a plasmid vector 
by stimulating lytic infection with helper ADV  while supplying the internal coding 
sequences in trans (38). Although the virus can be produced at a high titer (1011-1012 
virus particles/mL), the preparation of virus is laborious and no packaging cell line is 
currently available that can stably provide all the proteins. The requirement for pro- 
teins of  ADV to be present for active replication of  AAV means that this system suffers 
from some of the same disadvantages as ADV, including the possibility that the trans- 
fer of replication-competent ADV  may lead to an immunological response. 

The usefulness of  AAV-based vectors for long-term gene transfer into the brain has 
been reported. AAV vectors expressing the reporter gene Lac2 or tyrosine hydroxylase 
(TH) injected directly in different regions of the brain showed a transduction efficiency 
of approximately 10% (39). 
3.2.3.  Herpes Simplex Virus-I Vectors  (HSV-1) 

The herpes simplex virus  type I (HSV-I)-derived vectors have also been  used for 
gene delivery into postmitotic cells (40,41). Transgenes can be expressed from herpes 
immediate early (IE) 4/5 promoter or other strong viral promoters. Defective amplicon 
HSV-I vectors can infect both neurons and glia but show greater efficiency for neurons 
(41). HSV-I vectors have been  used to infect neurons in vitro (42) and for in vivo gene 
delivery in mouse and rat brain (43-45). One disadvantage of  HSV-I is  its cytotoxicity 
that may be helper virus mediated (41). Another disadvantage is that transgene expres- 
sion is generally of a modest duration, apparently due either to cell death or down- 
regulation of transgene expression, although low level expression has been reported in 
vivo for up to 1 yr (46). 
3.2.4.  Lentiviral Vectors ( H W )  

Lentiviruses (e.g.,  human immunodeficiency virus [HIV]) belong to the retrovirus 
family but can infect both dividing and nondividing cells. By utilizing the host cell's 
nuclear  import machinery, the  lentiviral  construct and its  transgene  are actively 
transported through the nuclear pore, permitting stable integration. Like retroviruses, 
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HIV-based vectors  have been developed by disabling  the  virus and cloning  the 
transgene between the LTRs and the packaging signals (47). Replication incompetent 
lentiviral vectors injected into the brain showed sustained transgene expression up to at 
least 6 mo at the site of injection by transduced, terminally differentiated neurons (48). 
There is apparently little host response to lentivirus as injection of a high concentration 
of the virus  showed  very little toxicity  and did not  provoke  an immune response (4849). 
Thus, this integrating recombinant virus may provide an efficient vehicle for sustained 
transgene delivery into differentiated nondividing cells in vivo. 

3.3. Specificity and  Efficiency of Vectors 
The vectors available at present for in vivo gene delivery can infect both dividing 

and nondividing cells within the CNS. However, the specificity with which different 
vectors infect these categories of cells varies. Indeed, vectors differ in their proclivity 
to infect different phenotypes of nondividing cells, exhibiting a (nonabsolute) specific- 
ity for infecting neurons or glia. Lentivirus- and  HSV-I-derived vectors show a propen- 
sity for differentiated neurons, whereas more glial cells are infected by  ADV and AAV. 

The efficiency of gene transfer in the brain by  ADV,  AAV  and  HSV-I is about 10%. 
The viruses can be produced at high titers (ranging from lo9 virus particle/mL for 
lentivirus to 1OI2 virus particle/mL for AAV).  ADV can infect both neurons and glia in 
vivo, causing them to express high levels of transgene. However, ADV remains episo- 
mal (unintegrated) in the infected cells. Overall down-regulation of transgene expres- 
sion can result from infected cell loss following host  immune response. Also, if infected 
cells are dividing, then  ADV  will dilute out with each cell division. For this reason, 
ADV vectors are presently best used for therapies requiring short-term gene delivery, 
for example, in the treatment of cancer. HSV-I-derived vectors are cytotoxic to cells 
and the expression of transgene is short either due to cell death or transgene expression 
shut-off (41). AAV  can integrate into the infected cell chromosome and  thus offers the 
advantage that the newly introduced gene can be stably acquired by the cells and passed 
onto the progeny  upon cell division. Transgene expression from AAV vectors can be 
sustained for a long period  of  time. Lentivirus-based vectors showed high transduction 
efficiency, stable integration in host chromosomes, and long-term gene expression (up 
to 6 mo; 50). Although there is no perfect vector, some vectors, such as AAV  and  HIV, 
provide a usable balance between advantages and disadvantages. Continued work will, 
no doubt, provide improvements in the current vectors and introduce superior vector 
designs not yet envisioned. 

4. PRECLINICAL  RESEARCH IN  CNS DISEASE MODELS 
4.1. Ex Vivo or I n  Vivo Gene  Therapy-Which  Approach to Use? 

The method  of choice for gene therapy in the CNS is directed by the nature of the 
disease, which determines how  much and where the gene should be delivered. Ex vivo 
gene therapy makes a deposit of cells that function as mini-pumps to deliver factors 
locally. However, the grafted cells occupy space and  may perturb endogenous cells and 
connections. On the other hand, if placed into a region disrupted by injury, the graft 
may provide a physical bridge for reestablishing connections in addition to supplying 
the transgene product (23,51). Although  in vivo gene therapy can be used under the 
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same situations as ex vivo gene therapy, it can also be used to alter the physiology  of 
endogenous cells by genetically modifying them in situ. Furthermore, in vivo gene 
therapy is the method of choice when it  is necessary to deliver factors over a wide area, 
as virus can be easily injected in multiple areas of the CNS. 

4.2. Delive y of Trophic  Factor  Genes 
Numerous lines of evidence suggest that some neurons in the adult CNS are sensi- 

tive to endogenously produced proteins that provide a degree of metabolic support. 
Application  of these trophic factors to fetal neurons in vitro can promote their survival, 
phenotypic maturation, and neurite outgrowth. The in vivo delivery of appropriate 
exogenous trophic factors can be neuroprotective to some damaged neurons (52). How- 
ever, the development of pharmacotherapeutic administration of trophic factors has 
been hampered by the high cost of purified or recombinant trophic factors, concerns 
about their ability to cross the blood-brain barrier, and their biological effect  on 
peripheral tissues. Even intracerebroventricular infusion of trophic factor proteins can 
lead to unanticipated and possibly deleterious side effects (539). 

Ex  vivo gene therapy provides an approach to deliver trophic factors locally and in a 
regulated manner.  Ex vivo gene delivery of nerve growth factor (NGF) can rescue 
cholinergic projection neurons of the basal forebrain (55-57) and can stimulate fiber 
outgrowth through the NGF-secreting graft from basal forebrain neurons (23,51) and 
from other NGF-sensitive central neurons (58). Regenerative outgrowth in a spinal 
cord injury model can also be elicited by primary fibroblast grafts secreting NGF 
(59-61) or other trophic factors (62,63). 

The entorhinal cortex is a region that shows an early vulnerability in  Alzheimer’s 
disease (64). Neuroprotection by ex vivo gene delivery has been demonstrated in 
vulnerable entorhinal cortical neurons by secretion of basic fibroblast growth factor 
(FGF-2;  Fig. 3; 65). Similarly, grafts of cells producing brain-derived neurotrophic 
factor (BDNF; 66-68) have been evaluated for neuroprotection in an animal model of 
Parkinson’s disease. 

While these studies using inbred laboratory animal strains found little immunologi- 
cal response to the grafting of autologous primary cells carrying the transgene, concern 
about immunological response by  human patients prompted  an alternative approach to 
ex vivo gene delivery. By placing the modified cells within a polymer capsule, it is 
possible to introduce an immunologically inert container within the CNS that remains 
viable through exchange with the host interstitial fluid and  whose transgene product 
reaches the surrounding tissue through the same exchange. Encapsulated ex vivo gene 
therapy has  been investigated for secretion of glial cell line-derived neurotrophic fac- 
tor  (GDNF)  and ciliary neurotrophic factor (CNTF) in animal models of Parkinson’s 
and Huntington’s diseases and for amyotrophic lateral sclerosis (69-71). Although 
encapsulated grafts minimize the host immunological response, they are still a space- 
occupying disruption to the neural parenchyma and are susceptible to the same limita- 
tions on transgene expression duration as nonencapsulated cells. 

Successful delivery of trophic factor genes using direct in vivo gene therapy has 
recently been demonstrated. Direct injection  in  the  basal  forebrain with a NGF- 
lentiviral vector infected primarily neurons and protected these neurons from subse- 
quent injury (Fig. 4; 72). Midbrain dopaminergic neurons, directly infected with GDNF 
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Fig. 3. Ex vivo gene delivery of a trophic factor for neuroprotection. (A) The projection 
neurons of entorhinal cortex occupy a well-defined layer known as layer II (ECL2). (B) Within 
2 wk following lesion of the perforant pathway there is substantial loss of ECL2 neurons. (C) 
Primary fibroblasts infected to express the growth factor FGF-2 grafted into the lesion cavity 
protect these neurons from lesion-induced death. (Modified from re$ 65 with permission.) 

by ADV (73) or AAV (74), survived subsequent lesion in a Parkinson’s disease model. 
Interestingly, this protection was also achieved when the deposition of a GDNF- 
adenoviral vector was in these neurons’ terminal field in the striatum, suggesting effi- 
cient retrograde transport of the vector (75). In contrast, injection of a GDNF-AAV 
vector into the striatum did not protect midbrain dopaminergic neurons (76). It  is 
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difficult to  know if the lack of protection with the GDNF-AAV construct was due to 
decreased efficiency relative to GDNF-ADV or whether  AAV  was retrogradely trans- 
ported with less efficiency because the AAV study (76) injected vector one week 
following 6-OHDA lesion whereas the other studies injected prior to lesion. 

4.3. Delive y of NeurotransmitterlPrecursor Genes 
Some neurodegenerative diseases, such as Alzheimer’s and Parkinson’s diseases, 

are characterized by a reduction of neurotransmitter levels (acetylcholine and  dopam- 
ine, respectively). Reestablishment of neurotransmitter levels has been investigated as 
one therapeutic approach to restore function. For example, fibroblasts modified to 
express acetylcholine have successfully restored behavioral performance on learning 
and  memory tasks following engraftment to the lesioned cerebral cortex (77) or hip- 
pocampus (78). 

Replacement of dopamine in  an animal model of Parkinson’s disease has been 
intensively investigated by grafting cells modified to express L-Dopa (1 7,7941). 
Although these results are promising as a therapeutic model for Parkinson’s disease, 
volumetric constraints become  an issue as the size of the human striatum relative to the 
sphere of influence for each deposit of grafted cells is considered (82). 

Because multiple injections of viral vector are less invasive than the equivalent num- 
ber  of grafted cell deposits, the use of direct in vivo gene therapy holds considerable 
promise as a therapeutic approach to restore dopamine levels throughout the striatum 
in Parkinson’s disease. Several studies have introduced the gene for tyrosine hydroxy- 
lase (TH) into 6-hydroxydopamine (6-OHDA)-lesioned rats as a model  of Parkinson’s 
disease. Two weeks following intrastriatal injection of  ADV vectors expressing TH, a 
large number  of cells (mostly reactive astrocytes) expressed TH and the animals showed 
modification of apomorphine-induced turning behavior (29). When rAAV vector 
expressing human TH was injected into caudate nucleus, the transgene was expressed 
for 4 mo  at the site of injection. However, the number of positive cells decreased with 
time. Injection of the vector into the denervated striatum showed the expression of TH 
in the striatal neurons and glia for up to 4 mo,  which was accompanied by significant 
behavioral recovery  in these animals compared to rats that received AAV expressing 
Lac2 gene (39). Intrastriatal delivery of  TH  by HSV-I-derived vectors resulted in 
increased TH enzyme activity, increased striatal dopamine levels, and behavioral 
recovery (46). Although the behavioral recovery lasted for 1 yr in this study, few 
expressing cells were found upon histological examination, suggesting that even low 
levels of endogenous production may be adequate for functional recovery. 

4.4. Delive y of Anti-Apoptotic Genes 
One advantage of in vivo gene therapy over ex vivo gene therapy is the ability to 

directly infect endogenous cells to express the transgene. It therefore becomes possible 
to deliver a transgene whose product intervenes in the host cell’s intracellular pro- 
cesses. Several studies have sought to protect neurons from apoptotic death by intro- 
ducing transgenes from the Bcl family, whose  products are believed  to be anti-apoptotic 
(83). Injection of HSV-Bcl-2 vector prior to ischemic insult successfully infected neu- 
rons within the injection region and increased the amount of viable cortical tissue within 
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the infected tissue volume in a stroke model (84). Likewise, HSV-Bcl-2 vector also 
infected hippocampal neurons and protected them from subsequent excitotoxic and 
ischemic injury (85). Using the fimbria-fornix lesion model, Blamer et al. (72) have 
recently reported that prior infection of the basal forebrain with a Lentiviral-Bcl-xL 
vector infected primarily neurons and significantly increased their survival following 
lesion (Fig. 4). These studies suggest that in vivo gene therapy  delivery of anti-apoptotic 
genes may be a promising therapeutic strategy for protecting discrete populations of 
neurons. 

4.5. Modification of Neuronal  Progenitors 
In addition to using primary cells for ex vivo gene therapy, the use of progenitor 

cells from the fetal and adult CNS for gene delivery has  recently generated consider- 
able interest. These cells can be isolated in vitro due to establishment of culture condi- 
tions using mitogenic growth factors, such as epidermal growth factor (EGF) or basic 
fibroblast growth factor (FGF-2) (86-88). During expansion in culture, these cells can 
be genetically modified using retroviral vectors as previously described. Cell lines of 
embryonic neuronal progenitors can be established, genetically modified, and subse- 
quently grafted into the brain using the ex vivo gene therapy approach (89). 

Neuronal progenitors from the adult CNS also can be isolated, genetically modified 
in culture, and grafted back to the adult CNS (Fig. 5). Upon grafting in the adult rat 
hippocampus or rostral migratory pathway leading to the olfactory bulb, the adult neu- 
ronal progenitors migrate and differentiate in a site-specific manner (86,90). Implanted 
neuronal progenitors continued to express the transgene for an extended period of time 
(up to 6 wk;  91). The ability to modify these adult neuronal progenitors prior to their 
return to the adult CNS suggests that it may be possible to have them endogenously 
express putative migration and differentiation cues that may no longer be present in the 
adult CNS, thus giving these cells a wider range of potential than has so far been 
observed. Another possibility is that endogenous neuronal progenitors within the adult 
CNS may be modified by in vivo gene therapy during cell division and recruited for 
specific fates. Further understanding regarding the regulation of neuronal differentia- 
tion in the adult CNS will be required before such potential could be realized. How- 
ever, the realization of such potential may permit therapeutic repopulation strategies 
for regions of the CNS where neuronal loss has  already occurred. 

5. FUTURE  PROSPECTS  FOR HUMAN GENE  THERAPY 
The preclinical research reviewed in the preceding sections suggests that gene 

therapy approaches can efficiently deliver functional genes resulting in neuronal pro- 
tection and functional recovery. While additional work will continue in basic science 
research using gene therapy approaches to address fundamental questions in neurobi- 
ology, there are a number  of issues that need to be addressed to enable gene therapy to 
move from the laboratory to the clinic. 

5.1. Safety of Vectors 
Because highly efficient viral machinery is used to introduce the transgenes, one of 

the foremost concerns is in the overall safety of the viral vectors being used.  Ex vivo 
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gene therapy does not present safety concerns with regard to the vectors themselves, as 
exposure to vectors occurs prior to grafting. The concern with  in vivo gene therapy 
falls into two categories: the continued, unregulated replication of the virus and the 
toxicity of  and immune response to viral proteins. 

Vectors developed for in vivo gene therapy are made replication-defective by 
removing the genes essential for viral replication. Adenoviral vectors used for gene 
therapy have the El gene removed,  which renders them replication incompetent. AAV 
requires additional genes for replication provided generally by wild-type adenovirus. 
The contaminating wild-type adenoviruses need to be carefully separated from AAV 
preparations to  avoid  problems.  HSV-I vectors produce wild-type virus at a low rever- 
sion frequency during packaging of the viral DNA  and this virus may spread in vivo 
after gene delivery from the injected virus. The HIV-based lentiviral vectors are “first 
generation” vectors and little is known about their ability for recombination, although 
the experiments so far have shown them to be helper virus free. 

Mammalian and  human immune systems are designed to protect against viral infec- 
tion and the delivery of therapeutic genes by viral vectors can be hampered  by host 
responses. The adenoviruses produce benign respiratory infections in humans and elicit 
both cellular and  humoral immune responses. In the humoral response, antibodies to 
viral proteins are made,  thus preventing subsequent infection from a second exposure 
to the recombinant virus. Since most of the human populations have antibodies to natu- 
rally occurring virus, ADV vectors may  not be very useful as gene transfer vectors in 
these individuals. AAV is a nonpathogenic virus. However, HSV is cytopathic and it 
will be necessary to remove viral-induced cytotoxic functions before HSV can be con- 
sidered for widespread  use. Because HIV is highly pathogenic in humans, special pre- 
cautions are presently taken, although recent work suggests that there is minimal 
immune response (49). For use in humans, it may be prudent to develop vectors with 
nonhuman lentiviruses such as equine infectious anemia virus, bovine immunodefi- 
ciency virus, or simian immunodeficiency virus. 

5.2 Ethical  Considerations 
This chapter has thus far dealt only with technical issues concerning the validity of 

gene delivery as a therapeutic procedure for CNS disease. However, in addressing the 
future prospects of CNS gene therapy for the clinic, it  is necessary to introduce some 
ethical considerations. Clearly these ethical issues can be dealt with only superficially 
here and other  reviews specifically addressing gene therapy should be consulted 

The first distinction to  be made is between ex vivo somatic gene therapy and in vivo 
gene therapy. While this distinction has already been made procedurally (Figs. 1 and 
2), there is also a conceptual distinction. Ex vivo gene therapy essentially modifies 
current drug  delivery  approaches  by creating a biological “pump”  to distribute the thera- 
peutic gene product. As a result, the ethical framework for this procedure can be 
addressed by  well established ethical precepts for pharmacotherapy. 

In contrast, in vivo gene therapy is essentially genetic engineering, where the endog- 
enous cell, and possibly its progeny, is directly modified. As a result, in vivo gene 
therapy is placed within a different ethical framework (95). A logical extension to the 
direct modification of somatic cells is the modification of germ line cells. Human germ 

(92-94). 
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line gene therapy could be a powerful tool, as any change to the genome would be part 
of the genetic composition of future generations. For example, if  a genetic alteration 
that would prevent the onset of Alzheimer’s disease were to be identified, would it be 
desirable to alter the genetic makeup of the germ line to eliminate the incidence of 
Alzheimer’s disease? Or, if not for the general population, could germ line gene therapy 
be considered for the subpopulation at risk for familial Alzheimer’s disease? Such pros- 
pects challenge social, ethical, and religious constraints and  would require the achieve- 
ment  of  a consensus viewpoint before they could be contemplated (96-99). 

While falling short of the greater ethical implications of  human germ line gene 
therapy, the CNS in particular could be considered for the application of fetal gene 
therapy (100,101). Our present technical capabilities permit us to envision injecting a 
viral vector containing a therapeutic transgene into the developing brain in utero at a 
time when  a certain population of neurons is being generated. These modified neurons 
would subsequently express the transgene as they  migrated to their final distribution. 
In this way, entire neuronal populations within  an individual could be engineered to 
alter their phenotype, connectivity, or ability to survive neurodegenerative diseases. 
Alternatively, transgenes could be introduced to the placenta, permitting the gene prod- 
uct to cross to and influence the fetus (102). 

Beyond the issues raised by the technological advances in gene therapy, the choice 
of the transgene could have profound ethical implications. The discussion in this chap- 
ter has  been  of therapeutic transgenes, whose product is identified as combating some 
disease process. However, gene therapy in the CNS provides a framework for broaden- 
ing this concept to social behavior therapies where, for instance, the ability to reduce or 
eliminate addictive behavior could be desired if  a suitable genetic modification were 
identified. Even more difficult is the potential use of gene therapy to introduce a 
transgene to confer an enhancement of neural or brain functioning. Although enhance- 
ment  gene  therapy  generates  concerns  about  eugenics,  the  potential  advantages  conferred 
upon the individual could  be  a strong driving force against ethical constraints (103,104). 

5.3. Public  Opinion  Regarding  Human  Gene  Therapy 
Despite any procedural advances in gene therapy, the readiness of the public to 

accept its use with humans will be largely responsible for any  widespread adoption of 
gene therapy. Although an earlier study in the United States found most  of those sur- 
veyed  knew little or nothing about gene therapy (105), a more recent measurement of 
international perceptions has revealed that the majority of the populace has some rec- 
ognition of the concept of gene therapy and appears to favor its use for humans (106). 
In addition to the suggestion that there have been improvements in education about 
gene therapy, Macer et al. (106) found that most respondents would accept therapeutic 
benefits from gene therapy for themselves and especially for their children. While there 
was limited enthusiasm for potential social enhancements, such as appearance or intel- 
ligence, respondents supported direct therapeutic (i.e., disease curing) as well as health- 
enhancing gene delivery. There was little concern over a eugenic application of gene 
therapy, but this may have reflected the respondents’ minimal distinction between 
somatic and germ line gene therapy. Most of the minority  who rejected the use of gene 
therapy cited it as being “unnatural,” “playing God,” or producing “unpredictable” 
results. These concerns should probably  not be dismissed as “bio-Luddism,” given that 
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Fig. 5. Genetically modified adult neuronal progenitors engrafted into the adult CNS. (A) 
Adult hippocampal progenitors labeled with bromodeoxyuridine (BrdU) survive engraftment 
(arrow) and disperse throughout the adult hippocampus (cell at arrowhead shown in inset). (B) 
Differentiation of appropriate granule cell morphology of grafted adult hippocampal progeni- 
tors is revealed through expression of the k c 2  gene product 8 wk after engraftment. (C) BrdU- 
labeled adult hippocampal progenitors grafted into the olfactory bulb/rostral migratory pathway 
(arrow) migrate throughout the extent of the olfactory bulb (cell at arrowhead shown in inset). 
(D) Progenitors from the adult hippocampus can differentiate into morphologically appropriate 
olfactory glomerular neurons (location approximately at the arrowhead in C) as revealed 
through expression of the LacZ gene product 8 wk after engraftment. (A, C, and D modified 
from re$ 90 with permission. B modified from re$ 86 with permission.) 

human efforts to control our environment and ecosystems are replete with examples of 
miscalculation. 

Public opinion will also play a role in influencing the direction of governmental 
advisory and/or regulatory bodies and in turn influencing the implementation of  human 
gene therapy.  In the United States, the Recombinant DNA  Advisory Committee to the 
National Institutes of Health presently restricts enhancing somatic gene therapy and 
prohibits investigation into human germ line gene therapy, although a dialogue on this 
topic is emerging (107,108). However, the UNESCO International Bioethics Commit- 
tee proposed guidelines, approved by the UN General Assembly in 1998, that would 
permit enhancing somatic gene therapy and permit  human germ line gene therapy while 
outlawing only germ line gene enhancement (109). The resolution of international and 
domestic guidelines for the use of  human gene therapy may take some time to be 
achieved and will require the concerted effort of scientists, clinicians, and the public. 
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6. CONCLUSIONS 
Delivery of functional genes to replace defective genes or to produce a necessary 

protein has been  shown to  be an effective therapeutic strategy in animal models  of  CNS 
injury and disease. Recent advances in viral vector design to permit direct in vivo gene 
delivery have  expanded the possible therapeutic applications. However, further work 
is needed to improve vector design to increase efficiency of infection, maintain stable 
expression, and  minimize host responsiveness. Further work is also needed to identify 
candidate transgenes that will be  most effective for counteracting CNS injury and dis- 
ease in the various animal models. To improve the prospects for CNS  gene therapy in 
human patients, continued work is required in animal models to elucidate the optimal 
delivery strategies while simultaneously efforts must  be  made  by clinicians and scien- 
tists to educate the public concerning the benefits and risks of  human  gene therapy and 
to articulate these points to regulatory bodies. 
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protein kinase, 116-118 
receptor  changes,  115,116 
SAMP8,  113 
SAMR1,113 

157,255 
Sensorimotor  neglect,  136,137,139, 
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Serotonin,  57 
Simple  discrimination  learning, 48 
Single  limb  akinesia  test, 141-143 
Six hydroxydopamine  (6-OHDA),  132, 

135,155,157,212,252,256,442, 
443,496 

behavioral changes rodents, 157, 
158 

behavioral changes  primates, 175- 
1 79 

dopamine  depletion,  135,138,155 
Skilled paw use,  283,289 
Skinner box,  253 
Somatostatin, 303 
Spatial alternation task, 252 
spontaneous forelimb  use, 131 
Striatal neglect,  254,258 
Striatum, 132,249 
Striosome, 249 
Stroke, 

behavioral analysis,  398,399 
embolism  models,  395,396 
frequency,  393 
ligation models,  396,397 
transplantation, 400 
treatment, 393-395 

Subcortical dementia, 250,277 
Substance I?, 85,86,279,281,302 
Substantia nigra,  132,187,250,279, 

Subthalamic nucleus, 181-183 
Succinate  dehydrogenase,  251,301,305 
Superior olive, 279 
T 
T-maze,  262 
Temporal priming, 257 
Tetrahydrocannabinol (THC), 24 
Thoracotomy, 411 
Tourette syndrome, 431,432 

281,291,442 

behavioral effects of nicotine in 
rodent models,  432,433 

nicotine as therapy, 434 
treatment with mecamylamine, 

435 
Traumatic brain injury (TBI) 

blood-brain barrier changes, 379, 
380 

cerebral  blood  flow,  380 
cognition, 384 
cortical  compression,  373,374 
energy metabolism, 382 
glucose  utilization,  382,383 
human, 371-373 
inflammation, 378 
neuropathology, 375-377 
rodent models, 373-375 
.sensorimotor changes, 383 
variability in outcome, 373-375 

Triphenyl tetrazolium chloride 

Trisomy  16  mouse, 238 
Tumor  necrosis  factor-alpha,  94-98 

apoptosis, 102-104 
cognition,  101,102 
glutamate toxicity,  97 
intracerebral  infusion, 98-104,106, 

107 
neuropathological  changes, 102 
receptors, 96 
weight loss, 100 

(TTC), 397,398 

U 
Ubiquinone-cytochrome c oxi- 

doreductase, 301,305 

V 

Vigilance,  415 

W 

Wall associated  movements,  135 
Weight shifting movements,  135 
Wkconsin  General  Test Apparatus, 

411,416 


