


Novel Approaches to
the Treatment of
Alzheimer’s Disease



ADVANCES IN BEHAVIORAL BIOLOGY

Editorial Board

Jan Bures Institute of Physiology, Prague, Czechoslovakia

Irwin Kopin National Institute of Mental Health, Bethesda, Maryland
Bruce McEwen Rockefeller University, New York, New York

James McGaugh University of California, Irvine, California

Karl Pribram Stanford University School of Medicine, Stanford, California
Jay Rosenblatt Rutgers University, Newark, New Jersey

Lawrence Weiskrantz  University of Oxford, Oxford, England
Recent Volumes in this Series

Volume 23 THE AGING BRAIN AND SENILE DEMENTIA
Edited by Kalidas Nandy and Ira Sherwin

Volume 24 CHOLINERGIC MECHANISMS AND PSYCHOPHARMACOLOGY
Edited by Donald J. Jenden

Volume 25 CHOLINERGIC MECHANISMS: Phylogenetic Aspects, Central and
Peripheral Synapses, and Clinical Significance
Edited by Giancarlo Pepeu and Herbert Ladinsky

Volume 26 CONDITIONING: Representation of Involved Neural Functions
Edited by Charles D. Woody

Volume 27 THE BASAL GANGLIA: Structure and Function
Edited by John S. McKenzie, Robert E. Kemm,
and Lynette N. Wilcock

Volume 28 BRAIN PLASTICITY, LEARNING, AND MEMORY
Edited by B. E. Will, P. Schmitt, and
J. C. Dalrymple-Alford

Volume 29 ALZHEIMER'S AND PARKINSON'S DISEASES: Strategies
for Research and Development
Edited by Abraham Fisher, Israel Hanin, and Chaim Lachman

Volume 30 DYNAMICS OF CHOLINERGIC FUNCTION
Edited by Israel Hanin

Volume 31 TOBACCO SMOKING AND NICOTINE: A Neurobiological Approach
Edited by William R. Martin, Glen R. Van Loon, Edgar T. lwamoto, and
Layten Davis

Volume 32 THE BASAL GANGLIA II: Structure and Function—Current Concepts
Edited by Malcolm B. Carpenter and A. Jayaraman

Volume 33 LECITHIN: Technological, Biological, and Therapeutic Aspects
Edited by Israel Hanin and G. Brian Anseli

Volume 34 ALTERATIONS IN THE NEURONAL CYTOSKELETON IN
ALZHEIMER' DISEASE
Edited by George P. Perry

Volume 35 MECHANISMS OF CEREBRAL HYPOXIA AND STROKE
Edited by George Somjen

Volume 36 NOVEL APPROACHES TO THE TREATMENT OF ALZHEIMER'S DISEASE
Edited by Edwin M. Meyer, James W. Simpkins, and Jyunji Yamamoto

A Continuation Order Plan is available for this series. A continuation order will bring delivery of each new
volume immediately upon publication. Volumes are billed only upon actual shipment. For further information
please contact the publisher.



Novel Approaches to
the Treatment of
Alzheimer’s Disease

Edited by

Edwin M. Meyer, and
James W. Simpkins

University of Florida
Gainesville, Florida

and
Jyunji Yamamoto

Taiho Pharmaceuticals, Ltd.
Tokushima, Japan

PLENUM PRESS ¢ NEW YORK AND LONDON



Library of Congress Cataloging-in-Publication Data

Suncoast Workshop on the Neurobiology of Aging (1st : 1989 : Saint

Petersburg, Fla.)

Novel approaches to the treatment of Alzheimer's disease / edited
by Edwin M. Meyer and James W. Simpkins and Jyunji Yamamoto.

. cm. -- (Advances in behavioral biology ; v. 36)

“Proceedings of the First Annual Suncoast Workshop on the
Neurobiology of Aging, held February 26-March 1, 1989, in St.
Petersburg, Florida"--T.p. verso.

Includes bibliographical references.

ISBN-13; 978-1-4684-5729-2 e-ISBN-13: 978-1-4684-5727-8

DOI:  10.1007/978-1-4684-5727-8

1. Alzheimer's disease--Chemotherapy--Congresses.
2. Acetycholine--Receptors-—-Effect of drugs on--Congresses.

3. Neuropharmacology—--Congresses. 1. Meyer, Edwin M.
II. Simpkins, James W. III. Yamamoto, Jyunji. IV. Title.
V. Series.

{DNLM: 1. Alzheimer's Disease--drug therapy--congresses.
2. Psychotropic Drugs--pharmacology--congresses. WM 220 S857n
1989]
RC523.S86 1988
616.8'31061--dc20

DNLM/DLC
for Library of Congress 89-26615
CIpP
Center for the
Neurobiology of Aging

Ny

L

—_—)

CNA
University of Florida

Proceedings of the First Annual Suncoast Workshop on
the Neurobiology of Aging, held February 26—-March 1, 1989,
in St. Petersburg, Florida

© 1989 Plenum Press, New York

Softcover reprint of the hardcover 1st edition 1989
A Division of Plenum Publishing Corporation

233 Spring Street, New York, N.Y. 10013

Al 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, microfiiming,
recording, or otherwise, without written permission from the Publisher



This book is dedicated
to the memory of the
Honorable Claude Pepper,
whose crusade for the
rights and welfare of the

elderly inspired us all.



PREFACE

Alzheimer’s disease afflicts up to 1 in 5 people over the age of 65 years and causes untold
suffering of the patient and their family. The cause of this disease is unknown; indeed, evidence
increasingly suggests that there may be multiple Alzheimer-type syndromes with different
etiologies, analogous to different types of psychosis. Currently there are no means to prevent
the disease, slow its progress or reverse its neurodegenerative consequences. With few
exceptions, clinical trials of a variety of compounds have resulted in patient responses that are
disappointing with respect to both the proportion of responders and the magnitude of the
responses. Novel approaches to the treatment of Alzheimer's disease are clearly warranted.

For this reason, we organized the First Suncoast Workshop on the Neurobiology of Aging in
St. Petersburg, Florida, which took place from February 26-March 1, 1989. This workshop
focused on novel treatments and models for Alzheimer’s disease and represented a cooperative
venture among academia, government and industry, both in its participants and sponsorship.
The Center for the Neurobiology of Aging at the University of Florida, the National Institute on
Aging and Taiho Pharmaceutical Corporation in Japan sponsored the workshop in which
scientists from the North America, Europe, Japan and other parts of Asia participated.

While not an official proceedings of the Suncoast Workshop, this text does reflect the
breadth and depth of the research presented there. A few additional chapters were received from
investigators who could not attend the workshop but who wished to augment the book. The text is
divided into sections that deal with animal and clinical models for Alzheimer’s disease, novel
treatment strategies based on a new generation of cholinergic agents, neurotrophic agents that
‘prevent or even reverse neurodegeneration, grafting neural tissue into the brain, other types of
therapeutic approaches, and novel approaches to improve the delivery of drugs to the brain.
Collectively, this text reflects an advanced level of thought on a variety of related strategies
aimed at treating neurodegenerative diseases such as Alzheimer’s disease.

In a field moving this quickly, it is imperative that new data and hypotheses be published
as quickly as possible. Towards this end, we are indebted to Melanie Yelity and the others at
Plenum Press who expedited the publication of this book in so many ways.

The organization of this workshop and the production of this text required the cross-
continental efforts of many people. We are particularly grateful for the continuing intellectual,
organizational and financial support of the following individuals at Taiho Pharmaceutical
-Company in Japan: Mr. Satoru Nakagami, who was so enthusiastic in his support of the N
Workshop; Dr. Takashi Suzui; and Dr. Katsuo Toide. Some of our best suggestions for organizing
the workshop came from Dr. Ronald Micetish, President of Synphar, a North American affiliate
of Taiho Pharmaceuticals. Qur co-editor, Dr. Jyunji Yamamoto, graciously agreed to write a
separate Preface for this volume.

This text would have been impossible without Janice E. Goodson. Ms. Goodson's devotion to
the project far exceeded our expectations; her professional touch was evident in every
workshop-related activity, ranging from the organization and advertisement of the workshop
over a year ago through the editing of the last submitted manuscript. Special contributions to
the text were made by the following individuals: Dr. Jennifer Poulakos, Dr. Suzanne Evans, and
Judy Adams

vii



Finally, we wish to acknowledge the support of the administration of the University of
Florida, College of Medicine and College of Pharmacy, as well as the Office of the Vice President,
J. Hillis Miller Health Science Center. Their support for this project and for the other
activities of the Center for the Neurobiology of Aging daily facilitates our multidisiplinary
approach to the problems of the aging brain, including Alzheimer’s Disease. We believe that the
knowledge base reflected in this text and the willing participation of eminent scientists from
around the world, will similarly enhance our future workshops on novel treatments for
Alzheimer’'s Disease.

Edwin M. Meyer
and

James W. Simpkins

Gainesville, Florida

Date: August 14, 1989

viii



AN OPINION FROM JAPAN

Science, being an historically accumulated product, walks on one step after another
with the achievements of scientists from each generation, with no possibility of leap-
frogging even one of the steps. It is no easy task to know the historical background of
scientific progress, and there are many cases in which scientists cannot become so
enlightened. At the time of its advancement and development, science is confronted with
many difficulties; how to solve these difficulties hangs on the shouiders of each
generation, as a mission.

Each generation must also deal with the advancement of pharmacological products,
which goes all the way from scientific research to social needs. Major social and medical
problems in recent years are the age-related neurological disturbances Alzheimer's
disease, dementia and senility, and researchers are burdened with the responsibility of
tackling these problems squarely. Development of very highly advanced drugs such as
those promoting memorization/learning capacities or inhibiting the aging process will
be in greater demand in the future; further, scientific technologies in general have been
progressing steadily and surely, along with individually specialized areas and techniques
for dissemination of information. Under these evolving circumstances, solutions will
almost undoubtedly involve group efforts and not those of any single investigator.

The question here is how effectively research works in different specialized
disciplines to solve problems in as short a time period as possible. For this purpose, it
will be desirable to develop a new research system with the capacity to promote joint
research and design components in various forms as required.

Nowadays in Japan, the number of researchers and research-institutions studying
the brain are steadily increasing. This state of affairs can also be commonly applicable
to many countries in the world. The world abounds with people who have a variety of
ideas. While cultures indigenous to each country exist, scientific differences will
result. Combining these different sciences will make it possible to give rise to newer
lines of research, widening the door open to a newer platform of prospects, which is
really marvellous in itself.

| have in mind always to watch my own contribution to science and humanity.
J. Yamamoto, Ph.D.

Director of Alzheimer's Disease Research
Taiho Pharmaceuticals, LTD
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A FUNCTIONALIZED CONGENER APPROACH TO MUSCARINIC LIGANDS

Kenneth A. Jacobson, * Barton J. Bradbury, * and Jesse Baumgold

*Laboratory of Chemistry, NIDDK, and Laboratory of Molecular
and Cellular Neurobiology, Section on Membrane Biochemistry
NINDS, NIH, Bethesda, MD 20892

INTRODUCTION

Most clinically available cholinergic drugs (eg. the agonist pilo-
carpine, 1, and the antagonist atropine, 2, Figure 1) are non-selective in
their interaction with muscarinic receptor subtypes. The recent cloning,
sequencing, and expression of five separate genes for muscarinic receptors
(1-4), has raised the possibility of developing novel organic compounds that
act as agonists or antagonists at one of these subtypes. Selective com-
pounds could be therapeutically useful in treating a variety of diseases,
including Alzheimer’s disease, cardiac disease, neurogenic bladder, and
certain sleep disorders. Futhermore, such specific compounds, by virtue of
their subtype selectivity, should be devoid of many of the side effects of
currently used compounds.

FUNCTIONALIZED CONGENERS: A STRATEGY FOR THE DESIGN OF NOVEL DRUGS

In view of the above, a goal is to develop novel and selective muscar-
inic agonists and antagonists. We have used a functionalized congener
approach in the design of new muscarinic ligands.

By the functionalized congener approach (5), an insensitive site on the
structure of a pharmacophore is identified by structure-activity studies and
utilized for attachment of a chemically reactive chain, designed not to
preclude receptor binding of the derivative (Figure 2). This chain may vary
in length and composition, depending on the requirements at a particular
receptor to achieve high selectivity and/or affinity. At the terminal
position of the chain is a chemically functional group (hence the designa-
tion “functionalized” congener). This distal functional group may be an
amine, carboxylic acid, or other group that is easily coupled covalently to
a complementary group on another molecule (“carrier”). Thus, this func-
tional group serves as general attachment site for derivatization, resulting
in conjugates that retain affinity for the receptor and that may have addi-
tional desired chemical or pharmacological properties depending on the
attached “carrier.” The structure activity relationships at this distal
site may be utilized to design additional analogs having enhanced pharmacol-
ogical properties (6). In general, the affinity of a drug for a receptor
may be increased using this strategy.
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Figure 2. a. Functionalized congener (x) bound to receptor-site.
b. Functionalized congener covalently coupled to carrier group
(y) through amide or other linkage (z).

In order for this approach to succeed, the binding site on the receptor
must not impose strict steric constraints at the point of derivatization on
the ligand.

A further benefit of developing selective and potent receptor ligands
that are chemically functionalized is the development of specialized recep-
tor probes (7), detected by radioactive, spectroscopic, or other means. A
prosthetic group to serve as a reporter group is attached at the distal
functional site (Figure 2b). An example of such a prosthetic group for ra-
diolabeling is the p-aminophenylacetyl group (8), which is a substrate for
12T incorporation.

We have developed series of functionalized congeners for A - and A, -
adenosine receptors. A carboxyl or amino group was placed at a newly cre-
ated distal site on an adenosine (agonist) or xanthine (antagonist) deriva-
tive. These functionalized purines (abbreviated XAC and ADAC for A sites,
and APEC for A, sites) were useful both as synthetic intermediates and as
prototypical affinity receptor probes (8). A distal amino group was ob-
served to enhance potency and/or selectivity for certain agonists and an-
tagonists. Moreover, this functional group was covalently condensed with
reporter groups for probing the receptor binding interaction and character-
ization of A -adenosine receptors by radioactive and spectroscopic methods
(7).

PHARMACOLOGICAL MODELS FOR MUSCARINIC RECEPTOR SUBTYPES

Previously, muscarinic receptors were divided into two subtypes, M, and
M,, based on sensitivity for the antagonist pirenzepine (3, Figure 1).
Pirenzepine is an anti-ulcer agent that inhibits the binding (9) of the an-
tagonist [*H]N-methylscopolamine (NMS, 4) to membranes from cerebral cortex
(M) with an affinity that is 25-fold higher than its affinity for membranes
from atria (M,). Difficulties with the M/ /M, classification included the
presence of a receptor of intermediate affinity (9), which was often classed
together with the low affinity receptor (both being unresponsive to the
specific agonist McN-A-343 (10), 5). Furthermore, it was not possible to
correlate the two subtypes consistently with intracellular responses.

It is now apparent that each of these two pharmacological classes
contains heterogeneous receptor protein populations, encoded by distinct
genes. Bonner, Brann, and coworkers (1) at NIH, screening a rat brain
complementary DNA library; Peralta, Capon, and coworkers (2), screening a
human brain cDNA library; Numa and coworker (3); and other groups have iden-
tified and cloned separate genes for four separate subtypes. The subtypes
are designated ml - m4 in the notation of Bonner. The notation of Peralta
uses HM1 through HM4 for the analogous receptors, except that HM3 corre-
sponds to m4, and HM4 to m3. Thus, for screening new muscarinic agents for
selectivity it is desirable to compare the potency of such agents at each
distinct subtype through binding and functional assays.



Table 1 lists the muscarinic receptor subtypes, their
location, and second messengers. Particular genetically-defined
muscarinic subtypes are preferentially coupled to second
messenger systems, including the stimulation of
phosphoinositide (PI) turnover (ml and m3), the inhibition of
cyclic AMP accumulation (m2 and m4), and other intracellular
signals. Thus, selectivity of a muscarinic agonist for one of
the second messengers is a result of selective binding to
receptor subtypes. From amino acid sequence information, there
is a high degree of homology (roughly 80%) between ml and m3
and between m2 and m4 muscarinic receptors. It is no
coincidence there are also pharmacological similarities between
the same pairs of receptor subtypes. Baumgold and White (11)
and others (1,12-14) have found that muscarinic agonists
stimulate PI turnover, but do not inhibit cyclic AMP production
in SK-N-SH cells (neuroblastoma transformed line). In NG108-15
cells (neuroblastoma-glioma hybrid cells), the opposite occurs,
i.e., inhibition of cyclic AMP accumulation with no effect on
PI turnover. These cell types, which contain primarily or
exclusively single muscarinic subtypes, may be used for
screening new analogs for selectivity. SK-N-SH cells contain m3
receptors, and NG108-15 cells contain m4 receptors. These
assignments have been corroborated by probing Northern blots
with oligonucleotide probes to each of the receptor subtypes (2
and unpublished).

Table 1. Muscarinic Receptor Subtypes

"New"™ "0l1d"™ Subtype Pirenzepine 2nd Messenger Tissue
Subtype Correlation3 Affinity Response Location3
ml M1 high PI metab T brain, exocrine
m2 M2 cardiac low camp | atrium, brain,
smooth muscle
m3 Mo glandular intermed. PI metab T brain, exocrine
smooth muscle
mé M1 intermed./high camp | brain

STRUCTURE ACTIVITY STUDIES AT MUSCARINIC RECEPTORS
Antagonists

In view of the problems associated with the M;/Mj
classification system, selective agents for subclassification
have been sought. AF-DX 116 (&, Figure 1) is an antagonist,
structurally related to pirenzepine, that dlsplays a higher
affinity for cardiac M2 receptors than for M> receptors in
brain, smooth muscle, or bladder (15). The Mj] antagonist 4-
DAMP, 7, prefers receptors in the ileum and glands versus
ganglionic and cardiac receptors (15,16). A number of
derivatives of quinuclidinyl benzilate, QONB, 8, (17, 18) are
M]-selective antagonists of sub-nanomolar affinity. The
polymethylene tetramine, methoctramine, 9 (19), is a highly
cardiac selective antagonist.

Agonists

The rigid analog AF102B, 10, developed by A. Fisher and
collaborators, has been characterized as an M] selective
agonist (20). McN-A-343, 5, also is selective for pirenzepine
high affinity receptors as a partial agonist (10). At M2
receptors, one of the most potent class of agonists is the
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Figure 3. Structures of oxotremorine and analogs

acetylene amines (Figure 3) related to oxotremorine, 11. Oxotremorine (21)
is a nearly symmetrical molecule, having a pyrrolidine ring (charged in the
protonated state) and a pyrrolidone ring bridged by a 2-butynyl chain.
Oxotremorine-M, 12, in which the pyrrolidine ring has been replaced with a
quaternary trimethyl amine, is a full agonist (22) at muscarinic receptors.
Many of the recent structure activity studies for oxotremorine analogs have
been carried out by Ringdahl and coworkers (21,23). An analog in which the
pyrrolidone ring has been opened, N-methyl-N-(4-pyrrolidino-2-butynyl)acet-
amide (UH 5), 14, has been identified as a potent agonist (24). Addition of
a methyl group to the butynyl moiety, adjacent to the pyrrolidone ring,
results in the analog BM 5, 13 (25). BM 5 has been characterized as an ag-
onist at post-synaptic muscarinic receptors and an antagonist at pre-synap-
tic muscarinic receptors (26).

Alzheimer’s disease, one of the therapeutic targets of this study, is
associated with a premature decrease in the density of receptors for a
number of neurotransmitters in the brain. 1In particular, a profound degen-
eration of presynaptic central muscarinic pathways in the cholinergic basal
forebrain system has been observed (27, 28). These pathways originate in
the nucleus basalis and in other regions. The postsynaptic muscarinic
receptors are thought to be mainly intact (28) and amenable to pharmacologi-
cal manipulation. Therefore, many attempts have been made at treating Alz-
heimer’s patients with cholinergic compounds, with mixed success. One
reason for difficulties with the cholinergic approach to treatment of Alz-
heimer's disease may be that most muscarinic agonists stimulate both pre-
and postsynaptic receptors. Agonist action at presynaptic muscarinic recep-
tors may be counter-productive since it inhibits the release of ace-
tylcholine in the remaining fibers. It has been suggested that muscarinic
agents like BM 5, which are presynaptic antagonists and postsynaptic ag-
onists (26), are potentially useful in treating Alzheimer’s dementia (29).



SYNTHESIS OF ANALOGS OF UH 5

We have derivatized acetylenic amines related to oxotremorine using the
functionalized congener approach (30). The muscarinic agonist UH 5, 14
(Figure 3), first synthesized in 1966 (24), contains an acetyl group, which
was probed as a site for derivatization through the preparation of compounds
15-18.

In order to determine whether this acetyl group constitutes a site at
which chains of varying length and composition are tolerated in receptor
binding, a series of alkyl amino derivatives, l5a-g, was synthesized. The
amine-derivatized chain in each case consisted of an n-alkyl chain of length
1-7 methylene units, terminating in the chemically reactive amino group.
Several standard acyl modifications of the amino group were included, in
order to evaluate the effects of charged vs. uncharged and hydrophilic vs.
hydrophobic groups and the effects of bulky substituents at varying dis-
tances (in the extended conformation) from the main pharmacophore. Thus N-
acetyl, 16, and certain N-benzoyl, 17, substituents were prepared. For each
chain length, the N-t-butyloxycarbonyl derivative, 18, the synthetic pre-
cursor of the free amine, was also-tested for biological activity.

This series of modifications, in which the acetyl group of 14 was ex-
tended formalistically to long, functionalized chains, suggested the synthe-
sis of a common intermediate, N-methyl-4-(l-pyrrolidinyl)-2-butynamine, 19.
19 is a secondary amine which was acylated with urethane protected ®w-amino
acids to yield 18. The protecting groups were removed in acidic conditions
without affecting the acetylenic group, to yield 15.

RESULTS

We have examined BM 5, 13, and new muscarinic agents, synthesized by
the functionalized congener approach (see above), for effects on second mes-
sengers and by ligand binding techniques in cell membranes. Biological ac-
tivity in SK-N-SH and NG108-15 cells were examined through the stimulation
of PI turnover and inhibition of cyclic AMP accumulation, respectively, and
compared to the activity of oxotremorine-M, 12. Inhibition of binding of
[’HINMS in membranes derived from each cell type was examined as a measure
of the affinity of antagonists for that receptor subtype. The degree of
inhibition of binding of [*H]N-methylscopolamine (NMS) by agonists is per-
haps not directly comparable with the data for antagonists, due to the
receptor conformational changes induced by agonists.

BM 5 was found to be a selective agonist (14) at muscarinic receptors
linked to the inhibition of production of cyclic AMP as a second messenger
system (IC,, = 0.4 £ 0.1 puM). The metabolism of PI was not affected by BM
5, even at high concentrations. Thus, BM 5 displayed selectivity as an m4
(versus m3) agonist. Moreover, BM 5 was active at m2 receptors (also linked
to adenylate cyclase) and inactive at ml receptors.

Figure 4a shows a comparison of the activities of the butynyl amines
synthesized in the inhibition of cyclic AMP accumulation in NG108-15 cells.
All of the derivatives were inactive or nearly inactive in the stimulation
of PI turnover in SK-N-SH cells, yet, several members at a concentration of
100 uM inhibited cyclic AMP accumulation. This activity was displayed pri-
marily by the free amine derivatives and only by the shorter members of the
homologous series (particularly chain lengths of one and two methylenes,
conjugates of glycine and B-alanine, respectively). Thus, compounds 15a and
15b are weak, but selective (versus activity at m3 receptors) m4 agonists.

Relative affinity obtained in competitive binding experiments in cell



Figure 4.

Potencies of butynyl amide analogs in a functional assay (a) at
m4 receptors in NG108-15 cells and in binding assays at (b) m4
receptors (NG108-15 cell membranes) and at (c) m3 receptors (SK-
N-SH cell membranes). Compounds tested correspond to 15 (NH,),
lé (NHAc), and 18 (NHBoc), all a-g (structures given in Figure
3)y present at a concentration of 100 uM.



membranes using [3HINMS as a radioligand are shown in Figures 4b and 4c.

The data are expressed as percent displacement of [3H]NMS at a constant con-
centration of the agent (100 uM). Strikingly, the apparent affinity in-
creases in direct relation to the chain length - the longer members of the
series compete well for [3HINMs sites. The longest member of the amine
series, containing seven methylene units (15g), displaces (3H])NMs slightly
more effectively than does oxo-M. Since these derivatives bearing longer
chains display no biological activity in either cyclic AMP accumulation or
PI assays, they are putative antagonists.

Compound l5c, a derivative of gamma-aminobutyric acid was condensed
with a second urethane protected amino acid. The "di (amino acid)" conju-
gates of 15¢c coupled to Boc-glycine and Boc-B-alanine were devoid of agonist
activity and displayed partial selectivity for m3 receptors in binding
assays. This finding was in contrast to results for most of the putative
antagonists, which were non-selective for m3 versus m4 receptors in binding
assays.

CONCLUSIONS

Certain long-chain derivatives related to oxotremorine are muscarinic
antagonists. For these antagonists the affinity at m3 and m4 receptors in-
creases with chain length. Conjugates of glycine and of B-alanine, com-
pounds 153 and 15b, respectfully, are weak, but selective agonists at m4 re-
ceptors. We will explore other sites on butynyl amine molecules for func-
tionalization, in an effort to enhance muscarinic agonist potency and selec-
tivity.
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INTRODUCTION

Alzheimer's disease (AD), a progressive cerebral neurodegenerative disorder with no
effective treatment as yet, is known to affect 5-7% of the population over age 65. This
disorder is characterized by a progressive deterioration of cognitive and mnemonic
abilities. Morphological, neurochemical and behavioral studies indicate a major
degeneration of the central cholinergic .system in AD (1, 2). There is also evidence that
noradrenergic, serotonergic, and somatostatin-like immunoreactivity are abnormal in AD,
though to a lesser extent (for reviews see refs. 3 and 4). The contribution of the
cholinergic dysfunction to the cognitive symptoms in AD is indicated by a direct
correlation between loss of presynaptic cholinergic markers and mental test scores (1, 2).
Postmortem evaluations of brains from patients with AD have revealed a select
degeneration of cholinergic cells in the basal forebrain which project to the cerebral
cortex and hippocampus (reviews 1-3). This degeneration is associated with a marked
reduction of presynaptic cholinergic indices in these brain regions involved in cognitive
processes (5). Somewhat conflicting results were reported regarding muscarinic receptors
in AD. A loss of M2 muscarinic receptors was reported in a few studies (6-8 but see also
9, 10) while postsynaptic muscarinic receptors are relatively unchanged (6-9), decreased
(10) or even upregulated (11).

Given presynaptic but not postsynaptic losses in AD, the demented state might be
altered by treatment of cholinergic hypofunction. In principle, an increase in central
cholinergic activity can be achieved via presynaptic or postsynaptic modulation. The
greatest effort to date has been directed toward a so-called "replacement therapy” which
should enhance cholinergic activity (for reviews see refs 12, 13). Such therapeutic
strategies tried in the clinic include: a) precursors of acetylcholine, ACh, (e.g. choline,
lecithin); b) enhancers of ACh release (e.g. 4-aminopyridine); ¢) inhibitors of
acetylcholinesterase (e. g. physostigmine, tacrine); d) muscarinic agonists (e.g. arecoline,
bethanecol, RS86, oxotremorine and pilocarpine); €) nootropic compounds believed to
enhance cholinergic stimulation (e.g. piracetam, aniracetam and oxiracetam).

The outcome of the clinical trials ranked from lack of significant success to modest
improvement (12, 13). The reasons for the modest effects in AD patients with the
currently available cholinergic compounds remain obscure. Some could be attributed to
the properties of the drugs tested such as: short duration of action, lack of selectivity for
brain reglons involved In memory processes leading to central side-effects, adverse
peripheral side-effects, variable penetration of the blood-brain barrier, and narrow
therapeutic indices.
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In order to obtain drugs with fewer disadvantages, Ml selective agonists have been
suggested as a rational treatment strategy in AD (2, 12, 14). Such a candidate drug should
have all or at least most of the following properties: a. selectivity for synapses involved in
cognitive functions; b. positive effects on mnemonic processes; c. Iack of peripheral and
central side- effects; d. wide therapeutic index; e. passage through the blood- brain barrier;
f. adequate pharmacokinetic profile and activity when taken orally; g. long duration of
action; h. lack of or minimal tolerance when administered chronically.

Since ACh is a highly flexible molecule capable of attaining a number of
conformations with the same energy, one can speculate that it is this conformational
flexibility which enables this neurotransmitter to interact with all types of cholinergic
receptors (e.g. Ml, M2, and further subtypes and nicotinic). In this context, we have
hypothesized that a rational drug design of an MI selective agonist could be via rigid
analogs of ACh. This is based on the premise that the utmost rigidity limits the ability of
ligands to adapt to minor differences in receptor structure and thereby provides selectivity
towards a limited population of receptors. (1)-Cis-2-methyl-spiro(1,3-oxathiolane-
5,3"quinuclidine (AF102B), a closely related analog of ACh embodying the "muscarinic
pharmacophore"” in a framework of utmost rigidity, is such a selective Ml agonist (14-16).
The aim of this paper is to overview some of the properties of AF102B in vitro and in
vivo and to show that this compound fulfills most of the conditions required for an ideal
muscarinic drug aimed to treat AD.

RESULTS AND DISCUSSION

AF102B is a full muscarinic agonist as shown on the isolated guinea-pig ileum and
trachea, being 87 and 1.3 fold less potent than ACh (16). One of the remarkable features
of AF102B is its Ml selectivity. This was shown in a number of studies including:

1. Binding studies. These experiments were done with selective and non-selective
radiolabelled ligands (in vitro, rat brain regions) and in comparison with muscarinic
agonists such as: oxotremorine and carbachol (CCh) (mainly M2 agonists), McN-A-343
(a prototype MI ganglionic stimulant), cis-AF30 and trans-AF30 (relatively selective
ganglionic and central muscarinic agonists (17-19). The relative Ml selectivity was
assayed using the radiolabelled ligands: 3H-pirenzepine (3H-PZ) an MI selective
antagonist (20), (-)-3H-QNB (a mixed Ml and M2 antagonist), (21, 22); and ( + )- 3H-cis-
dioxolane, a mixed Ml and M2 agonist with some preference for M2 receptors (23). In
these studies, on rat forebrain or frontal cortex homogenates, AF102B showed preference
for PZ-sensitive binding sites (16). In the same line, when evaluated on rat forebrain (rich
in Ml receptors) vs. cerebellum homogenates (predominantly M2 receptors; see refs. 21,
24) respectively, AF102B had higher affinity for the first, as expected from a selective Ml
probe (unpublished results). In fact, when compared with the other agonists in this study,
AF102B is most selective for Ml receptor sites (15).

2. Functional and neurochemical studies. All foregoing experiments support the Ml
selectivity of this compound. Thus in contrast to CCh, AF102B did not potentiate
phosphoinositides (PI) hydrolysis nor did it inhibit adenylate cyclase (AC) activity in rat
cerebral cortex in_vitro; however, AF102B blocked CCh-induced activation of PI
hydrolysis without altering CCh-induced inhibition of AC (15). This would imply that
AF102B, as an Ml probe, is apparently more selective than PZ, since the later shows only
a 15 fold preference for Ml sites (e.g. inhibition of CCh-induced stimulation of PI
turnover) vs M2 sites (e.g. inhibition of CCh-induced inhibition of AC activity), (25). The
remarkable M1 agonistic activity of AF102B was shown in the following studies: i) Both
AF102B and McN-A-343 induced only PZ- sensitive depolarization of isolated rabbit
superior cervical ganglion (26); ii) AF102B had preferential (40 fold) agonistic activity
on potassium-evoked release of H-dopamine as compared to release 3H-ACh in rat
striatal and hippocampal synaptosomes, respectively (27). The Ml agonistic activity of
AF102B in this study was attributed to the finding that muscarinic autoreceptors
regulating ACh release and heteroreceptors controlling dopamine release were classified
as M2 and Ml subtype, respectively, based on their affinities to PZ (28).
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In line with the above mentioned findings, whole body autoradiography revealed that
3H-AF102B (mice; 2.3mg/kg, iv) concentrates preferentially in brain regions rich in Ml
receptors such as the cerebrum but significantly less in the cerebellum (predominantly
M2 receptors). These findings together with pharmacokinetic studies reveal that,
regardless of the route of administration, AF102B is capable of crossing the blood- brain
barrier at a very short time after peripheral administration and has a rapid plasma
absorption (unpublished results).

Since the etiology of AD is unknown, there is no perfect animal model capable of
modelling all aspects of this neurological disoder. Under such limitations the evaluation
of new drugs for the treatment of AD would require approximate animal models that
mimic different aspects of this disease. Therefore, AF102B was evaluated, inter alia, in
the following animal models:

i. Ethylcholine aziridinium (AF64A)-induced cholinotoxicity (3 nmole/2 p1/ side, icv)
in rats (29). AF64A induces a long-term presynaptic cholinergic hypofunction confined
mainly to the hippocampus which mimics the cholinergic dysfunction in AD. In this
model, AF102B (1-5 mg/kg, ip or po) consistenly restored cognitive impairments (inter
alia) in a step-through passive avoidance (PA), a Morris water maze (MWM) and an 8-
arm radial maze (RAM) task. Physostigmine (0.06 and 0.1 mg/kg, ip, for PA and MWM,
RAM, respectively), was beneficial only in the PA test (15, 16, 30) for example.

ii. Scopolamine model and aged rats. In this context, cognitive dysfunctions induced by
scopolamine in young human volunteers mimic some clinical manifestations of AD
patients (31) and old rats can serve as a useful model for the study of behavioral aspects
of brain aging in the human (32). In these animals, AF102B (3-5 mg/kg, ip) restored
scopolamine-HBr (0.5 mg/kg, sc)-induced cognitive impairments in a PA task.
Furthermore, AF102B (1 mg/kg, ip) attenuated aged (19-26 old months) rats associated
cognitive impairments in MWM (reference memory) and RAM (working memory) task,
respectively. Similar results using AF102B in a PA task were recently reported in
AFO64A- treated rats and in scopolamine-induced amnesia in mice (33).

AF102B has a wide therapeutic index since it restores cognitive impairments in these
animal models at 50-100 fold lower doses than required to induce other unwanted central
or peripheral cholinomimetic effects. The beneficial activity of AF102B in all these
behavoral tests may be attributed to its unique Ml selectivity.

A prerequisite for a drug that has to be administered chronically is that it should not
produce tolerance to its beneficial effects. In this regard, repetitive administration of
AF102B (0.2 mg/ kg/ day, ip for three weeks) restored cognitive function in AF64A-
treated rats in the MWM (working memory paradigm) without a diminuition of the effect
of the agonist. This might be in line with the findings that, although AF102B is a full
agonist on the guinea-pig ileum, no down-regulation of muscarinic receptors (assayed
from Bmax and Kd using 3H-QNB as the radioligand) from rat forebrain occured upon
chronic daily administration of AF102B (po, 5-100 mg/kg; 14 and 90 days studies),
(unpublished results). The absence of desensitization or tolerance in both binding and
behavioral studies could be attributed to lack of stimulation of AF102B on PI turnover in
the rat cerebral cortex. Two studies demonstrating a direct correlation between
desensitization and PI turnover in rat brain are described briefly in order to support our
hypothesis. Thus, PI turnover induced by full agonists (maximal stimulation of PI
turnover; class A) was associated with the desensitization of electrophysiological
responses following prolonged ejection periods of the compounds on hippocampal
pyramidal cells. On the other hand partial agonists (poor stimulation of PI turnover; class
B) produced stimulatory responses upon prolonged ejection without causing a
desensitization (34). A recent study showed that muscarinic desensitization of cell-firing
in rat hippocampus is related to large increases in PI hydrolysis. All muscarinic agonists
tested stimulated firing to a similar extent, but the efficacy for stimulation of PI
hydrolysis varied greatly. Decreases in firing rate (desensitization) occurred at a threshold
of PI turnover except for oxotremorine (e.g. a class B agonist) which did not exhibit
desensitization (35). Based on these reports and our results regarding AF102B, we can
hypothesize that a rational drug design of M1 muscarinic agonists should focus especially
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on those compounds which are poor stimulators of PI turnover, since then no
desensitization is expected to occur. In fact, AF102B can represent such a compound.

In conclusion, all these new features of AF102B, together with others previously
reported, indicate that AF102B may be considered a rational candidate drug for treating
AD and is presently under extensive development to achieve this important goal.
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MUSCARINIC RECEPTORS, PHOSPHOINOSITIDE HYDROLYSIS, AND NEURONAL PLASTICITY IN
THE HIPPOCAMPUS

Fulton T. Crews, Norbert J. Pontzer and L. Judson Chandier

Department of Pharmacology and Therapeutics
Box J-267, J.H. Miller Health Center
University of Florida College of Medicine
Gainesville, FL 32610

Previous studies have suggested that muscarinic cholinergic receptors in the
hippocampus are associated with memory processes. Antimuscarinic drugs, well known for
their amnestic effects, support the cholinergic hypothesis of memory (Bartus et al,,
1982). Several biochemical and electrophysiological responses to muscarinic agonist
stimulation have been described in the hippocampus, including reduction of a calcium-
dependent potassium current (IKca) that is responsible for after-hyperpolarization (AHP)
(Bernado and Prince, 1982), reduction of a time- and voltage-dependent non-inactivating
potassium current termed the M-current (IKm) (Halliwell and Adams, 1982), inhibition
of cyclic-AMP (QOlianas et al., 1983), stimulation of cyclic-GMP (Snyder et al., 1984),
and stimulation of phosphoinositide (Pl) turnover (Gonzales and Crews, 1985; Fisher and
Bartus, 1985). This multiplicity of responses has obscured the relationship between
biochemical and electrophysiological responses to muscarinic agonists. In addition, the
relationship between muscarinic action on specific membrane ionic conductances, especially
IKm, and neuronal action potential generation, is not clear.

Muscarinic agonists have been subdivided into two groups according to their binding
affinities and efficacy for stimuiation of Pl hydrolysis (Fisher et al., 1983). Carbachol and
muscarine are representative of "type A" agonists that bind to two sites and are full agonists
at stimulation of Pl hydrolysis. Oxotremorine and pilocarpine are representative of "type
B" muscarinic agonists that bind to a single site and are partial agonists for stimulation of
Pl hydrolysis. In agreement with a previous report by Fisher et al. (1983), we observed
that carbachol best fit a 2 site model for Pi hydrolysis (Figure 1). The existence of similar
two-site interactions for both binding and biochemical response suggest that carbachol acts
on two separate sites to stimulate Pl turnover, while partial agonists like oxotremorine,
probably act at only a single site. Both of these receptors are likely to be postsynaptic to the
cholinergic innervation (Fisher et al, 1980).

Muscarinic agonists probably increase neuronal excitability by inhibiting IK¢a,
IKm, and a more recently described voltage-insensitive "leak” potassium current (Madison
et al., 1987). Inactivation of IKcg by both carbachol and oxotremorine would increase
action potential discharge rates by reducing accommodation (Madison and Nicoil, 1984).
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Carbachol inactivates IKga with an ECsq of about 0.3 mM and a maximal effect at about 5
mM (Madison et al, 1987). This is similar to the concentration range over which we
observe both carbachol stimulated cell firing and the high potency component of PI
hydrolysis. Thus, it is likely that inactivation of IKggy is at least partly responsible for the
increase in firing rates produced by low concentrations of carbachol. Like carbachol,
oxotremorine also inactivates K¢ and the “leak” potassium current (Dutar and Nicoll,
1988a, 1988b). However, oxotremorine does not decrease the IKm. Taken together, these
findings suggest that increased neuronal firing induced by both full and partial muscarinic
Pl agonists is due to agonist stimulation at a muscarinic site that inhibits IKcg and/or the
"leak” current.

The similarity in the concentration-response curves for muscarinic stimulated
firing rate and Pl hydrolysis (when the high affinity component of the full Pl agonist two-
site fit is used) suggests that there may be a relation between the two responses. Since
phorbol esters have been reported to inhibit IKcg (Baraban et al., 1985; Malenka et al.,
1986), it is possible that DAG, formed during receptor mediated Pl hydrolysis, could
increase cell firing by inhibiting IKcg. However, due to oxotremorine's low efficacy for Pl
hydrolysis, the ability of oxotremorine to inhibit IKcg has been interpreted as evidence
against a causal role for Pl hydrolysis in |Kgg inhibition (Dutar and Nicoll, 1988b). Since
sequences of muscarinic receptor mRNA suggest that all subtypes interact with G-proteins,

direct G-protein interaction with IKca mediated by the high potency muscarinic receptor
cannot be ruled out (see Figure 3).
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Figure 1. Comparison of the concentration-response relationship for carbachol and
oxotremorine stimulated phosphoinositide hydrolysis in hippocampal slices. Slices were
prelabeled with [3HJinositol, and phosphoinositide hydrolysis expressed as the fraction of
total incorporated [3H]inositol that accumulated as inositol phosphates after 60 min of
stimulation in the presence of 8 mM lithium. Nonlinear curve fitting of the data to one and
two site models showed that carbachol best fits a two-site model and was a full agonist, while
oxotremorine was a partial agonist and best fits one site.
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Although the functional effect of a reduction in IKm has not yet been elucidated, our
data suggest that sufficient inhibition of this current may decrease firing rates. The overlap
of the IKm voltage activation-inactivation range with spike threshold, and its non-transient
nature, imply a powerful ability to alter cell firing rate by affecting neuronal membrane
repolarization. Madison et al. (1987) reported that carbachol blocks IKm with an ECsq of
about 5 mM and a maximal effect at about 30 mM. This is within the concentration range in
which we observe desensitization (Figure 2). Thus, the closeness of the concentration-
response curves for carbachol induced desensitization and inhibition of IKm suggests that
desensitization of cell firing may be due to muscarinic mediated blockade of IKm.
Oxotremorine, which does not inhibit IKm (Dutar and Nicoll, 1988b) and does not
desensitize, can block (Dutar and Nicoll, 1988a) and reverse (Dutar and Nicoll, 1988b)
the actions of full muscarinic PI agonists on IKm, and can block and reverse desensitization
by carbachol (Pontzer and Crews, 1989). Thus, oxotremorine may pharmacologically
distinguish a higher potency binding site associated with increased cell firing and inhibition
of IKca from a lower potency binding site at which oxotremorine can block carbachol
mediated desensitization of cell firing, inhibition of 1Ky, and increases in Pl hydrolysis.

Evidence suggests there is a Pl hydrolysis threshold associated with decreased cell
firing for those muscarinic agonists {e.g. carbachol) that produce desensitization (Pontzer
and Crews, 1989). Oxotremorine, the weakest Pl agonist, does not reach this threshold and
does not desensitize. Bethanechol and arecoline barely reach the Pl threshold and desensitize
more slowly with increasing concentration than carbachol or muscarine. Lippa et al.
(1986) have shown that similar desensitizing responses occur when full, but not partial,
Pl agonists are iontophoresed in the hippocampus of anesthetized rats in vivo. Thus, Pl
hydrolysis may mediate muscarinic inhibition of 1Ky, and therby cause desensitization; i.e.,
decreased cell firing.
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Figure 2.  Comparison of the concentration-response relationships for carbachol and
oxotremorine stimulated neuronal firing in the CA?1 region of hippocampal slices. Drug
additions were made in a cumulative manner to the buffer flowing through an interface
chamber. Extracellular firing rate was measured 30 min after each drug addition when the
responses had stabilized.
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Although phorbol esters do not block the IKm (Malenka et al, 1986), Ins(1,4,5)P3
may inactivate this conductance in a novel, calcium-independent, manner (Dutar and Nicoll,
1988a; Dutar and Nicoll, 1988b). Additional evidence that Pl hydrolysis may mediate
desensitization, is provided by studies showing that pirenzepine, a muscarinic antagonist
acting through the M1 receptor, potently inhibits Pl hydrolysis (Gonzales and Crews,
1984; Fisher and Bartus, 1985) and reverses carbachol desensitization (Pontzer and
Crews, 1989). A further 10-fold increase in pirenzepine concentration can block cell
firing, suggesting that pirenzepine can distinguish muscarinic receptor sites responsible
for increased firing rates and desensitization. This pirenzepine sensitivity also suggests
that the mRNA defined m1 is equivalent to the pharmacological M1 (Hammer et al., 1980)
where oxotremorine-like drugs act as antagonists or weak partial agonists for stimulation
of Pl hydrolysis and inhibition of IKm. Further support for our hypothesis that PI
hydrolysis is associated with desensitization of firing rates is provided by experiments with
lithium. Low concentrations of lithium disrupt the Pl cycle by inhibiting inositol
monophosphatases (Hallcher and Sherman, 1980). This could result in the accumulation of
inositol monophosphate and depletion of free inositol in the CNS (Allison et al., 1976).
Depletion of free inositol could reduce polyphosphoinositide synthesis, and thereby reduce
IP3 production. The reversal of carbachol mediated desensitization by lithium has a slow
time-course which is consistent with a slow depletion of phosphoinositides and an ensuing
decline in the production of DAG and IP3. The ability of exogenous inositol to reverse
lithium inhibition of desensitization clearly establishes the involvement of the
phosphoinositide system in desensitization. It is also possible that desensitization could
occur secondary to uncoupling of muscarinic stimulated Pl hydrolysis. The ability of
phorbol esters to desensitize muscarinic stimulated Pl hydrolysis suggests that PKC could
act in this manner (Gonzales et al., 1987). Carbachol induced partial desensitization has
been reported in hippocampal slices (Lennox et al., 1988), but this desensitization occurs
in the presence of lithium and is not rapidly reversed by the removal of carbachol or the
addition of an antagonist, in contrast to the electrophysiological desensitization we observe.

Molecular biological techniques have found five subtypes of muscarinic receptors
(Bonner et al., 1987; Barnard, 1988). Buckley et al. (1988) has shown that both m1 and
m3 mRNA are highly expressed in rat hippocampal CA1. The molecular biological
equivalents of both m1 (HM1) and m3 (HM4) have been found to stimulate Pl hydrolysis
(Peralta et al., 1988; Barnard, 1988). It is possible that one of these subtypes has a
higher affinity for full agonist stimulated Pl hydrolysis and is associated with increased
neuronal firing rates. A second lower affinity muscarinic receptor could also stimulate Pl
hydrolysis. Carbachol and muscarine are full agonists at Pl hydrolysis due to activation of
both muscarinic subtypes, whereas oxotremorine appears to be an agonist at the higher
affinity site and an antagonist at the second site.

Although both muscarinic receptors could couple to Pl hydrolysis, this may occur
through separate mechanisms. All of the agonists may act in a non-Pl linked manner to
decrease I|Kgg directly (or through a G-protein) and/or the "leak" potassium current
(Figure 3). The influx of calcium caused by the subsequent depolarization and action
potential generation may partially stimulate Pl hydrolysis through a calcium sensitive
phospholipase C (Gonzales and Crews, 1985; Gonzales and Crews, 1988; Kendall and
Nahorski, 1984). Partial agonists, especially oxotremorine, may act primarily through
this mechanism, as would the high potency component of full agonists. A second lower
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affinity site may further increase Pl hydrolysis, perhaps by direct receptor-guanine
nucleotide-phospholipase coupling. This model is consistent with two phospholipase C
enzymes, one guanine nucleotide sensitive, and the other caicium sensitive (Gonzales and
Crews, 1985; Gonzales and Crews., 1988). Gurwitz and Sokolovsky (1987) found that
oxotremorine stimulated Pl hydrolysis is much more sensitive to tetrodotoxin than
carbachol, further indicating a role for neuronal activation, and perhaps calcium influx, in
stimulation of Pl hydrolysis.

Figure 3. Schematic illustration of the interactions between the various receptors, second
messengers and ion channels which may be involved in the induction of LTP and other aspects
of neuronal plasticity. Although activation of NMDA receptors is necessary for the
establishment of LTP in most systems, it is not sufficient because at resting membrane
potential, Mg2+ blocks NMDA gated calcium flux. Simultaneous activation of NMDA
receptors and receptors mediating depolarization, through second messengers or direct
action on the ion channel, may also be required for the production of LTP. Stimulation of
phospholipase C (PLC) by carbachol (Carb) acting on muscarinic' receptors, or of
quisqualate acting on glutaminergic receptors, produces the second messengers inositol
1,4,5 trisphosphate (IP3) and diacylglycerol (DAG) that may in turn close potassium
channels.  Depolarization through closure of potassium channels, or opening of
sodium/calcium channels, removes the Mg2+ block from NMDA gated calcium channels.
Both depolarization induced calcium influx and IP3 mediated calcium mobilization increase
[032 +Ji, which could in turn further increase the activity of PLC and DAG. The high levels
of [Ca<+*]i and DAG that result from the feed-forward augmentation in these interacting
systems, could lead to activation of protein kinase C (PKC) and calcium-calmodulin type Il
kinase (CamKli), which may in turn mediate long term changes in synaptic strength.

Glutamate receptors are thought to be involved in neuronal plasticity. Many studies
dealing with LTP, and other forms of plasticity, have focused on the large calcium currents
associated with NMDA receptor activation as a major factor in modifying synaptic
transmission (Baudry and Lynch, 1980; Eccles, 1983; Jahr and Stevens, 1987). These
currents are blocked by physiological levels of magnesium when the membrane is in the
resting state; e.g. polarized. It has thus been hypothesized that there must be simultaneous
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activation of other receptors that depolarize the membrane in order to allow NMDA gated
calcium flux to occur (Figure 3). Although the mechanisms involved in heterosynaptic
control of calcium and phosphoinositide-linked second messengers remain to be elucidated,
it is likely that the synergistic interactions between receptors causing depolarization and
those causing direct, G-protein mediated, activation of PLC, may be needed to produce the
pronounced excitation that triggers long term plasticity in the CNS (Figure 3) Our evidence
that both quisqualate and carbachol stimulate neuronal excitation and produce a possible
depolarization block. This would allow them to fulfill this function. Muscarinic and/or
non-NMDA glutamatergic receptor activation may thus be important in LTP and memory.
The membrane depolarization produced could both increase intracellular calcium and
remove the magnesium block of NMDA gated calcium channels.

In conclusion, our findings suggest that two muscarinic sites are involved with
changes in hippocampal CA1 cell firing rates and phosphoinositide hydrolysis.
Oxotremorine is representative of agonists that bind to a single high affinity site, weakly
stimulate Pl hydrolysis, and increase firing rates at concentrations consistent with
inhibition of IKcg. Carbachol is representative of a group of agonists that bind to two
muscarinic sites, stimulate Pl hydrolysis with high and low potency components, increase
firing rates in the range of the high potency site and desensitize firing responses in the
range of the low-potency sites. Oxotremorine and low concentrations of pirenzepine
antagonize carbachol stimulated Pl hydrolysis, desensitization of firing rates and inhibition
of IKm. suggesting that these processes are mediated by a pharmacologically defined M1 site
that may be identical to the mRNA defined m1 site. Since the mRNA defined m3 is also
prominent in hippocampal CA1, and is linked to Pl hydrolysis in cultured cells, this
receptor may represent the high potency muscarinic site associated with increased neuronai
cell firing and inhibition of IKcz. The pharmacological distinctions between these sites could
impact on muscarinic drugs of choice for treatment of Alzheimer's disease.
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AND CHOLINE IN RAT CORTEX, HIPPOCAMPUS AND STRIATUM STUDIED BY BRAIN
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SUMMARY

The central effects of cholinergic drugs on the release of
acetylcholine (ACh) and changes in extracellular choline level were
investigated by the brain dialysis technique.

Scopolamine (0.5 mg/kg s.c.) markedly increased ACh release in the
frontal cortex, hippocampus and corpus striatum. Correspondingly, a
significant decrease of choline levels in the extracellular space was
observed in the three regions of brain. Oxotremorine (0.5 mg/kg i.p.)
displayed almost no effect upon ACh release in the frontal cortex,
however, a tendency toward inhibition of ACh release was observed in
both the hippocampus and corpus striatum. Conversely, oxotremorine
induced an increase of choline levels in both the frontal cortex and
hippocampus but not in the corpus striatum. Nicotine (0.5 mg/kg s.c.)
displayed a biphasic effect upon ACh release in both the frontal cortex
and hippocampus but not in the corpus striatum. No significant changes
in the choline levels of these three brain regions were observed after
administration of nicotine.

The present approach permits the direct detection of changes in
ACh and choline levels in the extracellular space of discrete brain
areas of experimental animals. These results indicate that the in vivo
brain dialysis technique applied to freely moving rats may be useful in
investigating cholinergic transmission via presynaptic terminals by
means of cholinergic drugs.

Key words: Brain dialysis; ACh and choline; Scopolamine; Oxotremorine;
Nicotine; Discrete brain regions
INTRODUCTION
Since it was reported that the cholinergic neurons of the cerebral
cortex and hippocampus, regions that are closely associated with

memory, were markedly degenerated in Alzheimer's disease, information
has been accumulated that strongly suggests that degeneration of the
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cholinergic neurons is concerned with the cause of this disease (1, 2,
3, U). Scientific studies with postmortem brains from patients with
Alzheimer's disease have shown that whereas cerebral tissue levels of
postsynaptic receptors are nearly normal, the nerve terminals are so
degenerated that the tissue content of ACh, CAT activity, and such
presynaptic receptors as muscarinic and nicotinic receptors are
depressed (4, 5, 6). In light of these findings, various kinds of
compounds have been synthesized through use of radioactive 1ligands,
such as one with strong affinity to muscarinic receptors, one that
increases the concentration of synaptic ACh and one that stimulates ACh
release from the nerve terminals. These compounds have been tested in
animal experiments which have yielded plenty of suggestive evidence of
beneficial effects. In clinical work as well ACh agonists have been
evaluated for efficacy, resulting in the advent of compounds like AChE
inhibitor, tetrahydroaminoacridine (THA) (7).

On the other hand, it should not be overlooked that experimental
techniques have improved and progressed in the neurological studies of
ethiopathologies of Alzheimer's disease in the pathological animal
brain or postmortem human brain model. The approach on which we focus
our attention in elucidating presynaptic function does not consist of
removing the brain to determine the brain tissue levels of
neurotransmitters but of brain dialysis. The latter technique consists
of implanting a fine dialysis probe in each region of the brain in
order to determine in vivo the levels of neurotransmitters in the
extracelluar spaces in conscious and unrestrained animals (8, 9, 10,
1, 12, 13, 14, 15, 16, 17). Furthermore, an important advantage of
this technique is that spontaneous motor activity as well as other
behavioral changes can be measured simultaneously (13).

It is our intent in this study to find application for this
technique in the development of a therapeutic for Alzheimer's disease
by clarifying the action of ACh agonists and antagonist on chemical
transmission through determination of ACh release from the nerve
terminals and changes in the content of choline in the extracellular
space.

MATERIAL AND METHODS

Brain Dialysis and Surgery

Male rats (230-260 g, Wistar strain) were anesthetized with
pentobarbital sodium (40 mg/kg i.p.) and placed in a stereotaxic frame.
The skull was exposed and holes were drilled for a unilateral dialysis
probe which was placed into the left frontal cortex (coordinates: A
+3.0, L -2.0, V -4.0 mm, relative to the bregma), the left hippocampus
(coordinates: A -7.5, L -4.5, V -7.0 mm, relative to the bregma) and the
left corpus striatum (coordinates: A 0, L -2.7, V 6.0 mm, relative to
the bregma) according to Kénig and Klippel (18).

A semipermeable regenerated cellulose tube was glued along a U-
shaped stainless steel guide and lengths of 2.0 mm (frontal cortex) and
3.0 mm (hippocampus and corpus striatum) from the top were kept free,

exposing the dialysis surface (Fig. 1). The device was fixed with
dental cement and fastened with one screw onto the skull of the rat
(Fig. 1). To exclude the effects of anesthesia the rats were first

allowed time to recover; perfusion experiments were carried out between
26 and U8 hrs after surgery, during daylight hours. The dialysis tube
was perfused at a constant rate of 2 pl/min with Ringer solution(147 mM
NaCl, 4 mMKCl, 3.4 mMCaClp, pH6.1) containing 10pM physostigmine
sulfate.
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The dialysis device has been indicated in our previous report
(13), but it was essentially the same as that described by Damsma (10)
with only slight modifications. This dialysis device was connected to
the perfusion pump and to the injection valve of the HPLC system by
means of polyethylene tubing (length 40 cm, inner diameter 0.1 mm).
The motor driven injection valve of an autoinjector was controlled by
an adjustable electronic timer. The sample loop (100 pl) was held in
the 1load position for 15 min and automatically switched to the
injection position for 20s. after which the cycle was repeated. One
stainless steel cannula was connected to the perfusion pump by a
polyethylene tube, and the outlet of the other cannula was connected to

Outer diameter 900 (450X2) upm
Inner diameter 150 pm
Membrane thickness 6.5 pm

Fig. 1 U-typed probe and schema of dialysis probe in rat brain

the injection valve. In the present case, the internal standard,
ethylhomocholine (EHC), delivered by the perfusion pump, was fed into
the perfusate tube proximally to the injection valve (Fig. 2).

Assay of ACh and Choline

Assays of ACh and choline were performed as previously described
by Toide (13) with minor modification of 1.03 mM sodium 1-
decansulfonate.

Drugs and Chemicals

Physostigmine sulfate (Sigma) was added to the perfusion solution.
Scopolamine hydrobromide (Sigma), oxotremorine sesquifumarate (Sigma)
and nicotine tartrate (Tokyo Kasei) were dissolved in saline and
injected in a volume of 1 ml/kg. Internal standard ethylhomocholine
(EHC) was synthesized in our laboratory. Aqueous solutions were
prepared from distilled water and all other chemicals were of
analytical special grade.
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RESULTS

Chromatography

Fig. 3 shows typical chromatograms of a standard samples
containing 15 pmol of ACh, choline and EHC, and of brain perfusion
samples. The EHC concentration in brain samples were 30 pmol. Both
ACh and choline peaks are recognized in each of these brain regions,
and the respective substances are well separated. To estimate the
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Ringer solution, pH6.1
(147mM NaCl, 4mMKCl, 3.4mMCaCla,
104M physostigmine sulfate)

Internal standard
Ethylhomocholi £ . .
YIOTEHC, 1M 5 “#Mobile Phase
Qé (0.1M Phosphate buffer, pH8.0
a 0.6mM tetramethylammonium
chiori
I g o~ 1.03mM sodium
Perfusion 2 5 g 3 ifonate)
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Fig. 2 Diagram of the perfusion and on-line connected
analytical system

variation between different dialysis devices, the efficiency for five
probes was determined inuvitro at 2 pl/min. The average recoveries for
ACh and choline were 24.8+1.3% and 29.6%£1.9% (n=5, S.E.),
respectively. Recent modifications in the design of the dialytic probe
have resulted in improved performance, increased recovery rate and
better reproducibility.

Fig. 4 shows the standard curves for ACh, choline and EHC. , Each
substance displays good linearity at concentrations between 10 and 100
pmol. The detection limits of ACh and choline were 60 and 30
fmol/injection, respectively.
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A: Standard B: Frontal cortex C: Hippocampus D:Corpus striatum
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Chromatograms of ACh, choline and EHC in the standard
solution and in the dialysate from rat frontal cortex,
hippocampus and corpus striatum. A; standard solution
containing 15 pmol of ACh, choline and EHC. B and C; 30
pmol of EHC and 30 pl of perfusate with Ringer solution
containing physostigmine.
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Fig. 4 Standard curves for ACh, choline
and EHC
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Table 1 Extracellular concentration of ACh and choline measured
by brain dialysis in the discrete regions of rat brain

rain regions Corpus

N Frontal cortex Hippocampus .
pmol/15 min striatum
ACh 1.40+0.29 2.28+0.22 5.40+£1.02
Choline- 18.81+1.74 32.07+3.38 33.78+4.76

Dialysed ACh and choline levels represent pmol/15 min.
Data are mean *S.E. values from 12 to 13 rat brains, respectively.

The average values for ACh and-choline in the discrete regions of
rat brain indicated in Table 1.

Effects of Systemic Administration of Scopolamine on invive Dialysis
Levels of ACh and Choline in Frontal Cortex, Hippocampus and Corpus
Striatum

Fig. 5 shows the changes in ACh and choline levels in dialysates
of the discrete regions of brain of freely moving rats after
administration of scopolamine (0.5 mg/kg s.c.).

In the frontal cortex, scopolamine displayed a pronounced
enhancing effect upon the release of ACh between 30 and 75 min after
administration. This action upon ACh release was observed up to 105
min but when 120 min had elapsed the ACh levels had almost reverted to
the previous level. Corresponding to this action upon ACh release, a
significant decrease of choline level in extracellular space was
observed from 30 min up to 90 min after administration of scopolamine,
reflecting the changes in ACh concentration. However, the choline
level gradually reverted to the control level.

In the hippocampus, as in the frontal cortex, a pronounced
enhancing action upon ACh release was observed 30 min after
administration of scopolamine, and in fact a strong enhancing effect
was observed until 105 min after administration. Thereafter, the ACh
concentrations gradually began reverting to the control level. But,
even 120 min and the concentration was still approximately 2.5 times
that of the control 1level. Also, the observed choline level
corresponded with the changes in ACh levels exhibited a significant
inhibition from 30 min after administration of scopolamine. A potent
inhibitory action was observed between 45 and 105 min after
administration. In fact, this effect remained significant even after
120 min.

In the corpus striatum scopolamine significantly induced ACh
release. However, the pattern of the effects induced by scopolamine
was different from those observed in the other two regions. 30 min
after administration, the enhancing effect upon ACh release reached a
peak. Although concentration of ACh reverted gradually, it was still
high even after 120 min. Subsequently, choline level displayed a sharp
decrease 45 min after administration of the drug, although the onset of
this effect was slightly delayed as compared with those manifested in
the other brain regions. However, this action was maintained even
after a lapse of 120 min, and no sign of reversion to control levels
was observed within this period.
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Effects of Systemic Administration of Oxotremorine on in vivo Dialysis
Levels of ACh and Choline in Frontal Cortex, Hippocampus and Corpus
Striatum

Fig. 6 shows the changes in ACh and choline levels after
administration of oxotremorine (0.5 mg/kg i.p.).

Oxotremorine displayed almost no effect upon release of ACh in the
frontal cortex, except for a slight tendency toward elevation of ACh

levels 120 min after administration. Subsequently, a significant
Frontal cortex Hippocampus Corpus stnatum
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Fig. 5 Effect of scopolamine on the dialysate levels of ACh and
choline in discrete regions of brain. The Ringer
perfusion solution contained 10 pM physostigmine; the
perfusion rate was 2 pl/min. Perfusate was collected for
1 hr (four 15-min fractions) before drug administration.
The average ACh and choline contents in the four samples
were taken as the baseline value for spontaneous release
and extracellular level, respectively. Time zero on the
abscissa corresponds to the time of injection of
scopolamine (0.5 mg/kg s.c.). The data (mean and S.E.)
represent the ACh and choline content for each 15-min
fraction, expressed as a percentage of the average
baseline ACh and choline. ¥P<0.05, ¥*¥P<0.01 vsbaseline
by Dunnett's test. (Toide and Arima, in press)

increase in extracellular choline level was observed between 45 and 60
min. However, 120 min after administration of oxotremorine, a slight
but significant decrease of choline levels was observed, presumably in
response to changes in ACh concentration occurring during that period.

In the hippocampus following an enhancing effect upon release of
ACh manifested between 15 and 30 min after administration of
oxotremorine, a tendency toward inhibition of ACh release was observed
from 45 to 60 min. Subsequently, the concentration of choline in the
extracellular spaces displayed a significant increase between 30 and 75
min.
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In the corpus striatum, a tendency toward lowered ACh levels in
the extracellular spaces was noted during the period from U5 to 105
min. On the other hand, the choline level of the corpus striatum
tended to decrease for 15 to 30 min after administration, and from
about 60 min after administration, only a slight enhancing trend was
observed.

Effects of Systemic Administration of Nicotine on invivo Dialysis Levels
of ACh and Choline in Frontal Cortex, Hippocampus and Corpus Striatum

Fig. 7 shows the changes in ACh and choline levels after
‘administration of nicotine (0.5 mg/kg s.c.).
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Fig. 6 Effect of oxotremorine on the dialysate levels of ACh and
choline in discrete regions of brain. See legend in Fig. 6
for details. (Toide and Arima, inpress)

In the frontal cortex, nicotine increased a transient yet
significant ACh release 30 min after administration. However, after U5
min the ACh level reverted to the control value, but subsequently rose
again during the period from 60 to 75 min after administration of
nicotine. Thus, a biphasic action was observed. Choline concentration
displayed a gradually increasing trend extending up to 120 min after
administration of nicotine.

In the hippocampus as well, a significant enhanced ACh release was
noted 30 min after administration of nicotine, but the ACh
concentration reverted to the control level after 45 min. However,
still later, about 90 min following administration of nicotine, it
transiently yet significantly increased ACh levels as well, indicating
a biphasic action. As for choline 1levels, these were virtually
unaffected by nicotine. Thus, ACh changes in the hippocampus displayed
a pattern quite similar to that observed in the frontal cortex.

In the corpus striatum, the response to nicotine was different
from that displayed in either the frontal cortex or the hippocampus.
That is, no transient rise in ACh content was observed during the
initial period, but the ACh concentration tended to increase gradually
over the entire period of 120 min after administration. The choline
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concentrations were slightly depressed to an extent corresponding to
the changes in ACh.

DISCUSSION

In the field of neurochemical research, determination of
neurotransmitters and their metabolites' content as well as enzyme
activity in the brain have been investigated for the purpose of
elucidating the functions of presynaptic terminals. On the other hand,
receptor binding experiments using radio labelled ligands (this method
has also been used in the case of presynaptic receptors) and adenylate
cyclase systems as well as phosphatidyl inositide turnover systems,
including Ca“* mobilization as a signal transduction system have been
investigated in studies of postsynaptic functions (19, 20). These
research trends also indicate the importance to investigate chemical
transmission as an index of neurotransmitter release from presynaptic
nerve terminals in connection between pre- and postsynapse.
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Fig. 7 Effect of nicotine on the dialysate levels of ACh and choline
in discrete regions of brain. See legend in Fig. 6 for
details. (Toide and Arima, inpress)

In the central nervous system, cholinergic neurons are known to be
involved in neural control from the septum to the hippocampus and from
the nucleus basalis of Meynert and the diagonal band of Broca to the
cerebral cortex, as well as existing in the intrinsic neurons of the
corpus striatum, It is well known that the functions of the
presynaptic cholinergic neurons in the hippocampus and cerebral cortex
are impaired in Alzheimer's disease (5). Therefore, as a criterion of
improvement of presynaptic function by drug therapy, it is very
important to investigate ACh release from presynaptic cholinergic
neurons simultaneously with the determination of ACh and choline levels
and choline acetyltransferase activity in the presynaptic neurons.



Recently, the brain dialysis technique, employing a highly
sensitive analytical method based upon high performance 1liquid
chromatography, has made possible the measurement of ACh in the
extracellular of freely moving rats (9, 10, 13), permitting the precise
analysis of the effects of various drugs upon neurotransmission in the
cholinergic system, using ACh release from nerve terminals.

The present research was concerned with the effects of the
muscarinic antagonist scopolamine, the muscarinic agonist oxotremorine
and the nicotinic agonist nicotine upon the activity of cholinergic
nerve terminals in the frontal cortex, hippocampus and corpus striatum,
using ACh release and changes in the choline content of the
extracellular spaces.

Investigation of the effects of scopolamine administration
(0.5mg/kg s.c.) upon ACh release and choline content in the
extracellular spaces revealed a pronounced increase in the release of
ACh from nerve terminals and a corresponding decrease in the
extracellular concentrations of choline in each of the brain regions.
The results of the present experiments disclosed that the intensity and
duration of the effects of scopolamine varied in the three different

brain regions. Comparison of effects upon ACh release showed an
increase of 6.2 times in the hippocampus, 6.0 times in the frontal
cortex and 2.8 times in the corpus striatum. Consolo et al. (9) had

previously investigated the effects of scopolamine (0.34mg/kg s. c.)
upon ACh release from the corpus striatum, and the results in the
corpus striatum reported by those authors were almost identical with
those obtained in the present study. It is well known that presynaptic
muscariniec receptors modulate ACh release (22, 23, 24, 25). This
enhancing effect of scopolamine upon ACh release seems attributed to a
positive feedback mechanism due to an inhibitory action upon ACh
autoregulation resulting from the blocking of presynaptic receptors,
and presumably the observed decrease in choline content of the
extracellular spaces results from enhanced synthesis of ACh in the
nerve terminals. Some reports (26, 27, 28), performed invitro experiments
using “H-labelled choline, and indicated that scopolamine enhanced the
uptake of choline by nerve terminals, which is consistent with the
results obtained in ourinvivo experiments.

Oxotremorine (0.5mg/kg i.p.) displayed no significant effects in
the frontal cortex, where a slight tendency toward increased ACh
release was observed two hours after administration. In the
hippocampus, a slight increase was observed during the initial period
after administration of the drug, but subsequently a mild transient
inhibitory action upon ACh release was noted. In the corpus striatum,
a moderate but sustained reduction in ACh levels was observed between
45 and 105 minutes after administration, suggesting an inhibitory
action upon ACh release. An inhibitory effect upon ACh release was
anticipated due to enhanced autoregulatory function resulting from the
agonistic action of oxotremorine upon presynaptic receptors. Consolo
et al. (9) reported that a transient inhibitory effect upon ACh release
in the corpus striatum was manifested 20 minutes after administration
of oxotremorine (0.53mg/kg i. p.), but the form of the reported effects
differed somewhat from those observed in the present study. These
discrepancies may be possibly due to differences in the rate of
dialyzed time or intensity of desensitization. On the other hand, as
regards the choline content of the extracellular spaces, significant
increases were manifested in the frontal cortex and hippocampus about
one hour after administration. These effects were presumably due to
diminished turnover of ACh at the nerve terminals resulting from
agonistic effects upon the pre- and/or postsynaptic receptors,
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inhibiting the uptake of choline, which constitutes the substrate for
ACh synthesis. However, no changes 1in extracellular choline
concentrations were observed 1in the corpus striatum, indicating
differences among the brain regions with respect to the effects of the
drug.

Nicotinic receptors are known to be present in the central as well
as the peripheral nervous system, where presynaptic nicotine receptors
serve to regulate the release of ACh (29, 30). Recent reports have
indicated that not only muscarinic receptors but also presynaptic
nicotinic receptors diminish in Alzheimer's disease, which is
characterized by impaired cholinergic activity (4, 31, 32). Moreover,
the clinical efficacy of nicotine with respect to Alzheimer's disease
has been investigated, and some reports have indicated the
effectiveness of such treatment (34). From the results of invivobrain
dialysis in the present study, although there were certain differences
in pattern among the respective brain regions, enhancing effects upon
ACh release were observed in the frontal cortex and hippocampus, which
are intimately involved in memory function, suggesting an enhancing
action of nicotine upon ACh-mediated neurotransmission. By contrast
with the muscarinic agonist oxotremorine, reports of inwvivo experiments
have also indicated that this action of nicotine results from
enhancement of ACh release mediated by presynaptic receptors (30, 31).
On the other hand, prolonged exposure to nicotine has been reported to
induce desensitization (35), and the biphasic action observed in the
frontal cortex and hippocampus in the present experiments may
presumably be attributed to desensitization effects. However, ACh-
releasing effects were not observed virtually in the corpus striatum.
As regards changes in choline content, choline concentrations displayed
a tendency to increase in the frontal cortex and to diminish in the
corpus striatum, but almost no effects were observed 1in the
hippocampus, moreover, there were no corresponding changes in the
release of ACh, as were observed in the case of scopolamine.

The above results appear to indicate that the muscarinic
antagonist scopolamine, by its receptor blocking action, inhibits the
autoregulatory function of ACh, thus providing a positive feedback
mechanism which promotes the uptake of choline along with the enhancing
effect upon release of ACh and, presumably, the concomitant turnover at
the nerve terminals. As regards the muscarinic agonist oxotremorine,
the changes induced by a negative feedback mechanism arising from
agonist effects upon receptors were rather slight, but apparently the
uptake of choline is impeded by an inhibitory action upon ACh release
and, presumably, a resulting reduction in turnover at the nerve
terminals, resulting in an increase in the choline concentration of the
extracellular spaces. An enhancing effect of the nicotiniec agonist
nicotine upon the release of ACh from nerve terminals through the
mediation of presynaptic receptors was observed in the frontal cortex
and hippocampus. The results concerning the effects of the cholinergic
agonists oxotremorine and nicotine in the frontal cortex and
hippocampus revealed a different .pattern of action from that observed
in the corpus striatum. This was attributed to the manifestation of
differences in drug effect owing to the predominance of intrinsic
neurons in the corpus striatum. Moreover, differences in the manner of
distribution of muscarinic receptors between the various brain regions
have been reported (36), and likewise regional differences in
distribution of nicotinic receptors have also been recognized (29, 37).
The distribution of cholinergic receptors and the analysis of the
effects upon ACh release mediated by these receptors constitutes an
important subject for subsequent research.
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In conclusion, the results of the present study suggest that inwvive

brain dialysis provides an useful technique for the analysis of the
nature of chemical neurotransmission by cholinergic neurons as well as
the action of various drugs upon these neurons, using ACh release from
nerve terminals and choline concentration in the extracellular spaces
as indices of neuronal activity.
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INTRODUCTION

The nervous system and behavioral repertoire of old world monkeys
resembles the human neuro-behavioral system more than any other Taboratory
animal, except higher apes. In addition, spontaneous and conditioned
behavior exhibited by the monkey is more similar to that of the human than
any other laboratory animal'. Therefore, behavioral tasks which tap the
higher cognitive abilities of these nonhuman primates may provide
information more relevant to normal human aging and to the dementias. The
method most frequently employed to test the sophisticated cognitive
repertoire of these monkeys has been one or another variation of the
delayed response task. The delayed matching-to-sample (DMTS) task allows
the measurement of abilities which are relevant to human aging, such as
attention, strategy formation, reaction time in complex situations and
memory for recent events. Thus, comparisons to human behavioral situations
should involve 1less speculation than when Tlower animal subjects are
employed. Interestingly, a similar version of this task has been employed
to demonstrate cognitive impairment in Alzheimer’s Disease patients<. The
advent of the personal computer age has facilitated the automation of
problem presentation and data collection associated with this task, and it
is now practical to analyze DMTS performance at a more detailed level.

Among the many neurochemical abnormalities demonstrated to occur in the
post mortem brains of Alzheimer’s patients, is a loss of cholinergic
nicotinic receptor density3®. This loss parallels a deficit in other
cholinergic markers and is consistent with the functional impairment
observed prior to death. While it is generally recognized that the brain
muscarinic receptor system plays an important role in learning and memory,
less is known about the role of the nicotinic system. In humans, nicotine
is known to not only improve the attentional component of information
processing in learning (acquisition), but also facilitates the input of
information to storage (retention) in the memory processt. Additionally,
selective blockade of central nicotinic receptors has been reported to
produce memory impairment in rodent animal models’ 0 and to slow cognitive
functioning in humans''. Thus, the Toss of nicotinic receptors associated
with Alzheimer’s disease may underlie, at least in part, the memory and/or
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cognitive impairment observed in these patients. The purpose of these
studies was to examine the effect of stimulation and blockade of nicotinic
receptors in monkeys performing a DMTS task. Our initial experiments were
performed in young adult animals, although subsequent preliminary
experiments were also performed with aged (34-35 year old) animals.

METHODS

Five young adult Macaca fascicularis monkeys and two aged (>34 years
old) monkeys were well-trained in a delayed matching-to-sample (DMTS)
paradigm over a period of several months. Water was supplied on an
unlimited basis, but monkeys received approximately 15% of their food
during performance of the DMTS task. During our first series with the
young animals, monkeys were placed in a restraining chair and the test drug
administered i.m. (gastrocnemius muscle) in a volume of 0.3 ml. At 10 min
after nicotine or vehicle (sterile, normal saline) injection the monkey was
placed in a light- and sound-attenuated chamber to await the start of the
testing session which was initiated by a computer. At this time a 2.8 mm
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Figure 1. Schematic diagram of the delayed matching-to-sample behavioral
paradigm performed by monkeys.

diameter red, blue or yellow colored circle was illuminated, representing
the stimulus or sample key. The animal pressed the sample key, extinguish-
ing the sample light. Following a pre-programmed delay period (0-60 sec)
two choice lights located below the sample key were illuminated, one of
which matched the previously presented sample light, while the other was
one of the other two colors. The monkey executed a response by pressing
one of the two choice keys which terminated the trial and 5 sec later re-
initiated a new trial. A food reward pellet was provided for a correct
(matching) choice. An incorrect (non-matching) choice was neither rewarded
nor punished. Each session consisted of 108 such trials and lasted 30-45
min. A schematic diagram of the paradigm is illustrated in Figure 1.
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During training sessions a set of 5 or 6 delays was randomized and
presented in equal proportion. The longest delay period chosen for an
individual monkey was that which consistently allowed correct choices to
be significantly greater than chance (i.e., approximately 60%). During the
ten months in which the first series were conducted, baseline data were
consistent (Fig.2). In general, 3 levels of performance difficulties were
exhibited by the animals. In order to simplify data analysis and reduce
baseline variability, the data for each animal were separated into these
3 delay levels corresponding to the percentage correct values. The least
difficult level of performance (Level 1) was a 0 sec delay period at which
the animals averaged 94% correct responses. The moderately difficult level
of performance (Level 2) consisted of delay periods of 5 to 10 sec at which
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Figure 2. Baseline data for 4 young monkeys over a 10 month period, and
2 aged monkeys over a 2 month period (expressed as percent correct as a
function of retention delay). Values represent the mean + s.e.m. of 20-
100 sessions. (Note: in some cases the standard error bar was smaller than
the diameter of the symbol).

the monkeys averaged 80-85% correct responses. The most difficult level
of performance (Level 3) consisted of delay periods of 15-60 sec at which
the monkeys averaged 65-75% correct responses. Of the 5 animals employed,
1 animal’s capabilities extended to delay periods of 20 sec, 3 animals
performed to 30 sec and 1 animal performed to a delay of 60 sec. Values
obtained for each performance Tevel were averaged and recorded as the
average percentage correct for the respective interval. Drug effects were
calculated as the absolute change from baseline. A minimum drug "wash out"
period of 2 days was allowed between sessions in which a drug was
administered. During this period a return to baseline performance was
established in each animal before again administering drugs.
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In the second series of experiments, 4 of the 5 monkeys from the
previous study were employed. Testing panels were constructed so that
they could be attached directly to the front of the animal’s home cage.
This obviated the need for the restraining chair and test cubical, however,
there was the potential problem of noise or distraction from other animals
in the housing room. Four animals were tested simultaneously using a newly
designed computer-automated training and testing system. This system
allowed additional data collection features, including latency of response
at each step of each matching problem, and percent correct for every
possible combination of matching stimuli (position and color analysis) thus
increasing the resolution of our behavioral analysis. Basically, the same
protocol and experimental paradigm were employed as described for the first
series. In this case the animal room was darkened, with the computer and
operator isolated from the subjects.

Data were analyzed statistically using a one-way analysis of variance
(ANOVA), and the Tukey honestly significant difference (HSD) procedure was
used to determine confidence Tlevels among sessions for main effects
attaining the 0.05 level of confidence. In some cases an unpaired
Student’s t-test was employed as the post hoc test.

RESULTS

First Experimental Serijes

The results obtained from a representative monkey during the nicotine
dose response experiment are illustrated in Figure 3. Values represent
performance at delay level 3 (longer delay periods) only since nicotine was
not found to produce a significant effect at delay level 1 or 2 (see Figure
4). A decrease in performance relative to baseline was observed with the
lowest dose (1.25 ug/kg) of nicotine. Further increases in dosage yielded
facilitation of performance, with the largest increase (26%) afforded by
the 5 ug/kg dose. This dose response effect well exemplifies the inverted
U dose response relationship commonly observed with cognitive enhancing
agents. Subsequent re-administration of the "best dose" of nicotine (5
pg/kg) to the monkey again yielded enhancement (10%) of performance
although not of the same magnitude as the prior injection of 5 ug/kg.
Similar dose response effects were observed in the other four monkeys
(p<0.05).

Nicotine enhanced performance primarily at the longest delay intervals
in each of the animals (Fig.4). The beneficial effect of nicotine occurred
over a narrow dose window, usually between 1.25 and 5.0 pg/kg. Two of the
monkeys did not respond to any of the 4 doses of nicotine. At first, these
animals seemed insensitive to the drug, but when administered 0.625 and 7.5
ug/kg nicotine, respectively, each responded in a manner similar to the
other monkeys. The values presented represent the mean of 3 experiments
each at these doses for No. 2 and No. 4. For the other 3 monkeys, the most
effective dose was repeated and found effective during 4-6 sessions each.
On the average, nicotine increased performance at the 1longest delay
interval by about 10 percentage points. The drug produced no significant
effect on the shorter delay intervals. Any decline in the blood level of
nicotine was not reflected by performance returning to baseline.
Performance levels were maintained throughout the session. Also, tolerance
was not apparent since re-administration of the best dose of nicotine
produced the same or nearly the same enhancement of performance at some
time during the study.
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The effect of the centrally-acting nicotinic blocking drug, mecamyla-
mine, was examined in the same subjects. The results of this experiment
are depicted in Figure 5. While the two Tower doses of mecamylamine (0.25
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Figure 3. Dose response series to nicotine administration in one monkey
at delay level 3. A =2.5, B=05.0, C=1.25, D =10 pgg/kg. Doses were
administered 10 min prior to initiating a testing session. A1l other
sessions denote baseline performance between doses. Reproduced with
permission from Pergamon Press'2,

and 0.50 mg/kg) had no significant effect on performance, the highest dose
(2 mg/kg) produced a marked depression in performance with the effect most
notable on the shorter delay intervals. Mecamylamine induced decreases in
performance of 23%, 20%, and 10% at delay levels 1, 2 and 3, respectively
(p<0.05). The next experiment was conducted to control for the potential
peripheral effects of mecamylamine. Following administration of 2 mg/kg
of the peripherally-acting nicotinic antagonist, hexamethonium, (the same
dose at which mecamylamine exerted a significant effect on cognitive
performance), signs of ganglionic blockade, particularly ptosis, were noted
within several min. Despite the outward effects of the drug, no signifi-
cant effect on performance during the testing session was noted (Fig. 6).

In the next series, animals received either 0.5 mg/kg of mecamylamine
or 2 mg/kg hexamethonium (since neither one of these doses by themselves
produced a significant effect on baseline performance) 15 min prior to each
animal receiving its most effective dose of nicotine to examine the
influence of antagonist pretreatment on the effects produced by nicotine
administered 10 min later. The results of this experiment are illustrated
in Figure 7. While hexamethonium pretreatment did not alter the ability
of nicotine to enhance performance at the Tlongest delay interval,
mecamylimine pretreatment antagonized the beneficial effect of nicotine
(p<0.05).
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Second Experimental_Series

Four animals from the first series were retrained to their original
baseline performance (see Fig. 2) using the unrestrained technique
described above in the Methods section. Numerous variables relating to the
monkey’s performance were collected; the variables related to one of three
categories: (a) color preference, (b) position preference and (c) response
latency. The data were tabulated in a matrix for each daily session. It
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Figure 4. Effect of the best dose of nicotine (0.625, 2.5, 5.0, or 7.5
pg/kg, i.m.) in five monkeys on their performance of a delayed matching-
to-sample paradigm (expressed as the absolute change in percentage correct
from baseline). Nicotine was administered 10 min prior to testing. In the
line graph each symbol refers to data derived from an individual monkey
(open circle = No.l, open triangle = No.2, closed circle = No.4, open
square = No.7, closed square = No.8). Each value represents the mean of
4-6 replicates, except for No.2 and No.4, which represents the mean of 3
experiments each. The bar graph represents the mean of each animal’s data
averaged for the five monkeys. Vertical lines indicate the s.e.m.
Retention intervals 1,2 and 3 refer to short, moderate and long delay
intervals. The value for interval 3 was significantly greater than
baseline. Reproduced with permission from Pergamon Press'2,

was therefore possible to separate two main components of the DMTS task,
a test of memory recall and a cognitive component which tests the abstract
conceptualization of "matching". Results obtained from this series confirm
the results of Series 1 in that nicotine administration produced a
significant enhancement of performance in the DMTS task. As with the

earlier procedure (restraint and isolation during testing) the degree of
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enhancement was greatest for the Tonger (most difficult) delay intervals,
with the magnitude of this enhancement (+10.5%), significantly greater than
baseline performance. Drug vehicle administration (saline) did not
significantly affect baseline performance. Also, there was no significant
effect of nicotine on choice Tatencies (time elapsed during color choice
selection), 3.8+0.64 and 3.9+0.57 sec, respectively for control and
nicotine-treated; or trial Tlatencies (time elapsed between the stimulus
color presentation and the animal’s starting the next trial), 2.7+0.32 and
3.5+0.91 sec, respectively. Position preference (left vs. right choice
light) did not account significantly for the enhancement produced by
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Figure 5. Effect of mecamylamine on performance of a delayed matching-to-
sample paradigm by four monkeys (expressed as the absolute change in
percentage correct from baseline). The numbers in parentheses refer to the
dose of mecamylamine in mg/kg, i.m. Mecamylamine was administered 25 min
prior to testing. The highest dose of mecamylamine produced a significant

decrease in performance. Reproduced with permission of Pergamon Press'?.

nicotine in these young animals (Fig. 8). The most interesting finding,
however, was that when animals were tested on the day following nicotine
pretreatment, significant enhancement of performance was still observed for
the Tongest delay interval (see Figs. 7 and 8). This chronic feature of
nicotine’s effects was unexpected, although our subjective impressions have
always been that baseline performance in DMTS tends to increase when
animals are receiving a dose regimen of nicotine. The mechanism for this
delayed enhancement is not understood, but is clearly not related to
significant levels of the drug in plasma or tissue. More Tikely, it is
related to more long-term changes in neurotransmitter function following
a single dose of nicotine.
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Further analysis of the data from this new group indicates that monkeys
have a significant color preference involved in their matching skills.
When data were analyzed in terms of color preference it was determined that
the least preferred color (color with which most mistakes in matching were
made) was enhanced to the largest extent with nicotine (Fig. 8). In fact,
performance was enhanced by over 30% when data were analyzed in this
manner. The shift from a 10% overall enhancement to a 30% enhancement for
the non-preferred color indicates that for the long delay interval,
nicotine alters the color preference of the animal, towards a more balanced
color preference. We are also training three aged (34-35 years old)
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Figure 6. Effect of pretreatment with saline (SAL), 0.5 mg/kg mecamylamine
(MEC) or 2 mg/kg of hexamethonium (HEX) prior to each animal receiving its
best dose of nicotine on performance of a delayed matching-to-sample
paradigm. Pretreatments were administered 15 min prior to nicotine which
was administered 10 min prior to testing. Experiments were replicated in
each animal 1-3 times. Mecamylamine pretreatment significantly inhibited
the enhanced performance following nicotine at retention interval level 3
(p<0.05. Reproduced with permission of Pergamon Press'2

monkeys in the DMTS task. It has proven much more difficult to train these
animals and currently two are performing up to 5 or 10 sec delays at better
than chance performance (see Fig. 2). Preliminary studies with nicotine
in these animals have suggested the following: (1) That acute administra-
tion of nicotine produces a similar degree of enhancement in the DMTS task
as with the young animals, except that the doses employed were higher (5-
10 pg/kg vs. 2.5 pg/kg for old and young, respectively). (2) There
continues to be an enhanced response observed 24 hours after the nicotine
injection. (3) The old animals have a position (left/right) preference.
(4) As with the color preference in the young monkeys, nicotine appeared
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to normalize the position preference in the aged monkeys. Color preference
was not a major factor for the older monkeys. Our data with the aged
animals are preliminary, however, and await further verification. While
position vs. color preference may be a function of aging, it is also
possible that it may be a function of the duration of training, since our
older animals are just beginning drug trials.

DISCUSSION

The validity of the non-human primate performing a DMTS task as a model
for human memory has been recently reviewed by Bartus,!3. The fact that

Figure 7. Delayed matching-to-sample performance by monkeys in the second
series (unrestrained testing) analyzed in terms of delay interval 3 and
the most preferred side (with which the subject, on average, performed the
greatest number of problems correct). The 10 min point refers to testing
10 min after the best dose of nicotine; the 24 hr point refers to testing
24 hr after the best dose. In both cases the enhancement produced by
nicotine was significant (p<0.05).

aged monkeys perform this task with reduced efficiency compared with young
animals is consistent with previous studies and serves to illustrate the
sensitivity of the memory task to the age of the subject. Our experiments
with nicotine clearly demonstrate a significant and reproducible facilita-
tory effect of the drug on performance of the DMTS task. Nicotine was most
effective in enhancing the ability of animals to perform the longest delay
intervals, that is, the most taxing with respect to recall. The lack of
effect of nicotine at the shorter delay periods may relate to the fact that
at shorter delay intervals, performance efficiency is already too high to
observe significant improvement. This potential ceiling effect may also
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explain the results obtained when the highest dose of mecamylamine (2
mg/kg) was administered alone, in that there was more room for decrement
in performance at the shorter delay periods. Nevertheless, the selective
effect of the drugs on a specific delay interval indicates that altered
performance was not related to drug effect on visual acuity, appetite or
ingestive behavior.

Blockade of peripheral nicotinic receptors by hexamethonium failed to
alter performance at any delay level. The lack of effect of hexamethonium
indicates a central, not peripheral, effect of mecamylamine in producing
the decrease in performance. Also, the inability of hexamethonium and the
efficacy of mecamylamine to block the beneficial effects of nicotine,
further substantiates the concept that the effect of nicotine and
mecamylamine on performance are mediated through a central mechanism.

Figure 8. Delayed matching-to-sample performance by monkeys in the second
series (unrestrained testing) analyzed in terms of delay interval 3 and
the most preferred color (with which the subject, on average, performed the
greatest number of problems correct). The 10 min point refers to testing
10 min after the best dose of nicotine; the 24 hr point refers to testing
24 hr after the best dose. In both cases the enhancement produced by
nicotine was significant (p<0.05).

Delayed Matching involves two aspects: (1) the delay interval, which
tests memory recall, and (2) a cognitive component, which tests the
abstract conceptualization of "matching" and allows the subject to
correctly match according to sameness, regardless of the stimuli involved.
In the second nicotine series we investigated color and position preference
with the hope that insight regarding effects of nicotine upon the

conceptual component of matching could be provided. In regard to the first
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aspect of DMTS, recall as measured by length of delay interval, it may be
important to remember that variations of the delayed response task are
differentially sensitive to lesions in various brain regions. Thus the
DTMS task is sensitive to different brain lesions than spatial tasks such
as the AGED apparatus used by Bartus and colleagues,' or the DADTA
apparatus'®. There are apparently even differences between the DMTS task
and the intuitively similar delayed non-matching to sample (DNMTS). For
example, performance of the DTMS task is severely impaired by lesions of
the prefrontal association areas, while monkeys with prefrontal damage
perform as well as normals on the DNMTS task'®. Conversely, the DNMTS task
may be more sensitive than DMTS to the effects of temporal Tobe damage'3.
Since the DNMTS task is currently being used more frequently than DMTS, it
is worth making this point: The sensitivity of the DMTS task to prefrontal
damage makes it a valuable tool, since frontal cortex appears to be
particularly involved in age-related neurochemical and neuro-morphological
changes. At the same time it is clear that the frontal cortex is only one
part of a complex memory system involving at least the thalamus, basal
ganglia, medial/anterior temporal lobe and the nucleus basalis. Perfor-
mance of most variations of delayed response are severely impaired by
advancing age, thus there is value to all these tasks; but the fact that
there is differential sensitivity of the delayed response variations
demonstrates the importance of multiple testing procedures in the overall
search for memory enhancing drugs. It seems clear that age-related memory
decrements result from changes in a variety of brain mechanisms.
Similarly, a finer grained analysis of the classic variants, as evidenced
by our analysis of position and color preference data, can also provide
potentially valuable information.

In regard to the second, or conceptual aspect of DMTS, it is interesting
that measuring color preference allowed us to account for the majority of
long-delay enhancement associated with nicotine administration. The
majority of the long-delay improvement associated with nicotine was due to
increased percent correct of the non-preferred sample color. This finding
strengthens our original hypothesis that nicotine enhances matching
specifically during trials involved with the most difficult problems. In
addition, the analysis of color preferences has raised an issue, which is
worthy of speculation and perhaps further investigation. Specifically, the
formation of color strategies reflect a category of cognitive ability,
which not only is unique to primate species, but may be mediated by
different neuronal substrates than those which mediate memogy recall.
Matching is a complex "conditional discrimination" problem!” in which the
significance of a discriminative stimulus is not invariant, but changes
in relation to the stimulus context in which it appears. In that sense,
DMTS is a task involving complex conditional discriminations. Discrimina-
tion in this sense does not mean inability to distinguish between stimuli,
but rather the ability to abstract some common feature from a number of
discriminable stimuli and to respond only to it. The ability to form
concepts very likely relates to human declarative memory'®. Squire and co-
workers,'® argued that human patients score well on tests originally
designed as nonhuman primate tasks (such as matching) in proportion to the
extent that they could verbalize the principle that determined which
responses were rewarded. In the present study, the amount of stimulus
control attached to each of the colors (as measured by color preferences)
is a direct measure of the strength of the conceptual aspect of matching.
It relates to the question of whether the cognition of each monkey involves
the formation of efficient abstract concepts, or whether the monkey is
responding on a more concrete level in which a "picture-memory" or
stimulus-response type strategy is employed. A pronounced color or
position preference would be compatible with such concrete cognition.
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One measure of the strength of the matching concept is the transfer of
training task, in which animals are tested for ability to transfer a pre-
viously learned concept to novel stimuli. 1In one demonstration of the
unique ability of primates to transfer the matching concept, Jackson and
Pegram, used a test procedure almost identical to one described in
this chapter. The findings demonstrated that monkeys transferred match-
ing to novel sample color. This is in contrast to findings that pigeons
(one of the rare non-primate species capable of matching from sample) do
not transfer matching to a novel color20, These studies show that
the behavioral control exerted by the sample reflects te ability to form
a complex discrimination based upon the abstract conceptualization of
matching. Tests of this type measure higher cognitive capabilities
unique to primates, and as previously mentioned relate to human declara-
tive memory. Such capabilities are Alzheimer's Disease, and thus an
animal model capable of providing information about this form of higher
cognitive ability could allow a valuable supplement to the information
which is obtained from the monitoring of delay length.

In regard to the question of which neuronal systems are being stimu-
lated or measured by the interaction between DMTS and nicotine, there are
several points to be considered. First, the present data indicate a cen-
tral substrate of the nicotine effects. Second, these forms of complex
discrimination requirement appear to be the realm of the cortex. In the
neurological examination, a classic test of cortical integrity is the two
point discrimination test. This test requires patients to say whether
they have been touched at one or two separated points on the skin. The
patients in this case are asked to abstract to quality of singularity of
duality, independent of the particular touch receptors stimulated. This
abstraction requires multiple interconnections within and among sensory
modalities and considerable plasticity among the connections. The only
structure that has such characteristics in abundance is the cortex and
thus it is not surprising that avstraction is only possible in those spe-
cies with well developed neocortex. The particular sensitivity of the
DMTS task has already been discussed. In addition, there are many stud-
ies indication that the transfer of concepts is dependent upon a properly
functioning amygdala. Amygdalectomized monkeys, once trained to discri-
minated between large and_small squares do not transfer the concept to
large vs. small circles?l, A similar failure of amygdalectomized
monkeys to transfer a concept to novel situations have been described by
many other studies involving non-human primates?,23, In contrast,
lesions restrict to the amygdala do not alter delayed response capabili-
ty. Instead, it apppears that a combination of lesions, involving the
hippocampus and other structures of the anterior temporal lobe, must nec
essarily be demanded before loss of delayed response performance is sig-
nificantly interrupted?4,25, It is known that lesions restricted to
the hippocampus do not alter the transfer of matching to a novel stimulus
(K.H. Pribram, personal communication; Jackson, umpublished data from 28
hippocampectomized monkeys). Thus, it appears that the two components of
the matching (conceptual and recall) are subserved by different neuronal
mechanisms, although both measure cognitive abilities which decrement in
Alzheimer's Disease.

Finally, the possibility that activation of brain nicotinic
receptors aged monkeys can also enhance performance in these ani-
mals is encouraging in the sense that this model 1is probably rele-

vant to human memory/cognitive dysfunction. The possibility
that nicotine did not reduce vresponse latencies (if anything,
there was a tendency to slightly increased latencies). Because
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of the toxicity of nicotine, it is not clear whether the drug could be
useful as a treatment in human disease. The slightly better enhancement
of DMTS by nicotine in the presence of selective nicotinic blockade (see
Fig. 6) may be related to a reduction in the peripherally-mediated side
effects of the agonist. Overall, our findings do suggest that central
nicotinic receptors may be exploited pharmacologically in future treatments
of human dementias.
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INTRODUCTION

Alzheimer's disease (AD) is characterized by an exten-
sive degeneration of the cholinergic system in the human
nucleus basalis of Meynert, neocortex and hippocampus (1-5),
mainly based upon measures of choline acetyltransferase act-
ivity (ChAT). Cholinergic receptor populations (muscarinic and
nicotinic) have also been studied in Alzheimer's disease;
however the results of studies concerning muscarinic recep-
tors are variable and inconsistent (1, 6-8). The variability
may be due to the non-selective nature of the ligands used to
measure muscarinic receptor populations. Alternatively, the
discrepancy may be explalned by the existence of multiple
Subtypes of muscarinic receptors in the CNS (see 5). Mus-
carinic receptors can be subdivided into a number of subtypes
{M1-M3) which ma% be selectively labeled using 3H- -pirenzepine
(M1), 3H-ACh or 3H-AF-DX 116 (M2), or 3H-4DAMP (M3) (5, 9-12)
In contrast to muscarinic receptors, results concerning the
fate of neuronal nicotinic receptor populations in AD cortex
are more consistent. These studies indicate that the density
of nicotinic receptors, at ieast in cortical structures, is
severely reduced in AD (3,5,13,14). It is essential to de-
termine whether specific cholinergic receptor populations are
affected in various regions of the AD brain in order to
develop a strategy for the treatment of AD.

CHOLINERGIC MARKERS IN ALZHEIMER'S DISEASE

ChAT Activity

ChAT activity was measured in homogenates of AD brain (77.3 +
2.3 years of age, n=8) and compared to control brain tissue
(70.1 + 3.3 years of age, n=9). The brain regions used were
frontal cortex, hippocampus and striatum. There was a large
decrease in ChAT activity in the frontal cortex (69%) and
hippocampus (66%). In contrast, ChAT activity in the striatum
was unaltered compared to control (Table 1).
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TABLE 1. ChAT activity in control and AD brain.

ChAt activity (nmol/mg protein/h)
Control Alzheimer's
frontal cortex 5.2 0.6 1.6 £ 0.2
hippocampus 13.4 + 3.6 4.6 £ 1.2
§triatum 40.5 £ 1.9 39.8 + 4.3

Muscarinic Receptor Populations in Human Brain

To determine whether muscarinic M1 or M2 receptors were
altered in AD, we used saturation analysis of 3H-pirenzepine to
Ml binding sites and 3H-ACh binding to M2 binding sites. The
maximal density (Bmax) of 3H-pirenzepine (Ml) binding sites was
not altered in AD frontal cortex, but was slightly increased
in AD hippocampus (25%) and striatum (33%). The affinity of 3H-
pirenzepine binding to M1l sites was not altered in diseased
compared to control brains (Table 2). The Bmax for 3H-ACh (M2)
binding was significantly reduced in AD frontal cortex (49%)
and hippocampus (56%) but was not changed in AD striatum. In
addition, the affinity of M2 sites was not altered in AD
(Table 2).

Nicotinic Receptors in Human Brain

Nicotinic binding sites were studied using saturation analysis
of 3H-methylcarbamylcholine (MCC) binding to homogenates of
human brain. This ligand has previously been shown to bind to
neuronal nicotinic receptors in mammalian brain (5, 8, 15-17).
The density of 3H-MCC binding sites was reduced in AD frontal
cortex (68%) and hippocampus (61%) but not in AD striatum. The
apparent affinity of 3H-MCC binding sites was not significantly
different in AD brain compared with normal brain tissue (Table
3).

TABLE 2. Muscarinic binding sites in control and AD brain.
Results are expressed as the maximal binding
capacity (Bmax) in fmol/mg protein and apparent
affinity constant (Kd) in nM.

3H-pirenzepine (M1) 3H-ACH (M2)

Bmax Ka Bmax Kq .

frontal C 50225 17.0+ 2.2 22.8 % 1.4 5.6 £ 0.8
cortex AD 378 £ 23 19.2 + 4.0 11.6 * 1.5 7.3 £ 2.1
hippocampus C 287 * 22 13.2 4.6 39.3 £ 3.0 7.7 £ 2.4
AD 358 * 20 20.2 #4.8 17.1 + 2.6 8.8 + 2.7

striatum C 491 25 27.2 4+ 4.0 39.6 % 3.8 8.5 £ 3.9
AD 651 + 39 21.0 + 4.1 42.3 %+ 3.4 10.1 + 4.7
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TABLE 3. Nicotinic binding sites in control and AD brain

3H-MCC

Bmax Ka

(fmol / mg protein) (nM)
frontal Cc 10.6 £ 2.8 11.9 £ 1.6
cortex AD 3.4 £ 1.1 9.1 + 2.6
hippocampus C 11.5 £ 2.4 7.5 £ 0.7
AD 4.5 1.3 6.4 £ 1.5
striatum C 20.7 £ 2.6 10.0 = 2.4
AD 17.5 * 3.5 11.5 = 3.7

The present results indicate that muscarinic M2 re-
ceptors and nicotinic receptors are compromised in certain
regions of AD brains. The decrease in the density of M2 sites
and nicotinic sites in the AD frontal cortex and hippocampus
correlates with the decrease of ChAT activity in these brain
regions. In all cases, the positive correlation was
significant (r > 0.82). In contrast, there was no sig-
nificant correlation between ChAT activity and M1 binding
sites in these brain regions. These correlations suggest that
nicotinic binding sites and M2 muscarinic binding sites may be
localized presynaptically to cholinergic terminals in the
frontal cortex and hippocampus. The exact function of these
receptors in human brain is not known, but they may represent
autoreceptors which regulate the release of acetylcholine.

Functional Role of Nicotinic Receptors in Mammalian Brain

Recent neurochemical findings indicate the widespread
existence of nicotinic autoreceptors on cholinergic terminals
in the mammalian brain (9, 16, 18). The rat CNS contains a
relatively low density of high affinity 3H-MCC binding sites.
The hippocampus (14.9 * 2.1 fmol/mg protein) contains a low
number of 3H-MCC binding sites whereas both the striatum and
frontal cortex contain substantially higher amounts (23.3 =+
2.5 and 31.4 £ 4.4 fmol/ mg protein, respectively). The ap-
parent affinity constant for these sites is 5.7-8.6 nM (9, 16,
17) .

We have determined the effects of unlabeled MCC on the
release of endogenous ACh from brain slices of frontal cor-
tex, hippocampus and striatum. MCC significantly increased
spontaneous ACh release from frontal cortical and hippocampal
slices but not from striatum (Table 4). The effect of MCC was
only apparent during incubation in the presence of normal
potassium Krebs medium but not in the presence of elevated
concentrations of potassium (25 or 50 mM). The MCC-induced
increased ACh release from cortex or hippocampus was abol-
ished when slices were incubated in the presence of nicotinic
receptor antagonists (d-tubocurarine [DT] or dihydro-beta-
erythroidine [DBE]). Furthermore, the effect of MCC was cal-
cium-dependent since MCC did not enhance ACh release when
brain slices were incubated in calcium-free medium (Table 4).
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TABLE 4. Effect of MCC on spontaneous ACh release from rat
brain slices

Incubation ACh release
Condition (% control)

frontal cortex MCC (10 umMm) 177 £ 25
MCC (10 puM), TTX (1 uM) 164 + 12
MCC (10 puM), Ca-free 98 + 8
MCC (10 pM), DT (1 HM) 102 * 16

hippocampus MCC (10 pM) 211 + 33
MCC (10 uM), TTX (1 HM) 191 * 16
MCC (10 puM), Ca-free 103 + 13
MCC (10 puM), DT (1 uM) 102 =+ 3

striatum MCC (0.1 nM to 10 mM) 98 to 120

To determine whether the MCC-induced increase in ACh re-
lease from cortex or hippocampus was due to an action on pre-
synaptic nicotinic autoreceptors, we tested the effect of MCC
on spontaneous ACh release in the presence of the sodium
channel blocker, tetrodotoxin (TTX). This drug would block
impulse activity along an axon if MCC was acting distal to the
nerve terminal. The effect of MCC on ACh release from both
tissues was apparent even in the presence of TTX, suggesting
an action on nicotinic autoreceptors which are present at the
level of the terminal. Therefore, nicotinic autoreceptors are
present in certain regions of the rat brain (frontal cortex,
hippocampus, cerebellum) which, when activated by a nicotinic
drug (MCC, nicotine) or the endogenous ligand (ACh) result in
the enhancement of spontaneous ACh release which maintains an
elevated level of synaptic activity. It is conceivable that
this positive feedback mechanism may be exploited in order to
facilitate the release of ACh in vivo (see below).

Functional Role of Muscarinic-M2 Receptors in the Mammalian
Brain

Several studies have proposed that functional muscarinic
autoreceptors exist in the mammalian brain (9, 10, 19-23). The
identification of the subtype of muscarinic receptor involved
in the regulation of ACh release has been difficult due to the
lack of receptor subtype-selective probes, although it has
been suggested that M2 receptors may be involved in the
feedback regulation of ACh release. Recently, it has been
suggested that AF-DX 116 is a suitable ligand to study the M2-
muscarinic receptor (10, 12, 24-26). 3H-AF-DX 116 binds to two
classes of muscarinic binding sites in homogenates of rat
frontal cortex, hippocampus and striatum. The characteristics
of these sites are such that one is of high affinity (Kd<
5nM) /low capacity (Bmax 30 - 63 fmol/mg protein) and the
second of lower affinity (Kd>65 nM) and higher capacity (Bmax
190 -260 fmol/mg protein).

We have determined the effects of unlabeled AF-DX 116 on
the spontaneous and potassium-evoked release of endogenous
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ACh from rat brain slices. AF-DX 116 enhanced the potassium-
evoked release of ACh from frontal cortex, hippocampus and
striatum. The effect of the M2-selective antagonist AF-DX 116
was dose-dependent and occurred only when slices were
incubated in medium containing elevated concentrations of
potassium (25 mM): the effect of the non-selective antagonist
atropine was similar to that of AF-DX 116 (hippocampal data
shown in Table 5). The Ml-selective antagonist pirenzepine and
the M3-selective antagonist 4-DAMP were ineffective in
altering spontaneous or evoked ACh release. In addition, AF-DX
116, 1like atropine, could effectively reverse the oxo-
tremorine induced inibition of evoked ACh release. Neither
pirenzepine nor 4-DAMP reversed the effects of oxotremorine.

In summary, the results described above indicate that
presynaptic muscarinic autoreceptors appear to be of the the
M2-subtype, as determined using the M2 antagonist AF-DX 116.
These results suggest that the in vivo activation of M2 auto-
receptors by ACh results in negative feedback control of
evoked ACh release from cholinergic terminals in the frontal
cortex, hippocampus and striatum. Therefore, this inhibitory
feedback mechanism would modulate the level of ACh released
and subsequently the extent of the postsynaptic signal in
response to the quantity of ACh released. It is possible that
the selective antagonism of muscarinic M2 autoreceptors may
result in the enhancement of ACh release and thus have
therapeutic applications (see below).

Pharmacological Basis for the use of Nicotinic and Muscarinic
Drugs in Alzheimer's Disease

The positive correlation between ChAT activity and ei-
ther nicotinic or muscarinic M2 receptors AD brains suggests
that these two types of cholinergic receptors may be local-
ized presynaptically to cholinergic terminals. If the act-
ivation of nicotinic receptors by nicotinic agonists or the
blockade of muscarinic M2 receptors by a specific muscarinic
antagonist results in an enhancement of ACh release from cer-
tain brain structures, then a treatment strategy may be deve-
loped which is beneficial to the AD patient. This treatment
strategy would probably be useful in the early and middle

TABLE 5. Effect of muscarinic drugs on evoked ACh release from
rat hippocampal slices

Incubation Condition ACh release (%control)

hippocampus atropine (ATR) (0.1 mM) 148 + 8
pirenzepine (PZ) (0.1 mM) 97 £ 5
AF-DX 116 (AF) (0.1 mM) 152 = 14
4-DAMP (0.1 mM) 110 £ 11
ox0 (0.1 mM) 63 = 6
oxo (0.1 mM), ATR (0.1 mM) 98 = 7
oxo (0.1 mM), PZ (0.1 mM) 65 = 6
oxo (0.1 mM),AF (0.1 mM) 98 = 5
oxo (0.1 mM), AF (0.1 mM) 97 * 12
oxo (0.1 mM), 4-DAMP (0.1 mM) 62 £ 6
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stages of AD when the loss of nicotinic and muscarinic M2 re-
ceptors has not yet reached a maximum. Stimulation (nic-
otinic) or blockade (muscarinic) of cortical or hippocampal
autoreceptor populations may increase ACh release, and per-
haps ameliorate the memory dysfunctions associated with AD.

Administration of nicotine to animals is correlated with
positive physiological responses such as improvement of
learning, increase in information retention, increase in long-
term information storage and the production of state de-
pendent learning (27-29). Nicotine also serves as a positive
reinforcer under certain experimental conditions (30). Studies
testing the effects of nicotine (directly or indirectly via
cigarette smoking) on human physiological responses have
yielded mixed results. For instance, nicotine is a positive
reinforcer (i.v.) (30), increases concentration and
performance (cigarette puffs) (31), increases free recall and
long-term recall (32) and also decreases intrusion error (33).
However, the administration of nicotine is not without side
effects. Administration of nicotine alters behavioral patterns
and physiological functions. The effects of nicotine include
an increase in anxiety-depression~fear (32,33). Physiological
parameters are also altered by nicotine. Dose-dependent
increases 1in pulse rate, systolic Dblood pressure and
respiratory rate result from nicotine infusion (32).

These studies suggest that CNS nicotine receptors are
important in regulating certain behavioral and physiological
responses in man and animals. The administration of nic-
otinic agonists under controlled conditions may increase cog-
nitive functions and possibly be useful in the treatment of
the cognitive deficits associated with AD. The development of
a successful treatment program with nicotine targeted ag-
ainst presynaptic nicotinic autoreceptors may be difficult
considering the rapid desensitization phenomenon 1linked to
nicotinic receptors (9). We have shown that nicotinic auto-
receptor function in rats 1is severely compromised after mul-
tiple injections of nicotine, although the density of nico-
tinic receptors in cortex and hippocampus is markedly in-

creased (9). It is interesting to note that long-term cig-
arette smoking in humans also results in the upregulation of
the density of CNS nicotinic receptors (34). If this in-

crease in receptor number in human brain is associated with
the loss of autoreceptor function, then the administration of
nicotine would not be beneficial to the AD patient. Al-
ternatively, a treatment schedule could be devised which would
guard against long-term receptor desensitization. The
treatment of an AD patient with nicotine on an intermittent
administration schedule is feasible and may be achieved with
the use of nicotine gum. This method may produce presynaptic

nicotinic receptor activation and increase ACh release in the
CNS.

Muscarinic agonist (arecoline, bethanechol) therapies
have been tested with little or no success in AD patients (33,
35, 36). These compounds have not been shown to sig-
nificantly improve memory recall, learning or cognitive tasks
suggesting that the postsynaptic action of these agonists on
muscarinic receptors is not sufficient to increase cognitive
function. The use of specific presynaptic muscarinic M2
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anticholinergics may be useful in the treatment of AD if com-
pounds could be developed which preferentially block M2 auto-
receptors. This would cause an increase in ACh release from
brain structures important in the formation of short and long
term memory and learning processes. Finally, if this type of
compound could be developed it could be used in combination
with nicotinic agonists to enhance maximally ACh release from
the remaining cholinergic terminals in the hippocampus and
cortex of AD patients, which may result in significant
cognitive improvement.
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INTRODUCTION

There is growing evidence that development, maintenance
of function, and regeneration of neurons are influenced by
trophic hormones or neurotrophic factors. These
neurotrophic factors stimulate mechanisms necessary for
survival, neurite growth and functions related to
transmitter production and release. Nerve growth factor
(NGF) is the first and best characterized neurotrophic
factor and serves as a paradigm for more recently discovered
molecules. NGF trophically acts on peripheral sympathetic
and sensory neurons, and cholinergic neurons in the brain.
Other neurotrophic molecules characterized so far influence
various other neuronal populations. Brain-derived
neurotrophic factor is a protein purified from pig brain
which supports the survival of chick sensory neurons and rat
retinal ganglion cells. Glia~ derived nexin produced by
glial cells and inducing neurite growth of neuroblastoma
cells was found to be an inhibitor of cell- derived
proteases. This finding is in line with other evidence for
a role of proteases and protease inhibitors in neurite
growth and regeneration. Several laboratories have reported
partial or complete purification of neurotrophic factors for
spinal cord motoneurons. Besides these neurotrophic factors
which were found by means of purification and a neuronal
cell assay system, there is a number of earlier
characterized growth factors or hormones which also affect
neurons and, therefore, are often considered neurotrophic
factors. Among these are fibroblast growth factors which
stimulate the proliferation of non-neuronal cells but also
promote survival of rat brailn neurons in vitro. Receptors
for insulin and insulin-like growth factors I and II occur
in the brain and these hormones promote growth of various
neuronal populations in culture. Neurotrophic actions have
been described for epidermal growth factor and transforming
growth factor alpha. Besides the neurotrophic factors
described so far, which are soluble proteins, there are
membrane-bound molecules promoting adhesion of neurons and
neurite extension. Various aspects of the field of
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neurotrophic factors have been subject of recent reviews (1,
2, 3, 4, 5, 6, 7, 8, 9).

The discovery of neurotrophic factors has prompted
considerations that such factors may play a role in
neurodegenative diseases. Appel (10) formulated a general
hypothesis stating that the lack of neurotrophic factors is
responsible for the degeneration of selective neuronal
populations as it occurs in Parkinson's disease, Alzheimer's
disease, and in amyotrophic lateral sclerosis, and,
furthermore, that application of the corresponding
neurotrophic factor might prevent the neuronal degeneration.
Since NGF is a trophic factor for the population of basal
forebrain cholinergic neurons which degenerates in
Alzheimer's disease, it has been speculated that NGF may be
useful in the treatment of this disease (11, 12 13).

Neurotrophic factors may become useful as replacement
therapy if lack of endogenous molecules plays a crucial
role in the pathogenesis of a disease. Other deficits in
neurotrophic factor-related mechanisms may be overcome by
exogenously administered molecules. Furthermore, even in
absence of a direct involvement of a neurotrophic factor in
a pathological process, elevating the quantity of this
factor above endogenous levels is likely to induce
hypertrophy of responsive cells. Such hypertrophy is
manifested by increased expression of structural proteins
and molecules responsible for transmitter synthesis and
release. Structural changes will improve the resistance of
neurons to insults; hypertrophy of transmitter-related
mechanisms will facilitate the neurons' ability to influence
postsynaptic cells. This general concept is supported by
studies on the interaction between NGF and basal cholinergic
neurons (7, 8, 14, 15).

Classical neuropharmacology which has grown to a major
field during the past few decades attempts to influence
mechanisms related to neuronal impulse flow and transmission
at the synapse. Currently used drugs and available
pharmacological tools do not affect the structural features
of the central nervous system and there are no compounds
able to promote regeneration, plasticity, and maintenance of
structural integrity of selected neuronal systems.

According to the concepts outlined above, the area of
neurotrophic factors may lead to the development of a new,
structurally oriented neuropharmacology. In particular, the
available data suggest that neurotrophic factors may be
useful in the treatment of neurodegenerative diseases which
are associated with structural disintegration of selected
neuronal systems or brain areas. The following sections
discuss possible strategies for the development of
pharmacological interference of brain function based on
neurotrophic factors. A more detailed review of these
concepts has been published elsewhere (15).

INTRACEREBRAL ADMINISTRATION OF NEUROTROPHIC FACTORS
To be able to reach neuronal populations in the brain,
neurotrophic factors will have to be given intracerebrally,

since these proteins do not cross the blood-brain barrier.
In experimental animals, NGF has been injected through
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chronically implanted cannulas or has been chronically
infused with the help of osmotic minipumps (16, 17, 18).
Both these procedures are inadequate for human use and other
approaches are necessary to find suitable ways of
neurotrophic factor administration to humans.

Neurotrophic factors purified from natural sources or
produced by recombinant techniques may be chronically
infused into the brain with the help of mechanical pump
devices. Subcutaneous pumps are available which deliver
proteins through a small tubing to the cerebral ventricles.
Pumps can be refilled through the skin and their delivery
rate can be set without surgical intervention. Subcutaneous
pump devices have been used for the administration of
cholinergic agonists to Alzheimer patients (19). Pumps and
the intraventricular delivery systems apparently are well
tolerated (19, 20). Stability of the neurotrophic factors
during storage in these pump devices may require special
preparations. NGF 1s a relatively stable and soluble
protein, whereas other known neurotrophic factors are
unstable in solution. In the case of basic fibroblast
growth factor, stability was improved by single amino acid
substitutions (21). Self-assembly may become a problem when
proteins are packed at high concentrations in pumps or
polymers. In the case of insulin this problem was solved by
substitution of single amino acids (22).

If intraventricular infusion of a neurotrophic factor
is proven to be clinically effective, it may become
worthwhile to test slow-releasing intracerebral implants.
Such implants contain the active protein embedded in a
biodegradable polymer matrix. Existing polymers provide
stable release rates over a period of several weeks (23).

DEVELOPMENT OF FRAGMENTS AND ANALOGS OF NEUROTROPHIC FACTORS

Rather than administering entire trophic factor
molecules, it may be possible to use modified molecules or
active fragments. So far, very little is known about this
approach. A trypsin fragment of NGF, claimed to be
effective several years ago, was later shown to be inactive
(24) . The lack of demonstrated success, however, does not
prove that such an approach is not feasible. Fragments of
EGF, DbFGF and IGF-I appear to retain activity (25, 26, 27,
28) . Despite their advantages, active fragments of trophic
factors will still require intraventricular administration.
This problem may be overcome by non-peptide agonistic
molecules for neurotrophic factors which pass the
blood-brain barrier. While theoretically possible, this may
prove a very difficult task.

GRAFTING OF CELL PRODUCING NEUROTROPHIC FACTORS

Grafting of brain tissue replacing degenerated cells is
frequently proposed as a potential approach to treat brain
dysfunction. Such techniques are not limited to natural
cells but could include genetically modified cells as
proposed by Gage et al. (14). In the case of NGF, cells
expressing this protein have been implanted in the vicinity
of the cell bodies of cholinergic neurons, and shown to
provide chronic and stable supply of NGF protecting the
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cholinergic neurons from lesion- induced degeneration (29).
It seems possible to produce cells which do not proliferate
after implantation and are well tolerated by the host. If
expression of the desired neurotrophic factor is put under
control of a promoter responding to drugs, it will be
possible to regulate and terminate its production. However,
engineered cells probably will release other proteins
besides the desired neurotrophic factor and production of
these molecules may be difficult to control.

PHARMACOLOGICAL MANIPULATION OF NEUROTROPHIC FACTOR
SYNTHESIS

A feasible approach to influence neurotrophic actions
may be to search for ways to manipulate specifically the
synthesis of endogenous neurotrophic factors. At the
present time, very little is known about the regulation of
synthesis of NGF or other neurotrophic factors and the
mechanisms controlling the selective expression of their
genes are poorly understood. The gene promoter regions of
NGF were recently isolated and cloned from rodent genomic
libraries as a first step in the analysis of the
transcriptional regulation of NGF expression (30).

Molecules eventually able to regulate NGF expression
are retinoic acid and thyroid hormones. Retinoic acid has
recently been reported to increase the number of receptors
for NGF in neuroblastoma cells (31) and to elevate the
levels of NGF and its mRNA in L cells (32). The same
compound has previously been shown to induce neuron-like
differentiation of embryonic carcinoma cells (33, 34).
Morphological and biochemical differentiation of human
neuroblastoma cells is also affected by retinoic acid (35,
36).

Thyroid hormones are essential for the normal
development of the brain, and these hormones have been
reported to influence axonal regeneration in adult animals.
Several findings suggest a relationship between thyroid
hormones and NGF at least in relation to cholinergic neurons
of the basal forebrain. Thyroid deficiency is associated
with a reduction of ChAT activity in the brain of
experimental animals (37). Triiodothyronine (T3) has been
found to increase ChAT activity in various cultures system
with rat neurons (38, 39, 40). The effects of T3 and NGF
were found to be additive in one study (39) and synergistic
in another (38). Interestingly, thyroid hypofunction in
humans is associated with dementia (41, 42). This
observation, together with the cholinergic deficit in
Alzheimer's disease, promoted us to hypothesize that thyroid
hormones may be useful in attenuating the atrophy of
cholinergic neurons. However, application of thyroid
hormones to patients with normal thyroid function would
result in a multitude of undesired effects given the fact
that these hormones influence the function of most organs.
This problem might be circumvented with thyroxine analogs
selectively stimulating central cholinergic neurons. Our
own studies with a limited number of such analogs suggested
that the structural requirements of central and peripheral
receptors are similar (39). However, more recent structural
data on thyroid hormone receptors indicate the existence of
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tissue specific receptors (43) and novel analogs have been
described which differentiate between receptors of various
peripheral organs ( 4 4 )

Transection of the sciatic nerve and its NGF responsive
sympathetic and sensory neurons results in a robust and
prolonged elevation of the expression of NGF and NGF
receptors in the distal part of the transected nerve (45,
46) suggesting an involvement of NGF in peripheral neuronal
regeneration. These experimental lesions of peripheral
neurons result in infiltration of macrophages which release
interleukin-1 which then stimulates NGF synthesis (47).
Although experimental lesions of central NGF responsive
pathways do not result in comparable massive changes in
NGF or NGF receptor synthesis, it is possible that
interleukin-1 is involved in the regulation of central NGF
synthesis which then could be controlled by manipulating
levels of interleukin-1.

CONCLUSION

Neurotrophic factors are potent molecules involved in
regulation of neuronal survival, growth, plasticity and
maintenance of function. Such molecules or active fragments
may be pharmacologically useful after intracerebral
administration. Alternatively, it may be possible to
manipulate mechanisms involved in the regulation of
neurotrophic factors.
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ABSTRACT

A salient feature of Alzheimer's and other neurodegenerative diseases is the selective
vulnerability of particular neural pathways. Since the development and maintenance of
neural connections is supported by neural trophic factors, trophic dysfunction represents one
possible pathogenetic mechanism for such neurological and age-associated diseases. This
laboratory has utilized primary reaggregating cell cultures and developed immortalized central
nervous system cell lines to study the trophic interactions that establish and maintain the
septohippocampal pathway, which plays an essential role in cognitive function and is
prominently affected in Alzheimer's Disease. The results of the primary cell culture studies
have demonstrated the importance of trophic signals elaborated by the hippocampus in
mediating the development of septal cholinergic neurons. Nerve growth factor plays an
important trophic role in this pathway, but it cannot account for all of the effects of authentic
hippocampal target cells. The development of clonal cell lines of septal and hippocampal
lineage offers the prospect of investigating both the response to and elaboration of neural
trophic signals at a more precise level of resolution than can be achieved with primary
cultures. In addition, one of the hippocampal-derived cell lines, HN10, expresses what
appears to be a novel cholinergic trophic activity. These cell lines represent a potential source
for isolation of such factors, and also a potential "delivery system” via neural grafting
techniques. The technology and information that are generated from these investigations will
serve as a strategy to study trophic interactions in other brain circuits in future years, and to
investigate possible changes or dysfunctions that occur both in the aging brain and in age-
associated brain diseases.

INTRODUCTION

Alzheimer's Disease (AD) and other neurodegenerative disorders share the
pathogenetic feature of progressive deterioration and loss of specific neural pathways (1-3).
In AD, this degeneration involves both cortico-cortical association pathways, elements of the
entorhinal-hippocampal circuitry, and subcortical diffuse ascending systems such as the
cholinergic basal forebrain cell groups (Figure 1). All of these pathways are synaptically
linked and contribute to cognitive function. A major therapeutic strategy has focused on
enhancing cholinergic transmission either by providing precursors of acetylcholine, or
attempting to prolong degradation with anticholinesterases (4,5). This strategy has not
produced dramatic results clinically (5,6), and it does not take into account the degeneration
that occurs in numerous noncholinergic pathways in AD. One possible pathogenetic
mechanism to explain the pattern of neuronal degeneration observed is a dysfunction of
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essential trophic interactions that maintain the viability of particular neural circuits (2,6-8).

This latter possibility has recently received substantial attention with the observation that

nerve growth factor (NGF) is expressed in the central nervous system (CNS) and is likely to
function as an important trophic factor for central cholinergic neurons that degenerate in AD
(6,8-10). Itis also likely that other growth factors, previously isolated in the periphery, are
active in the brain and that additional substances are yet to be identified (11). This theoretical
construct raises the possibility of a new era in therapeutic management that would consist of
the delivery of growth factors to the nervous system in order to repair or prevent the
degeneration of neural pathways (12). A recent report by Gage and his co-workers (13) has
demonstrated the efficacy of grafting genetically modified fibroblasts that express NGF into
the brains of lesioned rats and preventing septal cholinergic neuronal degeneration. The
purpose of the present review is to discuss work carried out in this laboratory to: 1)
Investigate trophic interactions that establish and maintain one of the pathways at risk in AD,
the septohippocampal projection; and ii). To present a CNS cell immortalization strategy that
we have employed to identify novel neural trophic factors. For a discussion of other
approaches to study neural trophic interactions with respect to NGF and other growth
factors, the reader is referred to other chapters in this monograph and recent reviews (6,8-
11).

Figure 1. Schematic diagram illustrating some of the major neural connections that are at
risk in Alzheimer's Disease. Assoc, cortico-cortico association pathways; HI, hippocampal
circuitry, including entorhinal cortical inputs (i.e. perforant pathway); SOM, cortical
somatostatin-containing neurons; Ach, the magnocellular basal forebrain cholinergic
projections to cortex (including septohippocampal); Other diffuse ascending projections at
risk include: DA, Dopaminergic; SHT, Serotoninergic; NE, Noradrenergic. Diagram
modified from (2).

CHOLINERGIC TROPHIC INTERACTIONS

This laboratory has studied the detailed anatcmical principles of organization of
central cholinergic pathways (14-17). The septohippocampal pathway contains a significant
cholinergic component (i.e. part of the cholinergic basal forebrain system) (15,17,18), plays
an important role in memory (19,20), and is severely affected in AD (1,3). Although this
pathway is not the only locus of vulnerability in AD (1,3), it serves as a useful model system
to examine the factors that establish and sustain neural connectivity. Information that is
obtained from a careful study of this system may be directly applied as a therapeutic strategy
in AD, and may serve as a rationale for the study and approach to both the repair and
prevention of degeneration in other pathways which are at risk.
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More recently, we have employed reaggregating cell culture techniques to examine
the mechanisms that instruct developing septal cholinergic neurons to establish and maintain
stable synaptic contacts with hippocampal target cells (Figure 2) (21,22). In this system, the
brain areas of interest (hippocampus and/or septum) are dissected from mouse embryos,
"dissociated” into a single cell suspension, and cultured under conditions which promote the
reassociation, or "reaggregation”, of these single cells into spheres, or "reaggregates” of
approximately 200 pum in diameter (Figure 2). Within these reaggregates, cells are
surrounded by, and may interact with, neighboring cells in three-dimensions (23). This
situation closely approximates the environment in vivo. In fact, this environment is essential
for some physiological interactions involved in the development of neural systems.
Glutamine synthetase, an enzyme found in the Mueller glia of the retina, is induced by
hydrocortisone if the intact retina is grown in explant culture (24), or if the dissociated retina
is grown in reaggregating culture (25). However, if the dissociated cells are plated in
monolayer culture, where the cell-cell interactions are more restricted, there is no steroidal
induction (25). Work by Heller and colleagues (26) has demonstrated an increased survival
of the developing dopaminergic neurons of the substantia nigra when they are coaggregated
with a normal target area, the corpus striatum, but not with a non-target area, the tectum. No
such survival effects are observed in monolayer cultures (27).

@ ADULT MOUSE

EI5 EMBRYO
DISSECTION AND DISSOCIATION
OF SPECIFIC BRAIN REGIONS
HIPPOCAMPAL SEPTAL CELL CEREBELLAR
CELL SUSPENSION SUSPENSION CELL SUSPENSION
5 MIL. CELLS 5 MIL. CELLS 5 MIL. CELLS

CO-CULTURE IN ROTATION
MEDIATED SYSTEM

CO-CULTURE IN ROTATION
MEDIATED SYSTEM

HARVEST

NEUROCHEMISTRY HISTOLOGY
Figure 2. Schematic diagram of primary reaggregating cell culture system employed to

study cholinergic trophic interactions in the developing septohippocampal pathway (21, 22,
34). See text for details.
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Figure 3. Photomicrographs of sections of a Septal-Hippocampal (S-H) coaggregate [(A) and (B)] and
a Septal-Cerebellar (S-Cb) coaggregate [(C) and (D)] with AChE staining, counter-stained with thionine.
Arrows in (A) and (B): AChE-positive neuron with proximal neurites. Note swollen AChE-positive
fibers in the S-Cb coaggregate are often broken (D) compared to those in the S-H coaggregate which are
well-defined and of fine caliber with extensive arborizations and varicosities (B). In addition, there is
amorphous AChE reaction product in the S-Cb coaggregate. The asterisks in (C) and (D) mark cells from
which AChE-positive fibers are excluded. This area is occupied by cerebellar cells (Fig 4). Scale bars =
30 pm. From Hsiang et al. (21).

Figure 4. Sections of S-H and S-Cb coaggregates in which the hippocampal and cerebellar cells
were internally labeled with rhodamine-wheatgerm agglutinin prior to culture. Photo-micrograph of
S-Cb coaggregate (A) with AChE staining shows a band of cells (asterisk) from which AChE fibers
are excluded. (B) Matching photo of rhodamine histofluoresence shows that this area is occupied by
cerebellar non-target cells. (C) Photomicrograph of a S-H coaggregate with AChE staining showing
the fine, varicose AChE-positive fibers. (D) Matching photo of rhodamine histofluoresence shows
the rhodamine-labeled hippocampal cells and AChE-positive fibers are co-extensive. Scale bars = 30
um. From Hsiang et al. (21).
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Initially, we studied the effects of hippocampal target cells on the development of
septal cholinergic neurons in reaggregate co-cultures (S-H coaggregates) derived from
embryonic day 15 (E15) mouse brains (Figure 2) (21). As a control, nontarget cells from the
cerebellum were coaggregated with the septal cells (S-Cb coaggregates). The results
demonstrated a significant increase in the numbers of cholinergic cells in S-H coaggregates
(relative to S-Cb), and proliferation of numerous fibers with axon-like morphologies
(Figures 3 & 4). In septal-cerebellar coaggregates, the cells and fibers appeared to be
degenerating by light microscopic observation and cholinergic fibers were excluded from
regions of the coaggregates occupied by the nontarget cerebellar cells (Figures 3 & 4). Ina
follow-up ultrastructural study, it was determined that cholinergic axons form synaptic
contact with hippocampal target cells in this culture system (Figure 5) (22). In contrast, in
the presence of nontarget cerebellar cells, the cholinergic neurons develop initially, but
subsequently undergo a process of cell degeneration and death. These results demonstrate
that hippocampal cells elaborate trophic signals that are essential for the development,
survival, and synaptogenic potential of septal cholinergic neurons.

One obvious putative trophic signal is NGF, which is present in the brain (9,10), is
retrogradely transported by basal forebrain cholinergic neurons (28), and prevents retrograde
degeneration of septal cholinergic neurons following axotomy (29-31). We have begun to
study the expression of NGF in the in vitro reaggregate system and also its effects on early
cholinergic development (32-34). It was previously proposed that NGF might be released
from either peripheral or central target structures to serve as a neurite-guidance as well as
survival factor during development (35,36). This hypothesis does not appear to be
supported by the recent work of Davies et al. (37) who demonstrated that NGF synthesis in
the mouse whisker pad is initiated precisely at the time of arrival of sensory innervation;
sensory neurons, moreover, do not begin to express the NGF receptor until their axons
arrive at their peripheral targets. Although these latter findings suggest that ingrowing axons
might be involved in the induction of NGF expression, studies in denervated limb buds (38)
and in heart (39) suggest that NGF expression appears at the appropriate developmental stage
regardless of whether or not innervation occurs. In yet other studies, it has been shown that
interleukin-18 can upregulate NGF expression in adult sciatic nerve explants (40). This
observation raises an additional possibility that lymphokines and perhaps other humoral
factors might be implicated in the developmental regulation of NGF expression. To date,
most of the studies of NGF expression in the CNS have been descriptive. In the developing
rat hippocampus, NGF mRNA and protein are present at very low levels at birth
(approximately 10% and 25% of adult levels respectively), then increase and peak by
postnatal day 21 (approximately 350% and 120% of adult levels respectively), and finally
decline to a plateau that is maintained throughout adulthood (41). The developmental peak
occurs during the most active period of synzrizgenesis in the hippocampus, especially with
respect to septal afferent inputs.

In initial studies, we determined the capacity of the developing mouse hippocampus
grown in reaggregating culture to synthesize NGF mRNA and protein in a developmentally-
regulated manner (32,33). We utilized hippocampi from E15 mouse embryos, a
developmental stage at which the hippocampus has not yet received afferent fibers from the
septum (42), and is thus "naive"” with respect to septal influences. Hippocampal cells were
then grown in reaggregate culture for up to 28 days. During this period, flasks were
harvested at specific time points for the determination of NGF mRNA and protein, using a
Northern blot assay (43) and a 2-site enzyme-linked solid phase immunoassay (ELISA) (44).
Previously published studies on NGF mRNA and protein expression in the developing
hippocampus in vivo were performed in rats (41). We have repeated the in vivo
developmental time course in the mouse in order to obtain a baseline for comparison to in
vitro measurements (Figure 6), and the mouse results are in good agreement with previous
rat studies. The hippocampal reaggregates synthesize significant levels of NGF protein in
culture (Figure 6A). At the developmental stage at which the reaggregate cultures were
initiated, E15, NGF protein is barely detectable; over the next 21 days, there is a significant
increase in NGF protein expression in the reaggregates which closely parallels that seen in
vivo (Figure 6B) (32). Because the septal afferents retrogradely transport NGF protein from
the hippocampus, we considered the possibility that the levels of NGF protein in vivo may
represent an underestimation of the actual synthetic rate. Similarly, the hippocampal
reaggregates, devoid of normal septal innervation, may sequester NGF protein, resulting in
an overestimation of the synthetic rate.
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Figure S. High-power electron micrographs of synapses (arrows) in septal-hippocampal
(S-H) and septal-cerebellar (S-Cb) coaggregates. A: an unlabeled synapse in a 21-day-old S-
H coaggregate is shown for comparison. Note that there is no AChE reaction product at the
synaptic junction (in contrast to B-E). B: AChE-labeled axodendritic synapses within the
hippocampal cell (target) area of a 15-day-old S-H coaggregate. Note that both pre- and
postsynaptic membranes stain discretely and completely at the area of synaptic contact
(arrows).. C: AChE-labeled axodendritic synapse in the target area of a 21-day-old S-H
coaggregate. D: AChE-labeled axosomatic synapse in the hippocampal area of a 21-day-old
S-H coaggregate. This type of synapse is uncommon in the S-H coaggregates. E: AChE-
labeled synapse in a 21-day-old S-Cb coaggregate. There are only occasional labeled
synapses observed in S-Cb coaggregates, and they are not found in the cerebellar cell areas.
Bars = 0.25 um. From Hsiang et al. (22).
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Hippocampal Reaggregates
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Figure 6. Preliminary studies on the synthesis of NGF protein in the developing mouse
hippocampus in vitro (A) and in vivo (B). Hippocampal samples were harvested from
reaggregate culture (A) or removed from the developing brain (B) at the indicated time
points. NGF protein was quantitated using a 2-site enzyme-linked immunosorbent assay
(ELISA) (44), and values were normalized for total protein in the samples. A and B have
been positioned in register for comparison, with day 15 of gestation (E15) at the origin on
the x-axes; developmental ages have been indicated on B. The early profile of NGF protein
expression in hippocampal reaggregates closely parallels that seen in the hippocampus in
vivo. Numbers above the curves represent the number of reaggregate flasks or tissue
samples assayed; a triplicate determination was performed on each sample from Roback et

al. (32).
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In order to compare more closely developmental induction of NGF expression in the
two systems, we employed Northern blot analyses of NGF mRNA (Figure 7) (33).
Hippocampal reaggregates synthesize NGF mRNA which co-migrates electrophoretically
with that seen in the Northern blot standard, which is derived from adult mouse
hippocampus and cortex. At E1S5, there is no detectable expression of NGF mRNA in the
hippocampus (Figure 7C). The expression then rises significantly in vivo (Figure 7C). In
the developing rat hippocampus, NGF mRNA expression peaks between postnatal days 19
and 21. We have not yet examined this time point in the mouse hippocampus in vivo;
however, if the situation is analogous, we would expect to see a signal at postnatal day 21
which is significantly greater than that seen in the adult hippocampus. Hippocampal
reaggregates at 7 and 21 days in culture display a modest developmental induction in NGF
mRNA expression (Figure 7B) when compared with the nearly undetectable levels seen at
the time of dissection, E15 (Figure 7C). However, there is no increase in the mRNA levels
between days 7 and 21 in culture, and these observations contrast with the developmental
increases observed in vivo (Figure 8).

A B C
HC a o
REAGG. g HIPPOCAMPUS <
=| o
z 3 Z
a <
5 5 % e 9( é

Figure 7. Preliminary Northern blot analyses of NGF mRNA expression in hippocampal
reaggregates (B) and native hippocampus (C). Total RNA was extracted (70) from samples
of selected developmental ages and 25 pg from each sample was size fractionated on a 1.2%
-agarose gel; a tissue standard (total RNA, extracted from hippocampus and neocortex of 50
adult mice, pooled and divided into 25 pg aliquots which were stored at -37°C until use) was
co-electrophoresed on each gel to enable comparison between blots. RNA was transferred to
GeneScreen and hybridized with a 32P-labelled DNA probe made from the 0.9 kb Pst I
fragment of the NGF cDNA (43). A. Ethidium bromide staining of total RNA. 5 pg of total
reaggregate RNA, prepared as above, was electrophoresed on a 1.2% agarose minigel, and
stained with ethidium bromide (71). The figure is a 100% enlargement of a polaroid 47
instant print, accounting for the grainy appearance. The tail of the arrow indicates the
position of the well; 28S and 18S rRNA bands are indicated. B. Representative
autoradiogram of NGF mRNA in hippocampal reaggregates grown in culture for 7 and 21
days. C. Autoradiogram depicting developmental induction in hippocampal NGF mRNA
synthesis in vivo between E15 and adulthood. Note that the autoradiogram B was from a
longer exposure than C (by comparison of the respective tissue standards). Hippocampal
aggregates synthesize NGF mRNA, but do not display the full developmental induction in
NGF mRNA expression observed in vivo. From Roback et al. (33).

These preliminary results suggest that the "naive" hippocampus retains the ability to
synthesize NGF mRNA and protein when removed from the brain at E15 and grown in
reaggregate culture. The fact that the dissection is performed prior to interactions between
septal and hippocampal neurons indicates that these interactions are not necessary for the
synthesis of NGFmRNA and protein by the hippocampus. However, the full
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developmental induction seen in vivo is not recapitulated in the hippocampal reaggregates.
Because previous work in our laboratory has shown normal neuronal morphology (including
axons, dendrites, and synapses) in reaggregates between 7 and 21 days in culture (21), we
do not believe that the relatively low NGF mRNA expression observed at 21 days can be
simply attributed to degenerative changes in the cultures. To rule out this
possibility,however, it will be important to reprobe the membranes for other mRNA species,
such as cytoskeletal proteins, in order to assess general neuronal maturation. Taken
together, the available data suggest that the developmental induction in hippocampal NGF
expression may be a multi-step process. The cells within the reaggregates may have been
exposed to certain "early” developmental cues, leading to a modest induction in NGF mRNA
between E15 and day 7 in culture; however, they may not have encountered all of the
appropriate developmental signals necessary to recapitulate the pattern of NGF induction
observed in vivo. One obvious signal may come from septal inputs and this possibility is
currently being evaluated in S-H coaggregates, but it is also possible that other, perhaps
humoral, signals are involved.
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Figure 8. Preliminary studies on the time course of NGF mRNA expression in the
developing hippocampus in vitro and in vivo. NGF mRNA expression was quantitated from
autoradiograms (including those shown in Appendix 2) using a scanning laser densitometer
(LKB Ultroscan XL). Values were normalized to the standards on each blot. Note that at
the developmental stage at which reaggreagate cultures are initiated (E15), NGF mRNA
expression is at approximately the lower limit of sensitivity of the techniques. NGF mRNA
synthesis in vitro and in vivo increases over the next 7 days, but then plateaus in the
reaggregates. Numbers on the in vitro curve represent the number of reaggregate flasks
assayed. From Roback et. al. (33).

We have also investigated the actions of both "exogenous” and "endogenous"” NGF
as a putative cholinergic trophic factor in the reaggregate culture system (34). In the presence
of exogenous NGF, septal reaggregates demonstrated increased levels of ChAT activity
(Figure 9), increased numbers of cholinergic cells, and an increased density of fibers (Figure
10). However, when anti-NGF was added to S-H coaggregates in order to neutralize the
putative actions of "endogenous” NGF, there was only a partial decrement in the levels of
cholinergic markers observed. In contrast to other studies demonstrating destruction of
sympathetic and sensory neurons following anti-NGF treatment in vivo (45,46), this in vitro
procedure produced no qualitative changes in cholinergic cells or fibers at the light
microscopic level, or synapse formation at the ultrastructural level (Figure11) (34).
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Although data analysis is still in progress, follow-up ultrastructural studies of healthy
versus degenerating cholinergic neurons in reaggregate cultures, grown either in the presence
or absence of NGF, have demonstrated a modest enhancement of cell survival with a more
dramatic enhancement of the histochemical marker employed to identify the cells (47,48).
Our conclusion from these studies is that NGF is likely to act in concert with an unknown
number of additional target cell-associated cues to mediate cholinergic neuronal development,
synaptogenesis and maintenance in the septohippocampal pathway. These conclusions are
supported by observations of other groups: Crutcher and Collins (49) and Heacock et al.
(50) have demonstrated a non-NGF activity for cholinergic ciliary ganglion neurons, while
Appel and coworkers (51,52) and Wise and colleagues (53) provided evidence for non-NGF
molecule(s) influencing basal forebrain cholinergic cells.
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Figure 9. Effects of NGF and Anti-NGF antiserum on ChAT activity within septal
reaggregates. Cultures were grown for 17 days in the following conditions: Culture
medium only; 10 ng/ml NGF added to the medium beginning at day 6 of culture; 10 ng/ml
NGF plus Anti-NGF antiserum (1 : 200 dilution) added; or 10 ng/ml NGF plus non-immune
serum (1 : 200 dilution) added. Values represent the mean + S.E.M. Assays were
performed in triplicate from each flask. N indicates the number of flasks. *Differs from the
control at p< 0.001 (one-tailed t test). TNo significant difference from the control group
(Student’s t test). Data presentation modified from Hsiang et al. (34).

CNS CLONAL CELL LINES

The challenge of identifying novel trophic factors is complex because of the cellular
heterogeneity of the brain and the likelihood that such factors are expressed in extremely
minute quantities. Although a trophic "activity" may be detected in a crude brain extract or
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through the use of primary cell cultures, purification and characterization of the bioactive
molecule(s) are still quite formidable. The utilization of clonal cell lines provides an
alternative approach that can circumvent the problems cited above (54). In fact, the original
identification of NGF was achieved by virtue of its expression in a rat sarcoma cell line (55).
Relatively little work has been carried out with respect to the establishment of permanent cell
lines from specific brain regions that elaborate trophic signals which are likely to participate
in the establishment and maintenance of the synaptic circuitry of those regions. Two general

Figure 10. Effects of NGF and NGF + Anti-NGF antiserum on AChE-staining in 17-day
old septal reaggregate cultures. NGF and antiserum treatments were initiated at day 6 of
culture. A: Septal reaggregate grown in a culture medium without NGF. B: Septal
reaggregate cultured in the presence of 10 ng/ml NGF. The AChE histochemistry reveals
dense, heavily-stained AChE fibers which are most prominent at the periphery of the
reaggregate section. C: Septal reaggregate cultured in the presence of 10 ng/ml NGF and
Anti-NGF antiserum (1: 200 dilution). AChE histochemistry reveals a fiber density similar
to A, indicating that the effect of NGF on fiber staining intensity is antagonized. Arrow
indicates a cell situated at the edge of the reaggregate section which has prominent proximal
fibers. D: Septal reaggregate cultured in the presence of 10 ng/ml NGF and non-immune
serum (1: 200 dilution). AChE histochemistry demonstrates that the fiber density is the same
as that of the NGF-treated in B, confirming the specificity of the NGF effect on fiber staining
intensity. A cell body (arrow) situated at the edge of the reaggregate section is obscured by
the dense plexus of heavily-stained fibers. Scale bars = 100 pm. From Hsiang et al. (34).

strategies are available for engineering such cell lines. The first approach is the use of
retroviral vectors or other oncogenes to transform primary brain cells (56,57). This
approach has been recently exploited to generate cell lines that recapitulate neuronal
developmental stages. For example, a temperature sensitive mutant of the SV-40 virus has
been employed to immortalize embryonic rat brain cells (57,58). Several cell lines were
generated that expressed varying degrees of neuronal or glial differentiation and which could
be induced either to divide at the permissive temperature, 33°C, or to "differentiate” at the
nonpermissive temperature, 37-39°C. A hippocampal cell line generated through this
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Figure 11. Effect of anti-NGF antiserum on septal-hippocampal (S-H) coaggregates:
Photomicrographs of sections of 21-day old AChE-stained S-H coaggregates cultured in media
alone, media containing non-immune serum, or media containing Anti-NGF antiserum beginning
atday 2 in culture. A: S-H coaggregate grown in culture medium alone. AChE histochemistry
reveals a typical target cell-induced pattern of fibers and cells similar to that described in previous
studies (21). The boxed area is shown at higher magnification in C. B: S-H coaggregate
cultured in the presence of non-immune serum (1: 200 dilution). AChE histochemistry reveals a
pattern of cells and fibers similar to those in A. The boxed area is shown at higher magnification
in D. C: Higher-power photomicrograph of boxed area of AChE-positive cells and fibers in A.
These fine caliber fibers are well-defined with extensive arborizations and varicosities. D:
Higher-power photomicrograph of boxed area of AChE-positive cells and fibers in B. The
appearance of these cells and fibers does not differ from those shown in C. E: S-H coaggregate
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Figure 11 (Cont.) cultured in the presence of Anti-NGF antiserum (1:200 dilution). AChE
histochemistry reveals fibers and cells similar to those in A. The boxed areas are showed at
higher magnification in F and G. F & G: Higher-power photomicrographs of boxed areas of
AChE-positive cells (G) and fibers (F) in E. The appearance of these cells and fibers are similar
to those shown in A and B suggesting that NGF antibodies do not inhibit cholinergic fiber
proliferation in S-H coaggregates. H: High-power electron micrograph showing AChE-labeled
synapse (arrowheads) and unlabeled synapse (arrows) in a 21-day old S-H coaggregate which
was cultured in the presence of Anti-NGF antiserum beginning on the second day of culture.
The identification of labeled synapses in this case suggests that anti-NGF does not inhibit the
process of synaptogenesis between septal cholinergic terminals and hippocampal target cells.
Scale Bars: A, B, E=200 um; C,D, F,G =50 um; H =0.5 um. From Hsiang et al. (34).
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approach, HT4, exhibits an immature neuronal phenotype and also expresses NGF mRNA
and protein. This cell line has been examined in other laboratories including ours
(unpublished observations). A preliminary report by Whittemore and co-workers (59) has
demonstrated that the HT4 cells can be grafted into the adult rat brain and the cells do not
appear to proliferate. In addition, when the recipient rats receive lesions of the
septohippocampal pathway, the grafted cells partially prevent retrograde degeneration of
septal cholinergic neurons possibly through the elaboration of NGF. While this approach is
attractive, there are also some disadvantages. Retroviral transduction is only effective with
cells that retain the capacity to replicate DNA and therefore divide. In addition, once a cell is
"immortalized", it tends to remain locked within a particular developmental window. This
phenomenon has been exploited by immunologists to study the stages of lymphocyte
differentiation (60,61). Therefore, while viral gene transduction might yield cell lines to
study the early stages of neuronal development, it is less likely to provide cell lines that
express the phenotypic repertoire of mature neurons which are almost invariably post-
mitotic.
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Figure 12. Schematic diagram outlining the protocol used to generate septum x
neuroblastoma or hippocampus x neuroblastoma hybrid cell lines from C57BL/6 mice and
the N18TG2 neuroblastoma (62). To facilitate adherence of primary cells to neuroblastoma
cells, the primary cells are incubated with phytohemagglutinin (PHA) prior to fusion.
Somatic cell fusion is mediated by polyethylene glycol. The fusion products are grown in
hypoxanthine, aminopterin, and thymidine (HAT) media to select for hybrid cells. N18TG2
cell are deficient in hypoxanthine phosphoribosyltransferase and cannot survive in HAT
media.

84



A second cell immortalization approach, one utilized by this laboratory, employs
somatic cell fusion techniques (Figure 12) (62). This is precisely the approach that has been
used to generate monoclonal antibody-producing hybridomas (63). The fusion technique
allows one to "immortalize" cell populations that are postmitotic and therefore more likely to

Figure 13. Septum x neuroblastoma cells in culture. A. Phase contrast photomicrograph
of a septum x neuroblastoma cell line (SN 55) grown in serum-free medium for 3 days.
Note the elaboration of very long, thin neurites. Magnification = 450x. B. Indirect
immunofluorescence staining of a postnatal day 21 septum x neuroblastoma cell line (SN
48.B12.2.C6) with anti-neurofilament monoclonal antibodies. Cells were grown on
untreated tissue culture plastic with 10% fetal calf serum in DMEM and then fixed with 2%
formaldehyde in methanol. The cells were incubated with a primary antibody solution
containing monoclonal antibodies to the low, middle, and high molecular weight
neurofilaments proteins. Immunoreactivity was visualized with a fluorescein-conjugated
secondary antibody. Magnification = 800x. From Lee et al. (64).

express highly differentiated neuronal phenotypes (64,65). Once neural cell lines are
established, the probability of identifying a cell line which expresses interesting trophic
activities is increased because of their clonal nature. Finally, the likelihood of successfully
purifying and characterizing the molecules responsible for a "trophic activity" is enhanced
since the cell lines represent an infinite source of starting material.

Using somatic cell fusion, we generated hybrid cell lines from both the septal and
hippocampal regions of fetal mouse brains (Figure 12) (62,65). Embryonic septal or
hippocampal cells were somatically fused to N18TG2 neuroblastoma cells via polyethylene
glycol. The neuroblastoma, N18TG2, is deficient in hypoxanthine phosphoribosyl
transferase (HPRT) and can be selectively eliminated in media containing hypoxanthine,
aminopterin, and thymidine (HAT). The hybrid nature of the cell lines was further
documented by chromosome and isozyme analyses. Subsequently, young adult septal and
hippocampal cells were immortalized by this technique (64,66). However, a buoyant density
centrifugation cell isolation procedure was devised in order to maintain viability of the
primary cells at the time of dissection. To date, 56 septal (SN, septum x neuroblastoma) and
45 hippocampal (HN, hippocampus x neuroblastoma) cell lines have been generated from
embryonic days 14, 15, and 18 and postnatal day 21 tissues.
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Many septal cell lines exhibit phenotypes typical of differentiated neurons (62,64).
Their somata and processes are highly refractile when viewed by phase contrast microscopy.
The cell lines further differentiate when cultured in serum-free medium and extend long, thin
processes (Figure 13A) (64,67). The neuronal origin of these cell lines is supported by the
presence of immunoreactivity for neurofilament proteins (Figure 13B & 14) (62,64,67). In
postnatal lines, an array of neurofilaments characteristic of a mature neuron is observed; no
other cell-specific intermediate filaments are detected (Figure 14) (67). Taking into account
the late age of the primary tissues used in the fusion, these findings suggest that such cell
lines were derived from postmitotic neurons.

Figure 14. Immunoblots for intermediate filaments expressed by a postnatal day 21
septum x neuroblastoma cell line (SN 48.B12.2.C6). Crude cell lysate preparations of the
cell line were separated by SDS-Disc PAGE and transferred onto nitrocelluose. Each
immunoblot was probed with a different antibody to visualize intermediate filament proteins:
Lane 1, the middle molecular weight neurofilament protein (NF-M) in its weakly
phosphorylated state (P+); Lane 2, NF-M in its moderately phosphorylated state (P++) ;
Lane 3, NF-M in all its phosphorylation states; Lane 4, the high molecular weight
neurofilament protein (NF-H) in its P+ state; Lane 5, NF-H in its highly phosphorylated
state (P+++); Lane 7, NF-H in all its phosphorylation states. Note the broad range of
electrophoretic mobility due to variable phosphorylation; Larne 7, cytokeratins 8, 18, and 19
(Ker); Lane 8, vimentin (Vim); and Lane 9, glial fibrillary acidic protein (GFAP). Not
included: immunoblot for the low molecular weight neurofilament protein which is also
positive. From Lee et al. (67).

The septal lines express neurochemical markers typical of septal cholinergic neurons
(62,64). Significant levels of ChAT activity are radiochemically detected in a number of
septal lines (Figure 15). In general, postnatal cell lines exhibit higher levels of ChAT activity
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than embryonic lines (64). Further evaluation of several lines has revealed that they are
positive for ChAT immunocytochemistry and acetylcholinesterase (AChE) histochemistry
(62). Since administration of exogenous NGF supports the development of septal
cholinergic neurons in vitro, septal cell lines expressing a particularly differentiated
phenotype were evaluated for their capacity to respond to NGF. When septal lines are
grown on tissue culture plastic in the presence of 10% fetal calf serum, the addition of NGF
does not increase ChAT activity or qualitatively change process formation. It may be that
these particular septal lines constitutively express maximal ChAT activity in the presence of
serum, and that any effect of exogenous NGF is not detectable. Alternatively, these SN lines
may not express the NGF receptor (NGFR). We have examined three cholinergic septal
lines for NGFR message expression by Northern blot analysis, and found that all three
indeed express NGFR mRNA (unpublished observations). Future studies will therefore
concentrate on the responsiveness of septal cell lines to NGF under serum-free culture
conditions and in the presence of differentiating reagents.

ChAT Activity
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Cell Line

Figure 15. ChAT activities of nine cell lines generated by fusion of septal and N18TG2
cells, and of N18TG2 (N18) cells, as measured in picomoles of acetylcholine formed per
minute per milligram of protein. The values shown are means + SEM (n=3). SN5 and SN 6
demonstrate ChAT activities clearly greater than N18TG2. From Hammond et al. (62).

The hippocampal lines were screened for their capacity to express NGF (65,66).
Several embryonic cell lines express high levels of NGF mRNA as detected by Northern blot
analysis with a cDNA probe to the rat NGF message (Figure 16). Most of these lines also
synthesize high levels of NGF protein as detected by a 2-site ELISA specific for 8-NGF
(Figure 16). However, some lines display relatively high levels of NGF mRNA but no
detectable NGF protein. This may indicate defects in translation or abnormal processing of
the precursor protein to mature NGF. Postnatal lines contain up to 30,000 fg NGF/mg total
protein (66). The N18TG2 neuroblastoma expresses neither NGF protein nor mRNA.

The production by these hippocampal cell lines of a central cholinergic trophic factor
known to be produced in normal hippocampus, suggested that the cell lines may be capable
of the synthesis of non-NGF trophic factors. We thus developed a monolayer bioassay to
screen hippocampal cell lines for the expression of substances which affect cholinergic
neurons (68). In this assay system, the primary septal cells are dissociated, suspended in a
defined serum-free medium (N2), and plated at low density in monolayer in poly-lysine
coated microtiter wells. After the cells have adhered, cell line extracts, membrane
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preparations, or conditioned media are added to the cultures. At the completion of the
experiment, the microtiter plates are assayed for ChAT activity, and we have adapted the
assay to be performed in the same wells in which the cells are grown. Studies employing
this bioassay system indicate that it is sensitive to effects of NGF in a dose-dependent
fashion, with ChAT increasing 2 to 4 fold depending on the concentration of NGF added
(Figure 17).

fg NGF protein/mg tissue
B fz NGF mRNA/25 pg RNA

HN 13

HN 12

N1 A

HN 10 K

Line

HN9

HN 8

N18TG2

T M i v 1 M 1 v 4 M T

0 100 200 300 400 500 600

Figure 16. NGF protein and mRNA content of embryonic day 18 hippocampus x
neuroblastoma (HN) cell lines. HN cell lines were grown in 10% fetal calf serum in DMEM,
harvested, and assayed. NGF protein was measured by a 2-site ELISA specific for 8-NGF.
NGF mRNA was quantitated by Northern blot analysis. The DNA probe was prepared from
the 0.9 kb Pst I fragment of the NGF cDNA comprising a portion of the coding sequence as
well as part of the 5' untranslated region. From Hammond et al. (65).

We have screened conditioned media from 22 HN cell lines, as well as N18TG2
cells, for effects on septal cell ChAT activity, using this bioassay system. Most of the lines
have little effect (less than 75% increase in ChAT). However, one line, HN10, promotes a
4-fold increase in ChAT activity (Figure 17) (68). Polyacrylamide gel electrophoretic
analysis of the serum-free conditioned media from HN10 demonstrates that HN10 secretes a
unique spectrum of proteins, some of which are distinct from those secreted by the N18TG2
neuroblastoma cells (unpublished observations). We have found more recently that the
HN10 bioactivity can be salt-extracted from a membrane preparation, with an approximately
6-fold increase in specific activity compared to conditioned medium (Figure 18) (69).

We have recently begun to address the question of whether the HN10 effect might be
due to known polypeptide growth factors, such as NGF. We have directly quantitated NGF
in the HN10 conditioned medium-treated wells by the 2-site ELISA, and find that the final
concentration of NGF is over 10,000-fold less than the concentration of exogenous, purified
NGF required to achieve the same effect on ChAT activity (68,69). Furthermore, the
addition of the anti-NGF monoclonal antibody, 23C4, to primary septal cells blocks the
effect of exogenous NGF, but not the effect of the HN10 membrane extract, providing
further evidence that the HN10 activity is not mediated by NGF (Figure 19). When purified
EGF or bFGF, two other polypeptides proposed as trophic molecules for neural cells, are
added to basal forebrain cultures at 1 nM final concentration, ChAT activity increases by
50% and 60%, respectively, significantly less than the effect of HN10 conditioned medium
(Figure 17). Taken together, then, these studies indicate that an HN10 membrane-associated
factor(s) promotes the ChAT activity of central cholinergic cells in culture, and, furthermore,
suggest that activity is not mediated by NGF, EGF, or bFGF.
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Since hippocampal neurons express NGF and receive cholinergic innervation,
hippocampal cell lines that produced NGF were additionally screened for muscarinic
receptors. A radioligand binding assay for M1-type receptors was employed utilizing N-
methyl scopolamine and pirenzepine as ligands. HN 33 expressed 8 femtomoles of M1-type
receptors per million cells; 5 times as many as N18TG2 neuroblastoma cells and comparable
to the number found on NGF-activated PC 12 cells (unpublished observations). RNA
extracts from these cell lines are presently being probed for the presence of specific
muscarinic receptor subtype mRNA species.
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Figure 17. Preliminary studies on the effects of NGF, EGF, FGF, and HN10 conditioned
media on septal cell ChAT activity. Embryonic septal cells were cultured using the microtiter
bioassay culture system in serum-free N2 medium alone (N2), and in N2 with NGF at 10
ng/ml (NGF(10)), at 50 ng/ml (NGF(50)), or at 100 ng/ml (NGF(100)). Cells were also
cultured in N2 medium with EGF at 1 nM (EGF), N2 with basic FGF at 1 nM (FGF), or
with HN10 conditioned medium (CM) at a final protein concentration of 100 pg/ml (HN10).
In this microtiter bioassay system, NGF treatment increases ChAT activity of septal cells in a
dose-dependent fashion. At 1 nM concentrations, EGF and FGF increase ChAT activity
over control N2 wells by approximately 50% and 60%, respectively. HN10 conditioned
medium increases septal cell ChAT activity to approximately 410% of the control value. This
increase is greater than that seen with 22 other cell lines tested (range 0 to 75% increase), or
with EGF or FGF at 1 nM concentrations. Direct quantitation of NGF in the HN10 CM by
ELISA (performed before the CM was added to the wells) indicates that the final
concentration of HN10-derived NGF in the wells would be less than 1 pg/ml (over 10,000-
fold less than the 100 ng/m! of purified, exogenous NGF required to stimulate
approximately the same increase in ChAT). Values shown are means + SEM (n=3). These
data suggest that the HN10 effect is not mediated by NGF, EGF, or FGF. From Hammond
et al. (68).

In general, the cells lines produced via the cell fusion technique express higher levels
of NGF and a more complete repertoire of neuronal cytoskeletal elements than retrovirally
transduced embryonic cells (e.g. HT4). The disadvantage to the conventional fusion
approach is that the growth characteristics of the hybrid cell lines are more difficult to
control. This drawback probably relates to the overtly malignant nature of the neuroblastoma
cell line that was employed as the fusion partner. If the hybrid cells are grafted into a mouse
brain, they form tumor masses within a relatively short period of time; however, this effect
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can be prevented by prior treatment with antimitotic agents (unpublished observations).
Studies are presently underway to evaluate whether or not grafted cell lines continue to
express NGF or other trophic activities that may prevent cholinergic neuronal degeneration
following axotomy.

ChAT Actlvity (per cent of control)

N2 HN10(1) HN10(10) HN10(20)
Medium

Figure 18. Preliminary studies on the effect of HN10 membrane extract on septal cell
ChAT activity. Embryonic septal cells were cultured using the microtiter bioassay culture
system in serum-free N2 medium alone (N2), and in N2 with an extract of an HN10Q
membrane preparation at final protein concentrations of 1, 10, and 20 pg/ml. The
membranes were prepared and extracted as described in the Experimental Design and
Methods section. Treatment with the membrane extract increases septal ChAT activity in a
dose-dependent fashion. Additionally, the HN10 membrane extract displays an
approximately 6-fold increase in specific activity compared to HN10 conditioned medium
Values shown are means + SEM (n=3). From Hammond et al. (69).
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Figure 19. Preliminary studies on the effect of Anti-NGF monoclonal antibody 23C4 on
the actions of NGF and HN10 membrane extract on septal cell ChAT actjvity. Embryonic
septal cells were cultured using the microtiter bioassay culture system in serum-free N2
medium alone (N2), and in N2 with anti-NGF antibody 23C4, N2 with NGF, N2 with NGF
plus 23C4, N2 with HN10 membrane extract, and N2 with HN10 membrane extract plus
23C4. The addition of anti-NGF antibody 23C4 blocks the effect of exogenous NGF on
septal cell ChAT activity, but does not decrease the effect of HN10 membrane extract on
septal cell ChAT activity. These data provide further evidence that the HN10 membrane
extract activity is not mediated by NGF. From Hammond et al. (69).
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CONCLUSIONS AND FUTURE DIRECTIONS

The results of the studies described above strongly suggest that the trophic
interactions that influence both the development and maintenance of cholinergic basal
forebrain neurons are likely to be mediated by more than one macromolecule such as NGF.
The strategy outlined for the generation of region-specific clonal cell lines represents a
powerful approach for elucidating the molecular basis of such interactions. This research
will add to our knowledge of target hippocampal influences on basal forebrain neurons, and
as such contribute to our understanding of basic mechanisms that sustain neural connections.
In addition, similar strategies can be applied to study the trophic mechanisms sustaining
neural connections in other pathways at risk in AD and in other neurodegenerative diseases.
Ultimately, this research may lead to meaningful and potentially useful therapeutic
approaches in AD, involving trophic factor therapy or neural grafting strategies. Cell lines
expressing appropriate trophic factors may provide a ready source of this material.
Importantly, such a therapeutic approach would promote the survival and normal function of
neurons, rather than simply ameliorate symptoms as is the case with approaches which
substitute exogenous compounds for a deficient neurotransmitter. Beneficial effects of
trophic factor therapy on cell survival and function may occur even if factor deficit is not the
primary cause of disease.
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INTRODUCTION

Considerable effort in recent years has been applied towards the development of methods
for the genetic modification of mammalian cells to correct disease phenotypes in vivo, an ap-
proach that has been named gene therapy (1). In an ideal gene therapy system, the new
genetic information would be applied directly to the affected tissue . This direct ap-
proach has not yet been attempted, because the current methods of gene transfer are limited to
replicating cells. Because of this and other technical limitations, approaches to gene therapy
in animal models of human disease have relied on removing mitotic cells from the target
tissue, genetically modifying them in culture, and then retuming the cells to the animal. Most
of these studies have used genetic transducing vectors derived from murine retroviruses to
introduce foreign genes (transgenes) into target cells, because retrovirus vectors offer several
advantages over other current methods of gene transfer (2): 1) infection by retrovirus vectors
is extremely efficient for a broad range of cell types and species, with up to 100% of the tar-
get cells expressing the transgene; 2) the viral genomes have a relatively large capacity for
foreign DNA; and 3) infection generally causes little or no genetic or metabolic damage to
recipient cells. Other methods of gene transfer, which utilize biochemical or physical means
to introduce transgenes into cells, suffer from serious limitations in comparison. The first
methods developed involve incubating cells with DNA complexed with DEAE-dextran (3) or
calcium phosphate (4). More recent methods use direct microinjection (5), electric fields
(electroporation) (6), liposomes (lipofection) (7), and tungsten microprojectiles (8).

Because of their accessibility and the presence of suitable replicating cell populations, the
bone marrow (9-11) and skin (12-15) have been studied most extensively for gene therapy
applications, and more recently, the liver has been actively investigated (16,17). Because of
its relative inaccessibility and the lack of neuronal stem cell populations in adults, another
potentially very important target organ, the brain, has not been pursued in gene therapy
models. This is not meant to imply that neurons will always be the target cells for CNS gene
therapy. There are certainly cases in which other cell types must be treated, such as oligo-
dendrocytes in the demyelinating diseases. Neurons, however, will certainly be the target
cells in the vast majority of disorders, and methods developed to treat neurons should be
applicable to other cell types. The remainder of this chapter, therefore, will concentrate on
neuronal therapy.
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APPROACHES TO CNS THERAPY

Several approaches, both genetic and non-genetic, are theoretically available to restore
missing functions to neurons (Fig. 1). The most direct approach would entail introducing the
transgene directly into neurons using an appropriate vector (Fig. 1A). As discussed above,
there are presently no available methods for gene transfer into post-mitotic cells. Suitable
vectors may soon be developed, however. Herpes simplex virus (HSV) normally infects
post-mitotic sensory neurons, in which it is capable of establishing a life-long latent, non-
destructive infection. Several groups are developing vectors based on HSV (18,19), and
such vectors may prove valuable for introducing transgenes into neurons and other post-
mitotic cells, both in vitro and in vivo.

If effective treatment of a specific disease requires that the transgene be expressed in the
target cell itself, direct vector application will be the only possible approach. In many dis-
orders, however, it will not be necessary to treat neurons directly but instead it will be possi-
ble to allow the target cells to take up exogenously applied factors. For example, minipumps
(20-23) and implanted solid polymers (24) have been investigated for delivery of substances
to the CNS (Fig. 1B). Another approach that has received considerable attention is the graft-
ing of donor cells or tissues that produce the needed substance, which can then enter the
target cells by direct transfer through tight junctions or diffusion across the membrane (Fig.
1C) or by secretion and re-uptake via specific receptors or transport systems (Fig. 1D). This

Figure 1. Theoretical approaches to CNS therapy (see text for description).

method has been widely applied to provide dopamine in Parkinson's disease patients and
animal models, using both neural and non-neural tissue, i.¢., fetal substantia nigra and adult
adrenal gland (25-27). For this approach to be useful in treating a particular CNS disorder,
several criteria must be met. A suitable donor tissue must be available that produces
sufficient quantities of the desired factor, and this tissue must survive and continue to
function when grafted to the brain. Ideally, the donor tissue should come from the patient
himself, as the use of autologous grafts will avoid problems of histocompatibility. However,
for most disorders there will not be a suitable non-neural tissue, eliminating the possibility of
autografts. The use of fetal tissue poses serious ethical problems in addition to
immunological problems.

As an alternative approach, we have been developing a model in which cells are geneti-
cally modified in culture to express the required function and then grafted to the brain (Fig.
1E) (28,29). This approach combines neural grafting with methods previously used for gene
therapy models in bone marrow and skin. An advantage to this approach is donor cells need
not be CNS-derived, nor do they have to express the desired function naturally. Instead,
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they may be selected based solely on their ability to be grown and manipulated in vitro and to
survive as grafts. In addition, by using cells derived from the patient, many immunological
problems may be circumvented. Although they are not necessarily the most well suited cells
for intracerebral grafting, skin fibroblasts have several advantageous features: 1) they are
easily obtained and grown from small biopsies with little discomfort to the patient; 2) they can
be genetically manipulated in culture by a number of methods, including retrovirus vectors;
and 3) they can survive as intracerebral grafts in rats. Therefore, we have developed a model
for CNS gene therapy (Fig. 2) in which the patient would have a skin biopsy taken, cultured
primary fibroblasts from the biopsy would be infected with a retrovirus vector (or treated by
another suitable method) to express the desired transgene, and the cells would be grown to
the necessary quantity and then stereotactically grafted into the patient's brain.

While our ultimate goal is to use autologous primary fibroblasts for grafting, many pre-
liminary studies are facilitated by using established fibroblast cell lines instead, as they are
even easier to manipulate in culture and allow one to select clonal lines that express the trans-
gene at desired levels. For these reasons, we have compared the abilities of primary fibro-
blasts cultures and cell lines to survive as intracerebral grafts, and we have determined that
both can survive for at least 2 months (28).

Although gene therapy has traditionally been thought of in terms of treating inherited dis-
eases by replacing the dysfunctional gene, genetic strategies should also prove useful for
treating other conditions in which a required function is lacking due to injury or cell death. In
fact our most useful models for testing the feasibility of grafting genetically modified cells to
the CNS have used mechanically or chemically induced lesions (see below). Thus, it is use-
ful to expand the definition of gene therapy to include genetic treatment of any disorder,
whether or not it is inherited.

Figure 2. Proposed model for grafting genetically modified fibroblasts to
treat disorders of the CNS.

INTRACEREBRAL GRAFTING OF GENETICALLY MODIFIED FIBROBLASTS

To test the therapeutic potential of this approach, we have chosen a well characterized rat
model that provides the opportunity to observe a functional effect. Following transection of
the fimbria-fornix, the pathway connecting cholinergic neurons of the basal forebrain to their
target in the hippocampus, many of the cholinergic neurons undergo retrograde degeneration,
exhibit a decrease in the activities of many enzymes and, in some cases, die (30,31). This
degenerative response is attributed to the loss of trophic support from B-nerve growth factor
(NGEF), which is normally transported retrogradely in the intact brain from the hippocampus
to the septal cholinergic cell bodies (32-36). The importance of NGF in this response to
damage is supported by experiments demonstrating that cholinergic neurons in the medial
septum can be protected from retrograde degeneration by chronic infusion of exogenous
NGF (20,22,23,37). We have used this model, which is also considered a model for the
cholinergic degeneration seen in Alzheimer's disease, to determine whether grafted,
genetically modified fibroblasts can produce a biological response (29).
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Figure 3. Retrovirus vector expressing NGF cDNA. LTR, long
terminal repeat; RSV, Rous sarcoma virus promoter; NEO, neomycin-
resistance gene.

A retroviral vector (Fig. 3) was constructed from Moloney murine leukemia virus (38) to
contain the 777 base pair Hgal-Pstl fragment of mouse NGF cDNA (39,40) under control of
the promoter in the viral 5' long terminal repeat. This insert corresponds to the shorter NGF
transcript that predominates in mouse tissue receiving sympathetic innervation (41) and is
believed to encode the precursor to NGF that is secreted constitutively. The vector also
includes a dominant selectable marker encoding the neomycin-resistance function of trans-
poson TnS (42) under control of an internal promoter from Rous sarcoma virus.
Transmissible ecotropic retrovirus was produced (29) and used to infect the established rat
fibroblast cell line Ratl (43). Individual neomycin-resistant colonies, selected in medium
containing the neomycin analog G418, were expanded and tested for NGF production and
secretion by two-site enzyme immunoassay. The highest producing clone, Ratl-N.8-8, con-
tained 66 pg NGF per 105 cells and secreted NGF into the medium at a rate of 77 pg/hr per
105 cells. The secreted NGF was biologically active, as determined by its ability to induce
neurite outgrowth from PC12 rat pheochromocytoma cells (44,45). Uninfected Ratl cells, in
contrast, did not produce detectable levels of NGF.

Unilateral aspirative cavities were made through the cingulate cortex of Sprague-Dawley
rats, completely transecting the fimbria-fornix. Retrovirus-infected (NGF-secreting) and
control uninfected fibroblasts were suspended in PBS at 8 x 104 cells/ul, and 4 1 aliquots
were injected free-hand into the lesion cavity and lateral ventricle ipsilateral to the cavity.
Animals were sacrificed after 2 or 8 weeks and processed for immunohistochemistry.
Staining for fibronectin, a fibroblast-specific marker, revealed robust graft survival that was
comparable in both infected and control groups. Staining for choline acetyltransferase, to
evaluate the survival of cholinergic neurons, indicated a significantly greater number of re-
maining neurons on the lesioned side of the medial septum in animals that had received grafts
of infected cells than in animals that had received uninfected control grafts (Table 1). These
results are similar to our previous study with a different fibroblast cell line, 208F (29). It is
interesting to note that uninfected control grafts resulted in 60% survival of cholinergic
neurons, whereas previous studies have shown only a 40-50% survival in untreated control
animals (20,22,23,31,37). This suggests the possibility that the fibroblasts produce other as
yet unknown factors that can affect cholinergic survival. Basic fibroblast growth factor has
been shown to prevent the death of lesioned cholinergic neurons (46), and studies are in

progress to determine whether the fibroblasts secrete this or other agents believed to have
neurotrophic effects.

DISCUSSION

These and previous studies have demonstrated that genetically modified fibroblasts can
survive intracerebral grafting and continue to express transgenes for at least two months
(28,29). Furthermore, the grafts continue to produce and secrete sufficient NGF to have a
biological effect during this period. These results suggest that this system may prove feasible
for treating CNS disorders. There are several prerequisites for a neurological disease to be a
candidate for this approach: 1) The pathogenesis of the disease must be sufficiently well
understood to allow identification of the relevant lacking function. 2) The relevant gene must
be available as a well characterized cDNA clone. 3) The affected region of the CNS must be
known and sufficiently localized to permit implantation into the appropriate area(s). 4)
Restoration of normal function must not, at present, require synaptic contact with target cells.
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Table 1. Survival of cholinergic neurons in rats with unilateral fimbria-fomix
lesions following fibroblast grafts.

Surviving ChAT+ Neurons (% contralateral side)

Graft type 2 Weeks 8 Weeks
Ratl control 62 60
Rat1-N.8-8 99 87

Instead, the donor cells must produce a factor that has a mechanism for release by the cells
and uptake by neurons. In the example of NGF, these conditions are satisfied because the
NGF precursor protein includes a putative signal sequence for secretion (41), and the
secreted NGF binds to receptors on the target cholinergic neurons. In other cases, the needed
factor may be packaged in specialized secretory vesicles or simply diffuse through the cell
membrane. Alternatively, the donor cells can act as a toxin "sink” by expressing an enzyme
that metabolizes a neurotoxin. This, of course, requires that the neurotoxin have a
mechanism for leaving the neuron and entering the donor cell. S) Ideally, an animal model
should be available.

With these issues in mind, we have been using this approach to deliver L-DOPA in a rat
model of Parkinson's disease, and we have reported results comparable to those observed
with adrenal medulla grafts (47). Other potentially applicable disorders include the various
lysosomal storage diseases, in which a specific lysosomal enzyme is lacking, such as
Krabbe's disease, i.e., galactosylceramidase deficiency. The twitcher mouse serves as an
animal model for this disease, in which there is extensive CNS demyelination due to the
buildup of the toxic substance psychosine in oligodendrocytes. When bone marrow from
wild-type congenic mice is grafted into these animals, graft-derived macrophages infiltrate the
CNS (48). The presence of these galactosylceramidase-positive cells serves to lower the
CNS levels of psychosine significantly, resulting in decreased demyelination and prolonged
survival. These results demonstrate that graft-derived cells can metabolize a toxic substance
and ameliorate disease symptoms. It is likely that grafts of genetically modified fibroblasts
may have similar effects in this and other lysosomal storage diseases. Although our studies
have focused on the use of fibroblasts because of the features described earlier, other cell
types should also prove useful for this approach and may be advantageous in specific situa-
tions. In particular, astrocytes may demonstrate longer-term survival and stability because of
their CNS origin, although our preliminary studies have indicated survival comparable to that
of primary skin fibroblasts. Endocrine cells may be valuable, too, because of their secretory
capabilities. Pituitary-derived cells have been shown to express the retrovirus-transduced
NGF cDNA and secrete NGF in response to a normal stimulator of pituitary secretion, corti-
cotropin releasing factor (49). It should be stressed, however, that skin fibroblasts will be
easier to obtain and culture than virtually all other cell types.

We conclude that the intracerebral grafting of genetically modified cells should eventually
provide a means for CNS therapy. Together with traditional neuronal grafting and the up-
coming vectors for direct genetic modification of neurons in vivo, this approach should
permit the treatment of numerous CNS disorders that cannot be treated by standard drug
therapies.
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INTRODUCTION

Nerve growth factor (NGF) is physiologically critical for the survival
and normal development of sympathetic and spinal sensory neurons, and for
their maintenance in the adult (1,2). NGF has been found to have a
similar role in the mammalian central nervous system (CNS) (3). NGF was
first implicated in CNS function when Schwab et al. (4) found specific
retrograde transport of exogenous NGF from cerebral and hippocampal
cortices to neuronal cell bodies in the rat basal forebrain. NGF is now
known to be present and produced in the CNS, and is in largest amount in
the cortex and hippocampus, the target tissues for neurons in the basal
forebrain (3).

The axonal projections from the medial septum and diagonal band of
Broca (MS/DB) through the dorsal fornix and fimbria (F-F) to the
hippocampus and the projections from the nucleus basalis of Meynert (NBM)
to the cerebral cortices are systems used to examine the role of NGF in
CNS neuronal function. The cholinergic components of these systems are
particularly affected in Alzheimer's disease. Neurotrophic hypofunction
is hypothesized to underlie such neurodegeneration (5-7). In several
experimental paradigms, administration of mouse NGF (mNGF) either by
repeated injection or continuous infusion is found to prevent the loss of
cholinergic and non-cholinergic neurons (8-10) and to stimulate the
expression of cholinergic phenotypes (11-18), particularly the activity
of choline acetyltransferase (ChAT; acetyl-CoA: choline-0-
acetyltransferase, EC 2.3.1.6), the enzyme that synthesizes the
cholinergic transmitter, acetylcholine (ACh). In this report, we review
recent data from our experiments examining the effects of mNGF on the
basal forebrain following transection of the F-F. We also report the
changes observed in the central cholinergic systems with age, and the
stimulatory effect of exogenous mNGF on these systems.
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MATERIALS AND METHODS
NGE_Infusi Sol .

Renin-free 2.5s mNGF was purchased from Bioproducts For Science
(Indianapolis, IN). The concentration of pure mNGF in a stock solution
of PBS was determined by molar extinction (1.64 0.D.280/mg/ml) and
aliquots of 1 mg/ml were stored at -700C for later use. The concentration
and biological activity of the mNGF solutions were confirmed using the
morphological differentiation of PC12 cells in vitro (19). At the time of
animal surgery, working solutions were prepared by dilution of the
concentrate in Dubelco's PBS containing 0.1% rat serum albumin (Sigma),
i.e., the infusion vehicle. After filter sterilization, serial dilutions
were prepared where appropriate, and the sterile solutions were used to
prefill the infusion cannnlae and pumps. No loss of biological activity
was detected in sterile aliquots of stock solutions of mNGF at
concentrations ranging from 100 pg/ml to 1 pg/ml when stored in vitro at
379¢ for periods up to 1 month. Also, no loss in biological activity was
detected in 100 pg/ml mNGF solutions after 2 weeks infusion in vivo.
Control animals were infused with the vehicle, the albumin (1 mg/ml)
serving as a non-specific protein.

Infusion Cannula

NGF does not cross the blood-brain-barrier; treatment of the central
nervous system requires NGF infusion directly into the brain. Williams et
al. (20), described the methods for construction and stereotaxic
implantation of infusion cannula device. For the present experiments, the
cannula device was made from 30 gauge stainless steel tubing with an
intraparenchymal length of 4.5 mm. The device was used to infuse control
and experimental solutions always into the right lateral ventricle. Both
the cannula and an Alzet osmotic pump (Model 2002, 0.5 pl/hr for 14 days,
Alza Corp., Palo Alto, CA) were filled with the infusate prior to
implantation. At the end of the experiments, i.e., up to 2 weeks after
pump implantation and continuous infusion, the cannula device and pump
were removed from the animal and the device was checked for continued

patency. All devices used in these experiments were patent at the end of
the experiment.

F-F Transection and mNGF Treatment of Young Adult Rats

Female albino rats of the Sprague-Dawley strain, 200 - 250 g in
weight, were used for F-F transection experiments. Details of the
Microsurgical procedures have been described for the selective unilateral
aspirative transections of the dorsal septo-hippocampal pathways (9,21).
Anesthesia for surgery and sacrifice was induced by intramuscular
injection with a mixture (4 ml/kg) of ketamine (25 mg/ml), rompun (1.3
mg/ml) and acepromazine (0.25 mg/ml). Most animals received complete
unilateral aspirative transections of the right supracallosal striae,
dorsal fornix and fimbria, i.e., all the dorsal pathways on the right
side (F-F Aspiration). Other animals received a gham aspiration where the
parietal and cingulate cortices, as well as the supracallosal striae and
corpus callosum were aspirated exposing the F-F, but leaving the F-F
undamaged. Normal, sham, and F-F Aspirated animals received a cannula
implantation and were infused with mNGF 1.2 ug/day for 2 weeks. Other
groups of F-F aspirated animals were infused with serial dilutions of
mNGF to establish a dose response.
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INGEF Treatment of Aged Rats

The effect of mNGF in aged rats was examined in Fisher 344 male rats
obtained from the National Institute of Aging colony at Harlan/Sprague-
Dawley (Indianapolis, IN). Normal uninjured animals 4 months and 2 years
old received a cannula implantation and were treated for two weeks with
vehicle or mNGF at 1.2 pg/day.

: . . £ NG C .

NGF receptor density was quantitated using the 192-IgG monoclonal
antibody to the receptor (22) as described by Yip (23). Animals were
anesthetized and perfused intracandially with 200 - 300 ml of oxygenated
Krebs-Ringer at 40C, until the effluent was clear of blood. The brains
were quickly removed and frozen in liquid nitrogen vapor. Tissues were
mounted onto cryostat chucks, and 16 pum serial sections were cut at -150cC
and thaw mounted onto gelatin/chrome alum-coated slides. Slide mounted
sections were pre-incubated in incubation buffer (100 mM sodium phosphate
pH 7.0, 120 mM sodium chloride, 0.1 mM bacitracin, 0.02% bovine serum
albumin, containing 0.1% polyethylenimine) for 15 min. at 22-259C. Brain
sections were incubated in buffer containing 5 nM 1251—192-IgG for 60
min. at 22-250c, Non-specific binding was determined by inclusion of 1 uM
of non-labeled 192-IgG. Slides were washed in 40c buffer, rinsed quickly
in cold distilled water, dried under a stream of cold dry air, and then
placed in slide boxes containing desiccant overnight at 40c . Brain
sections were exposed for 3 days against LKB UltroFilm at room
temperature to generate autoradiograms.

Autoradiograms were quantified using a microcomputer-assisted
densitometer (Stahl Research Laboratories, Inc) at an anatomical
resolution of 100 pM. The optic density readings were converted into the
amount of radioligand bound/mg protein using 16 pm thick 1251 1abeled
brain mesh standards. Five - eight densitametric readings were taken for
each structure on a single brain section. NGF receptor density in fmol
receptor per mg protein is expressed as the average from 3-4 animals
(13) .

. . —diss .

All tissue samples were taken from the right side of the brain ip-
ilateral to the implanted cannula and/or F-F aspiration. Immediately
after dissection, all samples were frozen on dry ice. The most extensive
dissections were done in the experiments with the Fisher male rats. Under
deep anesthesia the control and experimental animals were perfused
through the heart with oxygenated Krebs-Ringer, 40C, until the effluent
was cleared of blood (24). The cannula device was removed from the skull,
the animal decapitated, and the brain was quickly removed for micro-
dissection. A coronal brain matrix (Harvard Apparatus, South Natick, MA)
was used to facilitate reproducible dissections. Froptal cortex was
obtained from a coronal slice of the brain cut at the caudal end of the
lateral olfactory tract. Under the dissecting microscope, a razor blade
was used to hemiseat the slice, and the olfactory tract and tubercle were
dissected away from the piece of frontal cortex. Next, a 4 mm coronal
slice was cut using the caudal edge of the optic chiasm as a landmark.
From the right hemisection of this slice, the MS/DB was dissected as
previously described (21). The strjatum was removed from this same slice.
In the next 3 mm coronal slice, the NBM was micro-dissected as described
by Cuello and Carson (24). From the remaining brain, a piece of parietal
cortex (approximately 2 mm?) overlying the septal pole of the hippocampus



was removed, the whole hippocampus was dissected, and a 2 rm2 piece of
temporal cortex and entorhinal cortex overlying the temporal pole of the
hippocampus was taken as the final piece of the dissection.

Fig. 1. Bright Field Photographic images of Autoradiagrams Generated by 5
nM 1251—192-IgG exposed to Ultrofilm for 3 days. Serial sections
were incubated in the absence (A, specific binding) or
presence (B, non-specific binding) of 1 pm nonlabled 125I—192—IgG.
cc-corpus callosum; Cg - cingulate cortex; CP - striatum; DDb-
dorsal diagonal band of Broca; MS - medial septal nucleus; VDb-
ventral diagonal band of Broca.

Sprague-Dawley rats with F-F transections were not perfused prior to
decapitation and brain micro-dissection. MS/DB and striatum were
dissected as described (21).

Assay for Choline Acetyltransferase Enzymatic Activity

Each tissue-piece was sonicated at 20 watts in 1 ml of double
distilled water on ice. The samples were diluted to contain approximately
0.5 mg/ml of protein, and 5 ul of this solution (in triplicate) was
placed into a siliconized scintillation vial on ice. ChAt activity was
determined by the micromethod of Fonnum (21). Protein concentration of
the samples was estimated by the method of Lowry as modified by Fryer et
al. (25), using BSA as the standard protein. Inclusion of Triton X-100 in
the sonication solution was found to interfere with the Lowry protein
determinations. The detectable amount of ChAT activity in the MS/DB
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sonicates was not affected by omission of the detergent from the
solution. The ChAt reaction was linear over the range of protein used in
these experiments and up to 15 min of incubation. The average ChAt enzyme
activity is expressed as pmol acetylcholine synthesized per Mg protein
per min. Statistical significance was determined using the Kruskal-Wallis
one-way analysis of variance and the Mann-Whitney U test.

RESULTS

N .. , . {ndi Af F-F T ;

In the normal young adult Sprague-Dawley female rat, there are high
levels of specific 125—192-IgG binding in the superficial layers of
cerebral cortex, striatum, and MS/DB (Fig. 1). In the normal MS/DB, the
average receptor density is equal to 30 fmol/mg protein (n=4). At two
weeks after F-F transection, there is a significant 26% reduction of
1257 192-IgG binding to the NGF receptor in the right MS/DB iipsilateral

Fig. 2. NGF Receptor Density Following F-F Transection and mNGF Infusion.
The density of 125I-192-IgG binding in the MS/DB of experimental animals
is expressed as the percent of the specific binding in normal, untreated
animals, i.e., 30 fmol/mg protein. n=4 in each group, *p<.05.

to the axotomy as compared to normal rats (Fig. 2). Infusion of mNGF at a
dose of 1.2 ug/day (a pump concentration of 100 pg/ml) for 2 weeks, has
no effect on the NGF receptor density of normal basal forebrain neurons.
However, mNGF treatment of F-F transected animals results in a 134%
increase in NGF receptor density on the side of transection compared to
the same side of normal forebrain (13).

Admini fon Stimul ChAT - : _ .

The average specific activity of ChAT in micro-dissections of the
normal MS/DB is 2.3 pmol ACh/Ug protein/min (n=4). Infusion of mNGF at a
dose of 1.2 lg/day for 2 weeks has no effect on the ChAT activity in the
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MS/DB of normal animals (Fig. 3). There is no detectable loss of ChAT
activity in the right MS/DB of untreated or vehicle-treated animals 2 wks
after aspirative transection of the right F-F (21). However, a
substantial increase in ChAT activity is found in animals that received a
F-F aspirative transection and were infused with mNGF. A 200% increase in
ChAT specific activity is observed in the right transected MS/DB, as
compared to untreated normal animals. The ChAT activity in MS/DB of
axotomized, mNGF-treated animals is statistically greater than that in
normal animals treated with mNGF, sham-operated animals treated with
mNGF, and transected animals infused with vehicle (p = .001).

Fig. 3. Axotomy-Dependent Stimulation of ChAT Activity in Female Sprague-
Dawley Rats. ChAT specific activity in the experimental groups is
expressed as the percent of that measured in micro-dissections of the
MS/DB and striatum in normal, untreated animals, i.e., 2.32, and 2.41
pmol ACh/pg protein/min, respectively, n=4 in each group. * p<.05.

NGF treatment also stimulates ChAT activity in dissections of the
striatum of Sprague-Dawley rats. ChAT activity in normal untreated
striatum is 2.4 pmol ACh/Ug protein/min. In both normal and F-F
transected animals, there is a 140% statistically significant stimulation
of ChAT activity after mNGF infusion for 2 weeks compared to untreated
animals (Fig. 3).

Stimulation of ChAT Activity is Dose Dependent

Animals received a right F-F aspiration and were infused for 2 weeks
with serial dilutions of mNGF (Fig. 4). The E.D.5g9 of mNGF on the
stimulation of ChAT activity in the MS/DB ipsilateral to the transection
was obtained using an infusate mNGF concentration of 10 pg/ml, a dose to
the rat brain equivalent to 120 ng/day.
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n in Cl - {0 the Aged .

The specific activity of ChAT varied amongst the various brain regions
micro-dissected for analysis. In 4 month old untreated Control animals,
the average specific activities in distilled water sonicates of micro-
dissected brain regions are as follows (n=6): striatum - 3.2; MS/DB -
2.1; hippocampus - 1.6; frontal cortex - 1.2; temporal cortex - 1.1;
parietal cortex - 0 . 7; and NBM - 0 . 7 . The effects of age on the ChAT
activity of these brain regions is illustrated in Figures 5 and 6. The

ChAT Specitic Activity
{pmol Ach/ug protein/min)

5

0 01 i 10 100 1000
Infusate concentration of NGF (. g/ml)

Fig. 4. mNGF Stimulation of ChAT Activity is Dose-Dependent. The dose
response is illustrated for the mNGF effect after F-F transection. A pump
concentration of 10 Mg/ml delivers 120 ng of mNGF per day to the rat
brain, n=4 for each concentration.

most consistent age-related losses of ChAT activity are in the MS/DB,
hippocampus, and striatum (Fig. 5). All three areas have significant, 20
- 30% losses in enzyme activity compared to 4 month o0ld untreated
animals. A significant 15% loss of enzyme activity is also observed in
the frontal and temporal cortices of this sample of 2 year old animals.
No change is observed in the parietal cortex or in the NBM.

F i h Activi] in A Fisher 34
Infusion of mNGF into young adult Fisher 344 male rats has a
significant effect on the ChAT activity in the MS/DB; enzyme activity is

stimulated 120% above control values. However, the effect on the MS/DB in
2 year old animals is even larger. Treatment of 2 year old rats with
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nmNGF stimulates ChAT activity 170% compared to control, levels that are
significantly larger than those in the 4 month NGF-treated animals
(p<.002) . NGF treatment also stimulates ChAT activity in the hippocampus,
frontal cortex, and temporal cortex of 2 year old animals compared to
untreated and vehicle-treated 2 year old rats. Although there is an above
average stimulation of ChAT activity by mNGF in the NBM of both 4 month
and 2 year old rats, the differences from control values are not
significant due to the large variability of these samples. As in the
young adult Sprague-Dawley female rats, mNGF treatment stimulates ChAT
activity in the striatum of 4 month old Fisher male rats as well as the 2
year old rats.

Fig. 5. Age-Related Stimulation of ChAt Activity by mNGF. Enzyme activity
is expressed as the percent of activity in 4 month old untreated animals
(pmol ACh/pg protein/min): MS/DB = 2.4; Hippocampus = 1.6; Striatum =
3.2. Open bars - 4 Month Old + mNGF; Hatched bars ~ 2 Year 0ld + Vehicle;
Black bars - 2 Year 0ld + mNGF, n=6 in each group. *p<.05 compared to 4
Month Old Untreated animals. #p<.05 compared to 2 Year 0ld + Vehicle.

DISCUSSION
Axotomy-dependent Stimulation of ChAT in the MS/DB of Sprague-Dawley Rats

Developmental studies of the rat basal forebrain and striatum
identified the sensitivity of the cholinergic neurons within these brain
regions to the administration of exogenous mNGF (14-18). ChAT enzyme
activity is stimulated up to 10-fold in normal embryonic and neonatal
MS/DB upon treatment with exogenous mNGF. However, in older animals, the
cholinergic neurons of the MS/DB appear to became less sensitive to
exogenous mNGF, and in the adult rat, mNGF has considerably less effect
on the ChAT activity in the normal MS/DB (18). In our experiments using
normal female Sprague-Dawley rats, continuous infusion of mNGF at



1.2 pg/day has no effect on the ChAT activity in the MS/DB. However,
identical treatment of Fisher 344 male rats results in a small but
significant 120% stimulation of ChAT activity. This different sensitivity
to exogenous mMNGF in normal young adults may be related to the sex
(26,27) or the species of the animal (28).

Transection of the F-F in adult female Sprague-Dawley rats triggers a
sensitivity of the cholinergic neurons in the MS/DB to administration of
exogenous mMNGF. Continuous infusion of mNGF for 2 weeks after complete
unilateral F-F aspiration stimulates ChAT specific activity in the MS/DB
ipsilateral to the transection to a level that is 200% higher than that

Fig. 6. Effects of mNGF on the Nucleus Basalis Projection System. Enzyme
activity is expressed as the percent of activity in 4 month old untreated
animals. Open bars - 4 Month 0Old + mNGF; Hatched bars - 2 Year 01ld +
Vehicle; Black bars - 2 Year 0ld + mNGF, n=6 in each group. *p<.05 compared
to 4 Month 0ld Untreated animals. #p<.05 compared to 2 Year 0ld + Vehicle.

measured in normal adult animals. The stimulation of enzyme activity is
axotomy-dependent as administration of mNGF has no effect in sham
operated animals with an intact F-F. The stimulation is also dose
dependent. The E.D.50 was obtained at a pump concentration of 10 pg/ml,
or 120 ng/day.

The mechanism(s) is unknown regulating this axotomy-induced
sensitization to exogenous NGF. At 2 weeks after a F-F transection, there
is a 26% decrease in receptor density on the side of aspiration (13).
This agrees with the reported loss of NGF receptor using traditional
immunohistochemical methodology (29). After mNGF administration, the loss
of receptor density is not only prevented (12), but there is a .
supranormal, 130% increase of 125I—192—IgG binding. These data indicate
that the response of the transected neurons to exogenous mNGF is mediated
by a feed-forward stimulation of cell surface NGF receptor expression.
Increased NGF receptor expression could provide a mechanism for the
increase in ChAT activity in the transected MS/DB after mNGF treatment.



Septo-Hippocampal System. There is a significant 40% loss of NGF mRNA and

protein in the hippocampus of two year old Fisher male rats (28). This
correlates with the 20-30% loss of ChAT activity in micro-dissections of the
cholinergic cell bodies of the MS/DB and in their terminals within the
hippocampus as observed in the present study, and the morphological atrophy
of the MS/DB cholinergic neurons reported by others in aged Fisher rats
(30) . This age-related cholinergic dystrophy (see also 31-33) in the MS/DB
may underlie the age-related sensitization of these neurons to exogenous
mNGF. Treatment of two year old animals with mNGF for two weeks results in a
160% stimulation of MS/DB ChAT activity compared to 4 month untreated rats.
Although mNGF treatment of 4 month Fisher males does result in a 120%
stimulation of ChAT activity, the 2 year old rat apparently is even more
sensitive; the effect of exogenous mNGF treatment in 2 year old rats is sig-
nificantly greater than in 4 month old animals.

The stimulation of ChAT activity in the cell bodies of 2 year old rats is
also reflected in the elevated enzyme activity detected in the hippocampus
of the mNGF-treated aged rats. 1In this series of experiments, no
stimulation of ChAT enzyme activity was detected in the hippocampus of 4
month old animals.

- . In the Fisher rat, the NBM system responds to age
very differently than the MS/DB system. There is no detectable loss of NGF
protein in the frontal cortex of aged Fisher rats (28), and there is no
detectable loss of ChAT activity in the aged NBM. These neurons are reported
to atrophy in both Fisher (30) and Sprague-Dawley (33) rats, and in the
samples of frontal and temporal cortices analyzed in these experiments, there
is a significant decrease in ChAT activity, indicating the possibility of NBM
terminal degeneration in these areas.

The cholinergic neurons of the NBM show a range of responses to exogenous
mNGF. In both 4 month and 2 year old Fisher male rats, some micro-
dissections possessed higher ChAT levels than most of the samples from NGF-
treated animals. Thus, there is a trend for stimulated ChAT activity in the
NBM in both young and old animals, but the stimulation is not statistically
significant in either case. Morphologic data indicate that NGF treatment
reverses age-related neuronal atrophy in the NBM (33). Interestingly, in the
samples of the two year old rats examined in these experiments, the ChAT
activity in the terminal regions of the NBM, i.e., the frontal and temporal
cortices, are stimulated by the mNGF treatment.

The NBM and the MS/DB have been hypothesized to represent similar
populations of neurons (34). However, in the rat, the two groups of neurons
can be distinguished by their expression of the neuropeptide, galanin.
Galanin co-localizes with cholinergic neurons in rat MS/DB, but not rat NBM
(35,36) . Differential expression of galanin or other peptides may be related
to the apparent differences in the aging response of the neurons in these
nuclei.

Striatum. The sensitivity to exogenous mNGF of the cholinergic
interneurons within the striatum persists throughout life. In neonatal (12),
young adult Sprague-Dawley female, young adult Fisher 344 male, and 2 year
old Fisher 344 male rats, administration of mNGF to the CNS results in a
significant 115% - 140% stimulation of ChAT activity in the striatum
compared to untreated controls.

Mature striatal interneurons are hypothesized to exist with less-than-

maximal support from endogenous NGF (37). Such optimal or less-than-
optimal conditions may maintain the sensitivity of these neurons to
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exogenous MNGF. The striatal cholinergic neurons atrophy with age (33),
and exhibit a substantial age-related loss of ChAT enzyme activity in
both Sprague-Dawley (32) and Fisher rats. This age-related dystrophy may
underlie the apparent increased sensitivity of aged striatum to exogenous
mNGF; treatment of 2 year old rats results in a 140% stimulation in ChAT
activity, a level that is significantly larger than that in 4 month old
mNGF-treated Fisher rats.

SUMMARY

Our results indicate that in the rat, there is a differential
regulation of the cholinergic phenotypes expressed by the interneurons of
the striatum, the projection neurons of the MS/DB to the hippocampus, and
the projection neurons of the NBM to the cerebral cortex. these three
cholinergic neuronal groups respond differently to the aging process, and
express different sensitivities to exogenous mNGF. There is no detectable
loss of ChAT enzyme activity with age in the NBM projection system,
whereas both the striatal interneurons and the projection neurons in the
MS/DB exhibit substantial losses of enzyme activity with age. The age-
related dystrophy of these latter cholinergic systems may be mediated by
the decreased levels of endogenous NGF (28), and underlie the behavioral
impairments observed in aged animals (32,33).

Neurons of the young adult MS/DB are little affected by exogenous NGF.
However, both axotomy and age appear to activate NGF-mediated mechanisms
regulating cholinergic metabolism. NGF treatment of these sensitized
neurons triggers a feed forward expression of NGF receptor and results in
a supranormal stimulation of ChAT activity. Of interest is the similarity
of age-dependent sensitization to that of the trauma of axotomy. It is
also possible that the response of a given neuron to age is not only
mediated by endogenous levels of trophic factor (6), but also by the
influence of co-existing peptides such as galanin (38).

ACKNOWLEDGEMENTS

We extend our large gratitude to Dr. Stephen Buxser and Mr. Douglas
Decker, Cell Biology Unit, The Upjohn Company, Kalamazoo, MI, for providing
the well characterized nerve growth factor used in this study, and for
monitoring NGF biologic activity during the course of the experiments.

REFERENCES

1. Levi-Montalcini, R., and Angeletti, P.U. (1968) Nerve growth factor.
Physiol. Rev. 48:534-569.

2. Thoenen, H., Bandtlaw, C., and Heumann, R. (1987) m e physiological
function of nerve growth factor in the central nervous system:
Comparison with the periphery. Rev, Physiol Biochem, Pharmacol.
109:146~-178.

3. Whittemore, S.R., and Seiger, A. (1987) The expression, localization
and functional significance of B-nerve growth factor in the central
nervous system. Brain Research Rev, 12:439-464.

4. Schwab, M.E., Otten, U., Agid, Y., and Thoenen, H. (1979) Nerve
growth factor (NGF) in rat CNS: Absence of specific retrograde
axonal transport and tyrosine hydroxylase induction in locus
coeruleus and substantia nigra. Brain Research 168:473-483.

5. Stewart, S.S., and Appel, S.H. (1988) Trophic factors in neurologic
disease. Ann. Rev. Med. 39:193-201. 12

113



6. Varon, S., Manthorpe, M., and Williams, L.R. (1984) Neuronotrophic
and neurite promoting factors and their clinical potentials. Devy.
Neurosci. 62:73-100.

7. Hefti, F., and Weiner, W.J. (1986) Nerve growth factor and
Alzheimer's disease. Ann. Neurol. 20:275-281.

8. Hefti, F. (1986) Nerve growth factor promotes survival of septal
cholinergic neurons after fimbrial transections. J, Neurosci.
6:2155~-2162.

9. Williams, L.R., Varon, S., Peterson, G.M., Wictorin, K., Fischer,

W., Ejorklund, A. and Gage, F.H. (1986) Continuous infusion of Nerve
Growth Factor prevents basal forebrain neuronal death after fimbria-
fornix transection. Proc¢. Nat, Acad. Sc¢i. (USA) 83:9231- 9235.

10. Kromer, L.F. (1987) Nerve growth factor treatment after brain injury
prevents neuronal death. Science 235:214-235.

11. Hefti, F., Dravid, A., and Hartikka, J. (1984) Chronic
intraventricular injections of nerve growth factor elevate
hippocampus choline acetyltransferase activity in adult rats with
partial septo-hippocampal lesions. Brain 293:305-311.

12. Montero, C.N., and Hefti, F. (1988) Rescue of lesioned septal
cholinergic neurons by nerve growth factor: specificity and
requirement for chronic treatment. J, Neurosci. 8:2986-2999.

13. Yip, H., and Williams, L.R. (1988) Plasticity of NGF receptors in
the rat basal forebrain following axotomy and exogenous N. SocC.
Neurosci . Abstr. 14: 256

14. Mobley W.C., Rutkowski, J.L., Tennekoonn, G.I., Buchhanan, K., and
Jonston, M.V. (1985) Choline acetyltransferase in striatum of
neonatal rats increased by nerve growth factor. Science 229:284-287.

15. Hefti, F., Hartikka, J., Eckenstein, F., Gnahn, H., Heuman, R., and
Schwab, M. (1985) Nerve growth factor increases choline
acetyltransferase but not survival or fiber outgrowth of cultured
fetal septal cholinergic neurons. Neuroscience 14:55-68.

16. Gnahn, H., Hefti, F., Heumann, R., Sc3hwab, M.E., and Thoenen, H.
(1983) NGF-mediated increase of choline acetyltransferase (ChAT) in
the neonatal rat forebrain: evidence for a physiological role of NGF
in the brain? Dev. Brain Research 9:45-52.

17. Mobley W.C., Rutkowski, J.L., Tennekoon, G.I., Gemski, J., Buchanan,
K., and Johnston, M.V. (1986) Nerve growth factor increases choline
aoetyltransferase activity in developing basal forebrain neurons.
Mol, Brain Research 1:53-62.

18. Johnston, M.V., Rutkawski, J.L., Wainer, B.H., Long, J.B., and
Mobley, W.C. (1987) NGF effects on developing forebrain cholinergic
neurons are regionally specific. Neurochem., Res. 12:985-994.

19. Buxser, S.E., Watson, L., and Johnson, G.L. (1983) A comparison of
binding properties and structure of NGF receptor on PCl2
pheochromocytoma and A875 melanoma cells. J, Cellular Biochem.
22:219-233.

20. Williams, L.R., Vahlsing, H.L., LindamoDd, T., Gage, F.H., Varon, S.
and Manthorpe, M. (1987) A small gauge cannala device for continuous
infusion of exogenous agents into the brain. Exp, Neurol. 95:743- 754.

21. Williams, L.R., Jodelis, K.S. and Donald, M.R. (1989) Axotomy-
dependent stimulation of choline acetyltransferasle by exogenous
mouse nerve growth factor in rat basal forebrain. Brain Res. in
press.

22. Chandler, C.E., Parsons, L.M., Hosang, M., and Shooter, E.M. (1984)
A monoclonal antibody modulates the interaction of nerve growth
factor with PC12 cells. J, Biol, Chem. 259:6882-6889.

23. Yip, H.K. (1989) The localization of NGF receptors in the central
nervous system of the rat-an in vitro autoradiographic study with a
monoclonal antibody against the NGF receptor. J., Neurosci. in press.

114



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cuello, A.C., and Carson, S. (1983) Microdissections of fresh rat
brain tissue slices. In Methods in the Neurosciences, Vol, 2: Brain
Dissection Techpnigques. (ed: Cuello, A.C.) John Wiley amd Sons,
Chinchester, pp. 37-125.

Fryer, H.J.L., Davis, G.E., Manthorpe, M., and Varon, S. (1986)
Lowry protein assay using an automatic microtiter plate
spectrophotometer. Angl. Bjochem. 153:262-266.

Loy, R., and Milner, T.A. (1983) Neonatal steroid treatment alters
axonal sprouting in adult hippocampus: Sexually dimorphic
development of target neruons. In: Nervous System Regeneration,
(eds: Haber, B., Perez-Polo, R., Hashim, G.A., and Stella, A.M.G.),
A.R. Liss, NY pp. 417-423.

Harrell, L.E., and Parsons, D.S. (1988) Role of gender in the
behavioral effects of peripheral sympathetic in growth. Exp., Neurol.
99: 315-325

Larkfors, L., Ebendal, T., Whittemore, S.R., Perrsson, H., Hoffer,
B., and Olson, L. (1988) Developmental appearance of nerve growth
factor in the rat brain: significant deficits in the aged forebrain.
Prog, Brain Res. 78:27-31.

Springer, J.E., Koh, S., Tayrien, M.W., and Loy, R. (1987) Basal
forebrain magnocellular neurons stain for nerve grawth factor
receptor: Correlation with cholinergic cell bodies and effects of
axotomy. J, Neurosci. Research 17: 111-118.

Armstrong, D.M., Buzsaki, G., Chen, K., Ruiz, R., Sheffield, R., and
Gage, F.H. (1987) Cholinergic neurotransmission in the aged rat: A
behavioral, electrophysiological, and anatcmical study. Soc.
Neuxosci, Abstr. 13: 434

Decker, M.W. (1987) The effects of aging on hippocampal and cortical
projections of the forebrain cholinergic system. Brain Res, Rev. 12:
423-~438

Strong, R., Hicks, P., Hsu, L., Bartus, R.T. and Enna, S.J. (1980)
Age-related alterations in the rodent brain cholinergic system and
beavior. Neurobiol, Aging 1:59-63.

Fischer, W., Wictorin, K., Bjorklund, A., Williams, L.R., Varon, S.,
and Gage, F.H. (1987) Intracerebral infusion of Nerve Growth Factor
ameliorates cholinergic neuron atrophy and spatial memory impairments
in aged rats. Nature 329: 65-68.

Schwaber, J.S., Rogers, W.T., Satoh, K., and Fibiger, H.C. (1987)
Distribution and organization of cholinertic neurons in the rat
forebrain demonstrated by computer-aided data acquisition and three-
dimensional reconstruction. J, Comp, Neurol. 263:309-325.

Melander, T., Staines, W.A., Hokfelt, T., Rokaeus, A., Eckenstein,
F., Salvaterra, P.M., and Wainer, B.H. (1985) Galanin-like
immunoreactivity in cholinergic neurons of the septum-basal
forebrain complex projecting to the hippocampus of the rat. Brain
Res. 360:130-138.

Wenk, G.L., and Rokaeus, A. (1988) Basal forebrain lesions
differentially alter galanin levels and acetylcholinergic receptors
in the hippocampus and neocortex. Braipn Res. 460:17-21.

Hagg, T., Hagg, F. Vahlsing, H.L., Manthorpe, M. and Varon, S.
(1989) Nerve growoth factor effects on cholinergic neurons of
neostriatum and nucleus accumbels in the adult rat. Neurosci. in
press.

Chan-Palay, V. (1988) Galanin hyperinnervates surviving neurons
ofthe human basal nucleus of Meynert in dementias of Alzheimer's and
Parkinson's disease: A hypothesis for the role of galanin
inaocentuating cholinergic dysfunction in dementia. J, Comp,

Neurol.273: 453-557



NEURONOTROPHIC FACTORS, GANGLIOSIDES AND THEIR INTERACTION: IMPLICATIONS

IN THE REGULATION OF NERVOUS SYSTEM PLASTICITY

Stephen D. Skaper, Alberta Leon and Gino Toffano

Fidia Research Laboratories
Via Ponte della Fabbrica 3/A
35031 - Abano Terme, Italy

INTRODUCTION

The phenomenon of neuroplasticity can be discussed, in very broad
terms, as the ability of a nerve cell to modify its behaviors under the
influence of extrinsic factors. Like any 1living system, the nervous
system represents a dynamic organization, whose various elements are in
a continual state of change due to interactions not only with one
another, but also with their extraneural environment. Neurons are
exposed to such influences from cells with which they are in direct
contact, and from humoral sources; this vast array of external influences
constitutes the microenvironment of these cells. Agents affecting
neuronal behaviors represent a diverse and crucial element in determining
how nerve cells will respond to cues from this microenvironment. Our
ability to alter the response(s) of neuronal cells to these extrinsic
signals can constitute a powerful tool for modulating the neuroplastic
behaviors of the former - an important consideration for promoting
regeneration and/or repair processes in the brain. Such is the topic of
the present article.

NEURONOTROPHIC FACTORS: NERVE GROWTH FACTOR

Peripheral Nerve System

One very important class of extrinsic agents directed to neurons
are neuronotrophic factors. The current state of knowledge of trophic
factors has come, in large part, from the discovery of Nerve Growth
Factor (NGF) (1,2). This protein is required for the development and
maintenance of function of sympathetic neurons and the majority of
neural crest-derived sensory neurons, in terms of both survival (3,4)
and neurite elongation and neurotransmitter enzyme induction (5,6).
Selective responsiveness to NGF is linked to expression of specific cell
surface receptors. NGF binds to its receptor, which is internalized as a
receptor/NGF complex and transported in a retrograde fashion to the cell
body where physiologic actions are mediated (7,8). NGF mRNA is present
in peripheral tissues of various mammalian species, where a good
correlation exists between the amounts of NGF mRNA and the density of
sympathetic innervation (9,10).



Central Nervous System

In addition to its well-established role in the development of
peripheral sympathetic and sensory neurons, a number of recent studies
support a role for NGF also in the development of basal forebrain
cholinergic neurons. NGF is selectively taken up by cholinergic nerve
terminals in the neocortex and hippocampus, and retrogradely transported
to these forebrain magnocellular cholinergic neurons (11). Exogenous NGF
increases choline acetyltransferase (ChAT) activity (12) and survival
and neurite outgrowth (13) of cultured fetal septal neurons, and also
ChAT activity in the basal forebrain of neonatal rats in vivo (14,15).
NGF and its mRNA in the developing rat brain parallel the growth of
cholinergic neurons (16,17). Intraventricular administration of NGF
leads to up-regulation of NGF receptor mRNA expression and receptor
immunoreactivity (18), while antibodies to NGF given by the same route
reduce ChAT activity (19).

The role of NGF goes beyond that of development, affecting the
function of these neurons in the adult brain. Hippocampal and cortical
target areas of basal forebrain cholinergic neurons express high levels
of NGF and NGF mRNA (16,17,20). NGF receptors have been visualized in
adult rat (21), primate (22) and human (23) brain. The mRNA encoding the
NGF receptor has been detected in rat (24) and human (25) basal
forebrain. Exogenously administered NGF is able to affect developed
forebrain cholinergic neurons trophically after axonal injury. Fimbrial
lesions, which interrupt the septohippocampal cholinegric pathway, lead
to a retrograde degeneration of cholinergic neurons in the septum.
Intraventricular application of NGF has been found to prevent this
lesion-induced degeneration (26-28). Important also is the observation
that NGF infusion is able to elevate ChAT activity in hippocampus and
septum of non-lesioned adult rats (29).

In addition to the basal forebrain cholinergic neurons, other CNS
populations may be affected by NGF. For example, transection of the
optic nerve in the adult rat leads to degeneration of retinal ganglion
cells. Application of NGF to the site of injury is reported to prevent
this ganglion cell loss (30), or to reduce ganglion cell damage
following ischemia (31).

OTHER NEURONOTROPHIC MOLECULES

A number of other macromolecules endowed with neuronotrophic
activity have been identified and characterized since the discovery of
NGF. These include the Ciliary Neuronotrophic Factors (CNTF) (32-34),
Brain-Derived Neurotrophic Factor (35), fibroblast growth factors
(36-40), and epidermal growth factor (41).

PHARMACOLOGICAL APPROACHES TO THE TREATMENT OF NEURAL INSULTS AND
NEURODEGENERATIVE DISEASES

The capacity of a CNS neuron to undergo adaptive changes in
response to microenvironmental cues - neuroplasticity - represents a
finely tuned balance between promoting and inhibiting infuences.
Disruption of this mechanism by axotomy or cutting off the blood supply
are probably the two major causes of neuronal death in the CNS. Any
considerations of intervention must take into account the order of
biological events that follow a brain insult. Lesion or trauma will lead
to an acute loss of neurons, accompanied by a delayed, secondary phase
of neuronal death. The primary neuronal loss is 1likely an intractable
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occurrence, with nothing short of actual cell replacement having any
chance of effecting amelioration (42,43). On the other hand, delayed
(secondary) 1loss of neurons may be amenable to pharmacological
treatment with subsequent neuronal survival providing for functional
recovery.

Exogenous Trophic Factor Administration

Neuronotrophic factors similar, if mnot identical to those in
development, may continue to function in the maintenance and repair
capacities of adult neurons. Certain degenerative processes of the
nervous system and/or the events that are associated with brain aging
may actually result from defective or insufficient supplies of trophic
factors. This concept has given rise to what has been termed the
"trophic deficit hypothesis” (44,45). For example, the finding that
exogenous NGF is able to reduce the loss of adult lesioned cholinergic
neurons in the septum/diagonal band and nucleus basalis of the brain
(26-28) has led to the speculation that availability of a trophic factor
for these neurons (perhaps NGF) may control their survival and
biological competence (44,45). In these terms, a trophic deficit may
result in cholinergic cell deterioration as well as accompanying memory
deficits - a situation known to occur in Alzheimer's disease (46).

The potential for application of trophic substances to therapy in
the CNS is demonstrable in at least one case discussed above, in which
cholinergic neurons in the medial septum can be protected from
retrograde degeneration by chronic infusion of NGF (26-28). Another
version of this therapeutic approach comes from experiments by Rosenberg
et al. (47), who reported that cultured fibroblasts, genetically
modified to produce and secrete NGF and then grafted to the cavity
formed in creating a fimbria-fornix 1lesion, will prevent retrograde
cholinergic degeneration and induce axonal sprouting.

One limitation to this strategy of exogenous trophic intervention
derives from the apparent necessity of applying the desired material in
close proximity to the lesion site. A way to circumvent this problem
could lie in pharmacological treatment designed to enhance the action of
endogenously occurring neuronotrophic activities. The following sections
will discuss this idea in more detail.

Ganglioside Treatment and CNS Repair Processes

Agents involved in modulating neuronal behaviors, especially in
reponse to neuronotrophic influences, have been seldom studied, with the
possible exception of gangliosides. These molecules comprise a family of
naturally occurring sialic acid-containing glycosphingolipids (48).
Gangliosides are localized in the plasma membrane of vertebrate cells,
with the highest concentrations in mammals being in the grey matter of
the nervous system, in particular, in the region of synaptic terminals
(49). Striking modifications of the ganglioside profile occur during
development of the mammalian brain (50); changes also take place in
aging (51) and in several neuropathological situation (52). The view
that gangliosides, and in particular the monosialoganglioside GM1l, play
a distinctive role in the process of axonal growth is consistent with
observations that anti-GM1 antibodies inhibit neurite regeneration in
vitro (53), and axonal elongation in vivo (54), as well as produce
long-lasting alterations in the maturation of CNS circuitry and
behavioral processes when administered to developing animals (55).
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Experiments with diverse neuronal cell types in vitro have provided
clear evidence that exogenous gangliosides (mainly GMl) are able to
enhance de novo neurite outgrowth or neurite regeneration in the
presence of the appropriate trophic factor (56-59). The ability of GM1
to potentiate neuronotrophic action is a broad one, in that GM1 is also
effective with NGF-unlike trophic activities (59,60). Exogenous GMl is
observed to stimulate the biochemical development and survival of
dopaminergic and GRABRergic populations in cultured fetal mouse mesen-
cephalic cells (61). In neuronal cells with neuronotrophic factor-linked
survival or neurite outgrowth, ganglioside will improve the trophic
action - but not substitute for it. These trophic-dependent ganglioside
actions require the "correct" balance between stimulating and retarding
influences (59,62). This principle is a key one, in that neuronal
dysfunction and/or death resulting from pathological events or aging
may also reflect an imbalance of environmental signals.

In addition to enhancing neuronal cell responsiveness to exogenous
neuronotrophic factors in vitro, the potentiating action of GM1
administration on postlesion recovery in the CNS is well-documented.
GMl-induced improvement of biochemical, morphological and behavioral
parameters after various types of brain lesion have been observed
(63-65) . Quite a large number of reports have described GMl ganglioside-
stimulated recovery of lesioned nigral dopaminergic, serotonergic, and
cholinergic neurons. GMl treatment has also been shown to facilitate
behavioral recovery following brain damage (66,67).

The ability of GMl to act jin_vivo appears to be a function of the
extent of the lesion applied (68,69), suggesting the need for a certain
level ("set point™) of trophic support. This idea is not inconsistent
from the in vitro studies already discussed, where the facilitating
action of GMl was found to depend on a particular balance between
promoting and inhibiting factors acting together with NGF or other
trophic influences. It is important to keep in mind the functional role
that neuronotrophic factors may serve in the adult CNS. The above model
thus implies that the effects of GMl in vivo are related to an
enhancement of trophic activity which has increased as a result of
lesion. In fact, neuronotrophic activities, including NGF, increase at
the lesion site following brain damage (70, 71). Such trophic activities
may be critical for the execution of repair processes, yet inadequate in
titer or activity; however, together with ganglioside this set-point may
be surpassed.

Some very recent findings provide in vivo support for the
hypothesis of monosialoganglioside potentiation of neuronotrophic factor
effects. In one study which used a peripheral nervous system model (72),
GMl was shown to facilitate NGF effects following vinblastine-induced
sympathectomy in newborn rats, as measured by NGF's ability to maintain
noradrenergic innervation in the heart and spleen; GMl alone was
inactive against vinblastine. In another case, both GMl and NGF
prevented the biochemical and morphological changes accompanying lesions
to rat basal forebrain cholinergic neurons: NGF and GM1l acted
synergistically to stimulate choline acetyltransferase activity in
cultured septal neurons (73).

ALZHEIMER'S DISEASE AND BRAIN AGING: THERAPEUTIC PERSPECTIVES

Alzheimer's disease is a disease of unknown cause that is
characterized by a progressive loss of memory and other cognitive
functions, leading to eventual permanent disability,
and death. Neuropathologically, senile plaques and neurofibrillary
tangles evidence the main features of Alzheimer's disease (74).
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tangles evidence the main features of Alzheimer's disease (74).

One of the most consistent findings in Alzheimer's brain is the
degeneration of neurons forming the ascending cholinergic pathways of
the basal forebrain (75). A good correlation between the observed
reduction in ChAT activity and the severity of clinical dementia has
been reported (76). This 1loss of cholinergic neurons has often been
regarded as a major factor responsible for the memory 1loss in
Alzheimer's disease.

Brain aging has also been hypothesized as reflecting a trophic
deficit (44). Several similarities are evident between Alzheimer's
disease and the apparent reduction in the regenerative capacity of
neural systems with age. Most affected appear to be the cholinergic
neurons of the nucleus basalis of Meynert and of the septum, the same
areas as in Alzheimer's. Decreased levels of NGF and its mRNA have been
described to occur in the hippocampus of the aged rat brain (77), with
intraventricular infusion of NGF having been reported to improve the
cognitive behavior of such age-impaired rats (78).

It has been suggested that the degeneration of cholinergic mnerve
cells is responsible, at least in part, for the symptoms of Alzheimer's
disease. The recently described ability of NGF to prevent the
degeneration of cholinergic neurons in adult rats with experimental
lesions mimicking the cholinergic deficit in Alzheimer's disease (26-28)
and to ameliorate cholinergic neuron atrophy in aged rats (78), may
provide useful paradigms for examining the question of whether increasing
the availability of NGF to cholinergic cells could promote their
survival in clinical disease states (46). It is interesting that NGF
seems to affect cholinergic neurons not only after axonal interruption
(26-28), but also in other types of 1lesions. Intraventricular NGF
administration attenuates the reduction of ChAT activity in the cortex
induced by ibotenic acid-induced lesions in the nucleus basalis (79).

The prospects for an effective treatment of cholinergic dysfunction
leave much work to be done. Clinical application of NGF presents certain
logistical problems, in that NGF is a protein which must be administered
directly into the brain, and that is available in only very 1limited
amounts. This latter restriction may be overcome by the use of genetic
engineering techinques to produce larger quantities of human NGF. The
limitation of NGF administration could be approached by the use of drugs
capable of potentiating the effects of endogenous NGF. As discussed in
this article, monosialogangliosides would appear to be attractive
pharmacological candidates for addressing this problem. Not only do
gangliosides augment the effects in vivo of NGF on central cholinergic
neurons (73), but they also are described to protect against brain
damage induced by the excitotoxin ibotenic acid (80) - as does NGF (79).
Given the lack of a viable therapy for Alzheimer's disease, further
research related to gangliosides seems warranted.
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Neuronal cell death is an active process

The survival of neuronal cells depends on the presence of trophic factors. To date,
nerve growth factor (NGF) is the only trophic factor which is chemically well characterized
and of proven physiological significance (1). NGF is necessary for the survival and
function of sympathetic and neural crest-derived sensory neurons. It is becoming clear that
NGF is also important for the basal forebrain cholinergic neurons in CNS (2), a cell group
involved in memory and which degenerates in Alzheimer's disease.

Since NGF is critical for the survival of a variety of neurons, one central question
that needs to be addressed is the molecular mechanisms by which NGF keeps neurons
alive. This survival-promoting effect may result from either one of the following
mechanisms. First, NGF may nourish the neurons, exerting a positive effect on the
general metabolism, thus keeping the neurons alive. Many of these general stimulatory
effects (such as enzymatic synthesis of neurotransmitters, hypertrophy of the cells) require
protein synthesis. In this case, neuronal survival is a direct result of the nourishing (or
trophic) effects. Upon removal of NGF, the cells lose the positive stimulation, and die in a
passive fashion. This has been the implicit view in the literature. Alternatively, NGF may
have a "death—suppressing" effect which is mechanistically separable from its trophic
effects. The neurons may possess an endogenous "death program” which is suppressed by
NGF. This "death program" will be initiated when the neuronal cells are deprived of NGF.
In other words, instead of a passive process, this view sees that the death resulting from
NGF deprivation is an active process.

There are some predictions can be made if either of these mechanisms mentioned
above is true. If the death resulting from NGF deprivation is a passive process, one would
expect inhibition of macromolecular synthesis (such as protein and RNA synthesis) will be
detrimental to these neurons. As a result, addition of inhibitors of protein synthesis (such
as cycloheximide) or RNA synthesis (such as actinomycin D) to cells deprived of NGF
should hasten the dying process. On the other hand, if NGF deprivation initiates an active
process which kills the neurons, one would expect protein and RNA synthesis inhibitors
will interrupt the process and save these cells.

We designed experiments using sympathetic neurons in culture to address this
question. Sympathetic neurons were obtained from embryonic rat superior cervical
ganglia, and the culture was established in the presence of NGF for a week. Removal of
NGF by anti-NGF antibodies at this time resulted in massive death of these cells in two
days. To see the effects of protein and RNA synthesis inhibitors on the NGF-deprived
neurons, anti-NGF antibodies were added to the culture with or without the presence of
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these inhibitors. Our results (Fig.1) (3) indicated that the presence of cycloheximide or
actinomycin D prevented the death of the NGF—deprived neurons. Looked at another
way, inhibiting protein or RNA synthesis non-specifically mimicked the effect of NGF.
These results support the notion that there is an intrinsic "death program" in these cells
which can be activated by NGF deprivation. Upon removal of NGF, these cells initiate an
active process which involves the synthesis of new RNA(s) and protein(s), or increased
synthesis of pre—existing molecules, that ultimately kill the cells. Cycloheximide and
Actinomycin D may interrupt this "death program” by inhibiting the synthesis of some
death-associated protein(s) or RNA(s), thus preventing these cells from dying. In addition
to the sympathetic neurons described here, protein and RNA synthesis inhibitors have been
shown to block the neuronal cell death in other systems. Very importantly, Oppenheim and
Prevette (4) showed that these agents could block the naturally occurring cell death of
sensory and motor neurons in the chicken embryo. These results indicate that the
requirement of macromolecular synthesis is a general property of these "physiologically
appropriate” cell deaths.

Fig.1. Inhibition of NGF deprivation-
induced cell death by cycloheximide.
Primary culture of sympathetic neurons was
prepared from superior cervical ganglia of
100f neonatal rats. The culture was established in
the presence of NGF for 7 days. To initiate
the experiment, anti-NGF antibodies were
added to the culture with or without the
presence of 1 ug/ml of cycloheximide.
Neuronal cell death after NGF deprivation
resulted in massive release of the intracellular
enzyme, adenylate kinase, into the medium,
sot which can be taken as a measure of cell death
(3). The degree of cell death was assessed 2
days after the addition of anti-NGF
antibodies. Results from this experiment
indicate that the presence of cycloheximide
significantly reduced the neuronal cell death
resulted from NGF deprivation. Those cells
saved by cycloheximide at the end of the

Relative caell death

0 experiment will go on to live indefinitely as
+ NGF - NGF - NGF the untreated cells if the drug is removed
+ CHX from the culture, and NGF is added at this

time.

Suppression of inadvertently activated "proframmed cell death” by interferons

Since RNA synthesis inhibitors (such as actinomycin D) and protein synthesis inhibitors
(such as cycloheximide) have been shown to prevent a number of "programmed cell
death”, one might ask if there is any physiologically important agents other than trophic
factors which can serve to modify the death program. Interferon (IFN) should be a prime
candidate for this purpose. IFN's are a family of proteins which have antiviral and anti-
proliferative effects (5,6). There are two major types of IFN, namely type I and type II
IEN. Type I IEN consists of IFN-a (produced by leukocytes) and IFN-8 (produced by
fibroblasts), and they share the same receptor type. Type II IFN (IFN-y), produced by
activated T cells) has unique immunoregulatory activity in addition to the antiviral and
anti proliferative effects, has its own receptor.

IFN is known to activate an enzyme, the 2',5'-oligoadenosine synthetase, thus
stimulating the synthesis of 2',5'-oligoadenosine (2,5-A). 2,5-A is able to activate a
RNAse, which degrades a certain mRNA's. It can also activate a protein kinase which can
phosphorylate the "elongation factor 2" in protein synthesis pathway, and hence inhibit
protein synthesis with some selectivity. IFN thus is an agent which possesses the ability to
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inhibit certain mRNA and protein syntheses. Recently, it was demonstrated that NGF
could induce the 2,5-A synthetase activity in PC12 cells, a pheochromocytoma cell line
commonly used as a model for neurons (7). Conceivable, NGF may be able to induce the
production of 2,5-A, thus inhibiting the synthesis of some "death program” associated
mRNA's and proteins.

If IFN indeed can inhibit the production of the death-associated mRNAs and
proteins, then one should be able to remove NGF from an established neuronal culture, and
halt or retard the progression of the death program by adding IFN to the culture. To test
this possibility, we prepared sympathetic neuronal cultures from embryonic rat superior
cervical ganglia as described above, removed NGF from the established culture by addition
of anti-NGF antibodies, and added recombinant IFN-y (Genentech, South San Francisco,
CA)) into this NGF-deprived culture. The effects of IFN was assessed after two days, by
which time those cells treated with anti-NGF antibodies only were dead. Our results
(Fig.2) indicated that IFN-y was able to suppress neuronal death resulting from NGF
deprivation in a dose-dependent manner. The maximal protection could be seen at 5
units/ml, while the ECs( for this neuronal saving is approximately 1 unit/ml (1.3 x 10-11
M). Itis worth mentioning that, by definition, 1 unit/ml is the EC5Q of IFN in a standard
antiviral assay. This suggests that the mechanism by which IFN-y inhibits viral RNA and
protein synthesis is related to its ability to prevent the putative "death-associated” RNA and
protein from synthesis. Subsequent experiments indicated that IFN-o/8 (Lee
Biochemicals, San Diego, CA.) also had the ability to protect the neurons deprived of
NGF, with an EC5Q of approximately 1,000 units/ml. TFN did not have the ability to
replace NGF, this can be seen from the fact that the cells treated concurrently with anti-
NGF antibodies and IFN had slightly atrophic cell bodies. This implies that IFN has the
"death-suppressing" ability, but not the trophic functions associated with NGF.

Fig.2. Inhibition of NGF
deprivation—induced cell
death by recombinant murine
100} < IFN-y. The experimental
conditions were the same as
those described in Fig.l
except that recombinant
o murine IFN-y (Genentech,

S0t \ South San Francisco, CA.)

was used in combination with

Py anti-NGF antibodies. Results

T from this experiment indicate
——

gl \ . , L ° that IFN-y was able to prevent

" neuronal cell death in a dose-

0 3 10 15 20 30 dependent manner. The EC5(

IFN-gamma (units/ml) of this neuronal saving is

approximately 1 unit/ml.

Relative cell death

Further experiments indicated that upon short-term NGF deprivation, IFN could
prevent a majority of cells from dying. IFN could retard the cell death during long-term
NGF deprivation, but could not prevent the ultimate death. In order to examine the effects
of IFN on cells deprived of NGF for a longer period of time, we performed the following
experiment. Neuronal cells from an established culture were treated with antibodies against
NGF for one, two, three, four or five days. At the end of this antibodies treatment, fresh
medium containing regular concentration of NGF (50 ng/ml) was added to the culture. The
cells were grown to the end of the experiment, and then quantified. As shown in Fig.3, the
majority of neuronal cells were dead when they were deprived of NGF for two days
without supplement of IFN. However, a significant number of neurons were still alive
when they were treated with IFN during this period of NGF deprivation. When the
condition of NGF deprivation was extended to day 5, most of the cells were dead whether
or not IFN was present in the culture.
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Fig.3. IFN-y retards
neuronal cell death upon long-
term NGF deprivation. Anti-
NGF antibodies were added

S 100} to an established cell culture
2 @ - NGF, + 1PN for 1, 2, 3, 4, or 5 days. The
> ¢ - anti-NGF antibodies were
€ - N&F

b= then removed from the
® ° cultures, and the cells treated
= * with complete medium
g S0 \' containing regular
o \ concentration of NGF (50
2 . ng/ml). These cells were
£ °\° T grown to the 8th day after the
= "O————o initiation of the experiment,
o 2 " 2 . L lysed with Triton X-100, and

1 2 3 4 5
Days aofter anti-NGF treatment

the total amount of adenylate
kinase determined as a
measure of cell remained in
the culture. Results from this
experiment indicate that the
presence of IFN-y in the
culture significantly decreased
the cell death induced by NGF
deprivation.

The effects of IFN appear to be directly on the neuronal cells instead of indirectly
mediated through non-neuronal cells. Since our experiments were performed in the
presence of excess anti-NGF antibodies, it is not likely IFN induces NGF production,
thereby supporting the neurons. Furthermore, our results (Chang, et al., in preparation)
from receptor binding indicate these neurons have specific receptors for IFN-y. Receptor
autoradiography indicates the receptors are present both on the cell bodies and neurites.
Experiments which crosslinked IFN-updside down lambda to its receptor revealed a major
protein complex at the range of 100,000 daltons, which is consistent with reports from
other cell types. These results strongly suggest that IFN-y exerts its effects directly on the
neuronal tells.

Programmed cell death

It is becoming clear that programmed cell death occurs in a number of systems.
The common feature of this type of cell death is that it involves new protein and RNA
synthesis, thus inhibitors of protein and RNA synthesis can prevent this type of cell death.
Besides the neuronal cell death described above, examples of "programmed cell death"
include glucocorticoids-induced cell death in thymocytes (8), interleukin-2 withdrawal
induced lymphocyte death (9), castration induced cell death in prostate epithelium (10,11),
and death of intersegmental muscles of the moth Manduca sexta due to withdrawal of
ecdysteroid level (12). It is likely that these cells respond to an external signal (such as
NGF withdrawal in sympathetic neurons, or a drop of androgen level resulting from
castration) by initiating a "cascade" of death-associated RNA and protein synthesis, which
leads to the production of the proximal "killer protein” that ultimately kills the cells.
Actinomycin D and cycloheximide can non—selectively mimic the effects of NGF by
inhibiting this cascade from propagating, thus prevent the cells from dying. Consistent
with this idea, Buttyan et al. (13) showed that there is a cascade of gene induction in rat
ventral prostate gland upon castration induced cell death. Conceivably, loss of
transcriptional control of the "death program” could play a role in neurodegenerative
disease or in cellular attrition seen in aging.

Conclusion
We have presented data which argue that the neuronal cell death resulting from

NGF deprivation is an active process. Neurons appear to posses an intrinsic "death
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program” which is constantly suppressed by NGF. NGF deprivation may initiate a
cascade of new RNA and protein syntheses, which ultimately kill the cells. Inhibitors of
RNA or protein synthesis can interrupt this cascade from propagating, thus preventing
neuronal death. Sympathetic neurons have receptors for the IFN-y, and IFN-y can retard
neuronal cell death upon NGF deprivation. It is possible that this is a self-defense
mechanism during trauma. There are two events that may occur concurrently during
external trauma which involves bleeding and extensive tissue damage, namely,
inflammation in the local area, and neuronal damage in the affected tissue. During local
inflammation, IFN is likely to be secreted by activated T cells, and serve its antiviral and
immunoregulatory functions. In the meantime, neuronal damage, such as axotomy, may
deprive the neurons from trophic factors, which may result in neuronal cell death within
several days. The fact that IFN can retard neuronal cell death indicates that this agent, in
addition to its other functions in immune system, may have a role in nervous system. This
death-suppressing ability of IFN can give these neurons an extended time to search for
other trophic support, thus minimizing the damage resulting from trauma. In this respect, it
is relevant to note that IFN-y can potentiate the production of interleukin-1 by monocytes
(14,15), and interleukin-1 has the ability to stimulate NGF production from Schwann cells
and fibroblasts (16). These results suggests that while IFN can directly prevent neurons
from dying by acting on the receptors on neuronal cells, this agent can also indirectly
stimulate non-neuronal cells to produce NGF, thus minimizing the extent of cell death
during trauma. These ideas are summarized and presented in Fig.4.

Target Cells

Macrophage

Fig.4 Hypothetical conditions describing possible roles of IFN-y in neuronal injury.
Under normal condition, NGF produced by target cells is taken up in the neuronal terminal
and retrogradely transported to the cell body. Two events are envisioned after trauma
which involves extensive tissue damage and blood shedding. First, axotomy may occur in
the affected area, and the transport of NGF to the cell body will be interrupted. A "death
program” may be initiated as a result of this NGF deprivation. Second, immune cells may
migrate into this area and perform their various functions. In addition to the antiviral and
immunoregulatory roles, the IFN-y produced by T cells may also have a role in preventing
neuronal cell death. The IF-y may bind to the IFN-y receptors on neuronal cells, and
directly retard the progression of the "death program”. Indirectly, IFN-y may stimulate the
macrophages to secret interleukin-1, which, in turn, will stimulate the Schwann cells (or
fibroblasts) to secret NGF. A combination of these direct and indirect events may help the
neurons survive trauma.
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All neurons are believed to require trophic factors for
support of their survival and process growth. Conversely,
neuronal atrophy and death after CNS injury or during aging
have been ascribed to deficiencies of trophic factors (1). For
many years, the only known neurotrophic factor (NTF) was nerve
growth factor (NGF). Studies with NGF have led to significant
insights into neuronal cell biology and development,
particularly in the peripheral nervous system. Models
constructed from its actions on sympathetic and sensory
neurons have been generalized to principles guiding the growth
of all neurons. The recent recognition that NGF is a NTF for
cholinergic septal and basal neurons has allowed seminal
studies on the regulation of neuronal growth in the CNS and
holds potential implications for the treatment of Alzheimer's
disease. But it also must be remembered that NGF is not a
universal NTF, and that its targets in the CNS are limited to
only a few populations of neurons (2-4). Even many of the
other neuronal populations affected in Alzheimer's disease,
such as entorhinal cortical and hippocampal neurons, are not
responsive to NGF. Therefore, many laboratories have searched
for the novel NTFs hypothesized to exist for these other
neurons, but the results have been frustrating. Only one other
NTF closely resembling NGF in its chemistry and biological
activity has been isolated, brain-derived neurotrophic factor
(BDNF) . But as with NGF, most of the known targets of BDNF are
peripheral sensory neurons (2,5,6).

While progress has been discouragingly slow in purification
of NTFs, discovery and isolation of trophic factors has
proceeded rapidly in other sectors of medical biology. As the
distribution of these factors was examined, it often became
apparent that either the factor or its receptor was present in
the CNS. In some cases, the association appeared to be
specifically with neurons in the CNS. Among these factors are
the fibroblast growth factors (FGF), insulin and the insulin-
like growth factors (IGF), epidermal growth factor (EGF),
transforming growth factor alpha (TGF-alpha), some types of
transforming growth factor beta (TGF-beta), platelet derived
growth factor (PDGF), interleukin 1 (IL-1l), and the nexins (5).
Although some of these peptides may act as neuromodulators in
the CNS, it seems likely that growth regulation is one of their
functions in brain as in other tissues.
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These factors differ from NGF in several respects, perhaps
the most obvious being that they are all multifunctional or
pleiotropic. For example, basic fibroblast growth factor
(bFGF) is known to affect fibroblasts, endothelial cells
(including those from brain capillaries), vascular smooth
muscle cells, skeletal myoblasts, astrocytes, immature
oligodendroctyes, a variety of neurons, and pituitary
lactotropes and thyrotropes (7-10). Most of the current
theories and explanations of CNS development start with the
assumption that NTFs are restricted in their actions to
neurons (2, 6, 11) . Therefore the existence of a factor with
the spectrum of activities attributed to bFGF appears
surprising, if not improbable. Yet bFGF is abundant in the
CNS, as are several of the other multifunctional factors
mentioned above.

Attempting to understand the function of these pleiotropic
factors in the brain poses a significant challenge and has
already produced considerable controversy (6,11) . Perhaps
they chiefly regulate infrastructure, modulating growth of
blood vessels and connective tissue components which brain
shares with other tissues. Perhaps their significant role is
restricted to regulation of glial proliferation and
differentiation. But since several of these factors address
neurons, they may play a significant role as NTFs. If these
factors are really NTFs, it would suggest that some major
revisions may be required in our conceptualization of the
control of neuronal and brain growth.

For example, if cortical neurons, astrocytes and endothelial
cells all share a common trophic factor, it appears likely
that there are multiple opportunities for coordinate or
competitive interactions among these cell types.
Traditionally, neuronal growth has been viewed in isolation
from other cell types except for synaptic targets (2,6,11).
Such a restricted viewpoint may be rather artificial, if not
potentially misleading, since the brain is an organ which
contains a variety of cell types. A major issue for future
research will be elucidation of the mechanisms which restrict
and regulate the actions of multifunctional factors. For
example, bFGF injected into the cortex might principally cause
blood vessel growth under some conditions or axonal growth
under others. Likely overall response will in some way be
determined by the underlying configuration and pattern of
endogenous growth regulatory substances, which is being
disrupted by the sudden interjection of a single trophic
agent. This type of model is considerably more complex than
the "magic bullet"™ NTF usually postulated in models derived
purely from studies with NGF (6,11); however, it is entirely
consistent with current thinking about peptide trophic factors
in other sectors of medical biology (12).

This chapter will focus on one of the pleiotropic factors
present in brain, bFGF, reviewing particularly the evidence
supporting its identification as an NTF. This evidence
includes:

1) Support of neuronal survival and growth in cultures

lacking detectable glial cells (13-15);

2) Presence of bFGF receptors on hippocampal and other

CNSneurons ( 9, 16 );

3) Internalization and degradation of bFGF by

hippocampalneurons in vitro (17);
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4) Immunohistochemical evidence for bFGF in CNS neurons
inintact brain tissue (18-21);

5) Availability of bFGF to neurons in their normal
environment as suggested by the presence of bFGF (22) and
its mRNA (23, 24) in brain tissue, and astrocytes in vitro
(14,23,25);

6) Enhancement of neuronal survival in vivo after injury
(26,27) by exogenously applied bFGF.

Although many questions remain about the role and function
of brain bFGF, together these studies present a good argument
that bFGF is an NTF. Speculations concerning its possible role
in both normal and pathological brain tissue will be
presented.

ACTIONS OF DbFGF IN VITRO

In vitro, bFGF enhances the survival of at least some neurons
from many regions of the CNS, including frontal, parietal,
occipital, and entorhinal cortex, hippocampus, basal ganglion,
septum and basal forebrain, anterior thalamus, brainstem,
cerebellum and spinal cord (14,15,28-32). In many of these
regions, it appears likely that only subpopulations of neurons
may respond, but their phenotypes are not necessarily as yet
well defined. More specific subpopulations of neurons which
have been observed to respond to bFGF in vitro include
hippocampal pyramidal neurons (28), septal and basal
cholinergic neurons (32), dopaminergic mesencephalic neurons
(31), cerebellar granule cells (14), and spinal cord
motoneurons neurons (15) . At least some retinal ganglion
cells respond to the closely related factor, acidic FGF (aFGF)
(33) . Many of these neurons can be maintained in vitro with
bFGF for periods of one to several weeks (14,28,29). Neurons
in the peripheral nervous system responding to bFGF include
parasympathetic neurons (15,34 ) and sympathetic neurons
during a brief developmental period preceding onset of NGF
sensitivity (35)

In addition to supporting survival, bFGF enhances growth of
neurites from many of these types of neurons. The response can
be observed within 24 hours of exposure, before any
demonstrable change in neuronal survival in at least
hippocampal and cortical cultures (28,30). After one or more
weeks, neurons exposed to bFGF still display longer neurites
(14, 29) . PC1l2 cells have also been demonstrated to extend
neurites in response to bFGF, mimicking their response to NGF
(34, 36, 37 ) . Neurite outgrowth has been reported on
atypical substrates such as heparin, which may in part be
related to the high affinity of heparin for members of the FGF
family (28, 38) . bFGF also appears to enhance production of
the neurotransmitter appropriate to the phenotype of the
responding neurons. It increases indices of cholinergic
function in spinal cord motoneurons (15), cholinergic and
GABAergic function in septal cultures (32), and
catecholaminergic and GABAergic function in cultures of
brainstem neurons (31). The neuronal responses of increased
survival, process growth and transmitter production to bFGF
are reminiscent of the responses of sympathetic neurons to
NGF.
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The minimal required concentration of bFGF for neuronal
survival has been reported to be in the vicinity of about 1 to
100 pM (14,15,29,30). The variability likely reflects
different potencies among preparations of bFGF as well as
differences in the assay methods. Neurite outgrowth appears to
require about 5-10 fold higher concentrations of bFGF (28).
Even higher amounts of bFGF have been reported to decrease
rather than enhance neuronal survival (14,29).

Since bFGF is a mitogen for astrocytes, the possibility that
it acts indirectly through stimulating growth of glial cells
was raised (11). It should be noted that all of the above
studies used highly enriched populations of neurons in which
glial contamination was less than 10% even in the presence of
bFGF. Furthermore, bFGF has been demonstrated to support
neuronal survival in glial-free cultures of hippocampal
neurons (13), cerebellar granular cells (14) and
parasympathetic neurons (15). Therefore, it appeared likely
that bFGF acted directly on neurons.

In highly purified cultures of astrocytes, bFGF stimulates
mitosis, induces morphological differentiation to a more
fibrillar form, and augments GFAP synthesis (13,39,40).
Reported effects on immature oligodendrocytes include
stimulation of mitosis and induction of marker enzymes
(9,41,42). With mesenchymal cells, bFGF is also not only a
mitogen, but also regulates expression of differentiated
characteristics (7,8,10,43).

CHARACTERIZATION OF NEURONAL RECEPTORS FOR bFGF

Radioreceptor binding assays have demonstrated the presence
of two types of binding sites for bFGF on all cell types
studied, including hippocampal neurons. The first is labile to
high salt concentrations (2M NaCl) and to heparinase or
hepartinase and is generally ascribed to glycosoaminoglycans
(GAG) . The second is stable to these treatments but labile to
detergents and ‘proteases and is generally thought to represent
a membrane receptor (16,44,45). Scatchard analyses of
[1251)bFGF binding to cultures of hippocampal neurons indicate
that the GAG sites have a Kd of around 1.0 nM and a density of

about 1-2 x 10° sites/neuron. At a concentration of about 100

pM [1251]bFGF, GAGs account for about 40-60% of total binding.
The receptor site has an apparent Kd of about 150 pM and is
present at a density of about 2-6 x 104/neuron (16).
Comparison with previous binding studies performed on
mesenchymal cells such as endothelial cells (44) reveal some
potentially interesting differences. Specifically, neurons
compared to mesenchymal cells have: 1) only 10-20% as many GAG
sites; 2) a decrease in the relative role of GAGs from 90-99%
of total binding to only 40-60%; 3) a receptor with roughly
ten-fold lower affinity for bFGF; 4) a 5-10 fold higher
density of receptor sites/cell. Preliminary studies indicate
that binding characteristics of astrocytes more closely
resemble those of mesenchymal cells than neurons (P. Walicke,
in preparation).

Multiple mechanisms could be postulated to account for the

somewhat different kinetics of neuronal and mesenchymal
receptors. Perhaps the set of differences between neurons and
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mesenchymal cells are interdependent. For example, GAGs might
provide a first stage of binding which increases the
efficiency of later receptor binding. The higher density of
receptor sites on neurons might contribute to the apparently
lower Kd (46) . Possibly all cells bear the same receptor
molecules, but their affinity is regulated by processes such
as phosphorylation. Or finally, the receptor molecules on
neurons and mesenchymal cells may be somewhat different.
Whatever the mechanism, these kinetic differences could affect
the amount of bFGF which is bound by competing endothelial
cells and neurons in brain tissue, and therefore the eventual
biological effect observed.

Some attempts have been made to characterize the molecules
responsible for both GAG and receptor binding. The active GAG
appears to be heparan sulfate because: 1) only heparan sulfate
or heparin out of multiple GAGs tested display high affinity
for bFGF; 2) heparinase selectively disrupts the GAG component
of binding (34,38,44). Two known heparan sulfate proteoglycans
produced by neurons might play a role in binding bFGF. The
first which consists of an 80 kD core protein and multiple
heparan sulfate side chains has previously been studied in
association with laminin (47,48). The second is the amyloid
beta precursor protein, related to the amyloid protein of
Alzheimer's disease, which has been reported to bear heparan
sulfate (49). Possible participation of these glycoproteins in
bFGF binding requires further investigation.

The bFGF receptors have been initially characterized by
affinity labeling with disuccinimidyl suberate (DSS).
Hippocampal neurons show a major receptor-[1251]bFGF complex
of about 150-160 kD and a minor one of about 100-110 kD.
Allowing for the contribution of [1251]1pFGF, these bands would
correspond to membrane proteins of 135-145 and 85-95 kD. The
two bands were detected in cultures of neurons from many
regions of the CNS (16). The larger neuronal band comigrates
with a receptor species from fibroblasts (16), and probably is
similar to receptors characterized on PCl2 cells and a variety
of mesenchymal cells (37,50-53). Preliminary studies suggest
that astrocytes bear only a single receptor type which co-
migrates with the larger neuronal receptor. The smaller
neuronal receptor has not as yet been reported on other cell
types. Recently, 150 and 100 kD receptors have been purified
from adult brain tissue (54), which might suggest that the
smaller receptor is not an artifact of tissue culture.

The 85-100 kD receptor is likely to be either a fragment of
the larger receptor or a relatively specific neuronal form of
bFGF receptor. Attempts to increase the proportion of small
receptor by allowing increased intervals for lysis by
endogenous proteases were not successful (16). The possibility
that the small receptor was a hypoglycosylated form of the
larger was also investigated, but both forms appeared to be
glycoproteins recognized by wheat germ agglutinin (55,56).

The true relationship between the two receptor proteins should
soon be clarified since both have been isolated from brain
(54) . The possible existence of a distinct form of bFGF
receptor relatively specific for neurons could have important
implications for potential design of pharmacological agents
and therapeutic strategies related to bFGF.
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INTERNALIZATION AND METABOLISM OF bFGF

Evidence for internalization of bFGF comes from both
histological and biochemical studies. Immediately after exposure
to [125I]bFGF, autoradiography shows grains present outlining
both the neuronal soma and processes (9). After several hours at
37°C, most of the label appears to lie over perinuclear
cytoplasm. Electron microscopic autoradiography demonstrates the
presence of the majority of label in cytoplasmic vesicles (Fig
1) . Occasional grains appeared to be associated with nuclear
chromatin (Fig. 1A). The possibility that a portion of
internalized bFGF maybe transported into the nucleus has also
been raised in studies with endothelial cells (57).

Fig. 1 Electron microscope autoradiography for localization of
(12511bFGF after internalization by hippocampal neurons in vitro.
Arrows mark grains. A) 7,000 x; B) 20,000 x.

Intracellular localization was further supported by
biochemical studies showing progressive sequestration of
[12511bFGF into a cellular compartment where it was protected
from extracellular high salt and proteases. After
internalization, bFGF is metabolized into three smaller
peptides of 15, 9.5 and 4 kD. These peptides are quite stable
and can be found in association with neurons for 2-3 days
after initial exposure to [125I]bFGF. Preliminary
characterization suggests that the 9.5 kD peptide includes at
least residues 30-80, and the 4 kD peptide contains at least
residues 106-120 (17). The 106-120 region appears to contain a
domain recognized by the bFGF receptor, and synthetic peptides
containing this sequence have been shown be mixed
agonists/antagonists in bioassay (58). Whether the endogenous
metabolites of bFGF are biologically active is an interesting
question for speculation.
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SYNTHESIS AND DISTRIBUTION OF bFGF

The presence of bFGF in brain was clearly established by
extraction and identification by both immunoclogical criteria
and N-amino terminal sequencing (22). Estimates of its
concentration range between 15 and 60 ng/gm. Since biological
responses in vitro occur with as little as 0.05 ng/ml, bFGF
appears to be extremely abundant. However, the concentration
of bFGF in brain is only about 10% of that in pituitary and 1%
of that in kidney (8,43,59). In these extra-neural tissues,
nearly all of the bFGF is postulated to be sequestered in
storage sites in the ECM (10,60), where it is not actively
participating in regulation of growth or mitosis.

Immunohistochemical studies of brain show bFGF-like material
in basement membranes around blood vessels and the meninges.
staining is observed in a significant number of neurons,
particularlyv the large pyramidal neurons of the cortex and
hippocampus (18-21,60). We have obtained consistent results
with three polyclonal antisera raised against synthetic
peptides from different regions of the bFGF sequence, a
polyclonal raised against intact bFGF, and a monoclonal raised
against intact bFGF. On Western blots, these antibodies, like
those from other laboratories, also bind to proteins of 22 and
25 kD in addition to the 16-18 kD bands for bFGF (61). The 22
and 25 kD proteins have been purified from brain tissue and
reported to be large forms of bFGF (62,63). Whether these
different molecular weight forms are sequestered in different
cells, and how they contribute to the immunohistochemical
pattern are as yet unknown.

Brain bFGF does appear to be locally produced, because its
mRNA can be detected in extracts from several brain regions
(23,24) . To determine which CNS cells produce bFGF, mRNA was
prepared from highly enriched cultures of astrocytes or
telencephalic neurons. Glia contained high levels of DFGF mRNA
but message was barely detectable in neurons (23). Astrocytes
have further been demonstrated to synthesize bFGF protein in
vitro (14,25). In situ hybridization studies employing sections
of adult rat brain surprisingly showed that the highest levels
of bFGF mRNA were to be found in a few populations of neurons.
These neurons occur in region CA2 and portions of CAl in the
hippocampus, the fasciola cinereum, the indusium griseum and
portions of the cingulate cortex (23). Since the Northern blots
indicated that total amounts of bFGF mRNA were roughly
comparable in the hippocampus and other regions such as
hypothalamus which lacked intensely labeled neurons, other sites
of bFGF transcription must exist. Perhaps widely distributed
astrocytes synthesizing bFGF at low but fairly constant levels
provide most of brain bFGF (23). '

The neurons which contain bFGF mRNA hybridization are among
the most intensely stained on immunohistochemistry for bFGF, but
many other cortical and hippocampal neurons also react for bFGF
protein (18-21). If the immunohistochemistry reliably reflects
localization of bFGF, then these neurons presumably obtain bFGF
from other sources. The presence of bFGF immunoreactivity is
consistent with the interpretation that these neurons likely
internalize and concentrate bFGF which is derived from another
cell, possibly astrocytes.
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Although DFGF protein can be found in many tissues, bFGF mRNA
is only readily detected in brain. This is consistent with the
hypothesis that, in most tissues, bFGF predominantly exists in
an inert storage form. Unlike neurons, mesenchymal cells do not
require a constant supply of trophic factor for survival. In
intact stable tissue, endothelial cells and other mesenchymal
cells probably use little bFGF. The site of storage is believed
to be predominantly extracellular, based on both biochemical and
immunohistochemical studies demonstrating the presence of bFGF
in basement membranes and ECM in many tissues. The ability of
heparan sulfate to stabilize and protect bFGF from proteolytic
enzymes is likely important during potentially prolonged periods
of extracellular storage. Injury is believed to cause
mobilization of bFGF stores through one of several mechanisms:
1) direct damage to the basal lamina; 2) stimulation of
secretion of heparinases and proteases which degrade the ECM and
liberate bFGF; 3) stimulation of secretion of small heparan
sulfate bFGF carrier glycoproteins. Released bFGF then interacts
with cell receptors to stimulate mitosis and the process of
wound healing. The term "stormone" has been proposed to
describe this unusual handling of bFGF (7,8,10,60,64-66).

The presence of bFGF mRNA solely in intact brain tissue
suggests unusually high rates of bFGF synthesis in brain.
However, the concentration of bFGF protein in brain is
relatively low. Together these observations imply that bFGF turn
over is more rapid in brain than in other tissues. Perhaps this
only reflects the relative paucity of ECM in the brain, which
prevents formation of typical stable extracellular stores. It
is interesting to note that, unlike other cell types, neurons
are thought to require a constant supply of trophic factor for
survival (2,6,11). It is also interesting that the 100 kD
receptor seen only on neurons in _vitro exists in adult brain
(54) . The unusually high rate of turn over would be consistent
with bFGF acting as a NTF, though it would also be consistent
with other roles as, for example, a neuromodulator.

Although little bFGF mRNA is present in intact somatic
tissues, it can be easily extracted from cultures of mesenchymal
cells. In fact, many cells which respond to bFGF, like
endothelial cells or smooth muscle cells, appear to be capable
of producing bFGF as an autocrine factor, at least in vitro
(43,67,68). In the telencephalic neuronal cultures employed for
mRNA extraction a sizeable minority of neurons, on the order of
20-30%, would be expected to be responsive to bFGF (30). Yet
bFGF mRNA was scarcely detectable (23). This might suggest that
the majority of neurons are not capable of bFGF synthesis even
under conditions where it would be induced in astrocytes
(14,23,25) or mesenchymal cells. Therefore, with the exception
of the limbic neurons seen in the in situ hybridization studies,
CNS neurons might be predicted to be dependent on external
sources of bFGF. Dependence on external supplies of bFGF could
be envisioned to make neurons more vulnerable to shortages,
particularly during times of increased utilization after injury.

Reliance on bFGF derived from other cells appears
particularly precarious in light of evidence that bFGF is not
released very efficiently. The bFGF gene lacks a typical signal
sequence (24), which implies that bFGF is not secreted by the
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normal cellular mechanism. Since bFGF is found in ECM both in
vitro and in vivo it does appear to get out of cells
(7,8,60,64,69,70), but how is unknown. Potentially, release may
be an important point for regulation of bFGF availability to
neurons in the CNS. It should also be noted that brain contains
other members of the FGF family which do have signal sequences
(8). Possibly some of the actions attributed to bFGF in this
paper may actually be mediated by FGF-5 or other related
peptides in situ.

EFFECTS OF EXOGENOQOUSLY APPLIED bFGF ON NEURONS

Several studies have suggested that administration of
exogenous bFGF through osmotic pumps or slow release pellets
can enhance neuronal survival in_vivo. The fimbria-fornix
transection model has been widely employed for demonstration
that application of NGF can support survival of cholinergic
septal neurons after axotomy and separation from their source
of NTF in the hippocampus (4,71-73). Recent studies have shown
that DFGF can also increase survival of cholinergic septal
neurons in this paradigm, although a somewhat smaller
proportion may respond to bFGF than to NGF (27). With recent
evidence for production of bFGF by some hippocampal neurons
(23), it might be argued that bFGF could function as a typical
retrogradely transported NTF for a subpopulation of septal
neurons, acting in this situation quite analogously to NGF.

Administration of bFGF has also been shown to increase
survival of retinal ganglion cells after section of the optic
nerve (26), and of some dorsal root ganglion sensory neurons
after lesions of the posterior roots (74). Influence on neurite
elongation in vivg is suggested by studies in which bFGF has
been shown to enhance the rate of peripheral nerve regeneration
(8,10,75).

These studies demonstrate that positive effects of bFGF on
neuronal survival and growth are not limited to the unusual
conditions seen in vitro but also occur in vivo. Whether these
responses reflect direct and exclusive action of the applied
bFGF on the responding neurons is far from clear. bFGF
application is angiogenic in many tissues (7,10,22,76), and
increased neovascularization has been reported in both brain and
peripheral nerve after bFGF infusion (8,21,75,76). Besides
altering cellular constituents, prolonged infusions of bFGF
would be expected to produce compensatory changes in rates of
synthesis of other endogenous trophic factors. Truly
comprehending the mechanism through which an administered
multifunctional factor produces a change in one particular cell
population is likely to be a formidable task.

bFGF AS A NTF IN NORMAL AND PATHOLOGICAL BRAIN

Although there are many gaps to be filled in the experimenta
data, an outline of possible functions of bFGF in the CNS are
beginning to emerge. A distinction should probably be made
between possible actions of bFGF in the few regions where it is
made by neurons and in the rest of the brain. For the few
neurons labeled by in situ hybridization, bFGF may potentially
function as an autocrine NTF. It is interesting that the neurons
of region CA2 appear to better resist global insults like
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ischemia than other hippocampal neurons (23). Possibly some of
the bFGF made by hippocampal neurons functions as a traditional
retrogradely transported NTF for a subclass of septal
cholinergic neurons. In this one particular situation, bFGF may
act in a manner analogous to NGF. The possibility that bFGF
might be used as a neurotransmitter or neuromodulator in
synaptic circuits related to memory should also be considered.

It appears likely that many other regions of the brain
contain neurons responsive to bFGF. These neurons do not
appear to synthesize bFGF, and would be expected to be
dependent on supplies from an external source. Astrocytes
would appear to be the most likely source (14,23,25). Since
macrophages make bFGF (8,77), microglia should be considered
as a potential source. Although preliminary evidence suggests
that these neurons appear to internalize and concentrate bFGF
from their environment, these interactions may occur locally
rather than in the context of retrograde transport from
distant target regions. Substantiating these hypotheses will
of course require much more experimental investigation.

Whatever the function of bFGF in the intact brain, its role
in the damaged or pathological brain is likely different and
potentially more complex. After perturbation of the normal CNS,
changes might be expected to occur in both the sources and
targets of bFGF. After some types of injury, it is likely that
bFGF synthesis will be induced in mesenchymal cells like
endothelial cells (67) which are participating in the repair
process. Invading macrophages (8,77) or possibly activated
microglia might be other sources of bFGF. There is evidence to
suggest that bFGF synthesis may be up-regulated in reactive
astrocytes (18). The failure of most neurons to produce bFGF
mRNA in vitro might suggest that they will also not induce its
synthesis after injury in vivo.

Neurons are not the only cells to alter their behavior after
injury. Many other cell types from brain tissue also participate
in reparative changes. Extrapolating from in vitro studies, bFGF
could be hypothesized to participate in several processes,
including: 1) neovascularization; 2) scar formation by
fibroblasts and connective tissue cells; 3) gliosis; 4) neuronal
atrophy and death (deficiency); 5) sprouting by some neuronal
types. Participation in these processes is not mutually
exclusive, and possibly bFGF might help mediate several of these
degenerative and reparative responses. Attempting to generate
models of bFGF function in these complex alterations in tissue
brings up a central question: how is the activity of a
pleiotropic factor regulated and directed to certain cellular
targets? Several possible mechanisms will be presented in the
remainder of this chapter.

It should be noted, however, that several of the rather
distinctive features in the interaction of bFGF with neurons
versus mesenchymal cells may have implications for
neuropathology. The sparse ECM characteristic of neural
tissues will limit the amount of bFGF which can be stored in
the vicinity of CNS neurons compared to other cells like
endothelial cells. The relatively low affinity of the
neuronal bFGF receptor may further worsen the ability of
neurons to take advantage of available bFGF. As endothelial
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cells or astrocytes increase their DFGF consumption in
response to injury, they may compete more intensively with
neurons for available bFGF. Unlike most mesenchymal cells and
astrocytes, many neurons do not appear to be capable of
synthesizing autocrine bFGF and so are dependent on external
sources. Together these properties appear consistent with the
greater vulnerability and less successful regenerative
responses of neurons after CNS injury.

POTENTIAL CONTROL MECHANISMS FOR PLEIOTROPIC FACTORS

Strict control of spatial availability is one obvious method
to limit the number of responsive cells which are exposed to a

pleiotropic agent. To some extent, distribution can be
controlled at the level of cellular release by restriction to
specialized structures or junctions such as synapses. It may

be more than coincidental that several novel NTFs besides bFGF
appear to bind to heparin and related ECM constituents (5).
This property will greatly limit their range of diffusion in
tissues. The ECM is already recognized to play a significant
role in ordering the cellular microenvironment. Regulating
availability and distribution of trophic factors may be another
dimension of this role.

A second level of control could occur at the level of
activation of the factor by its potential target cell. In the
specific case of bFGF, it has been suggested that target cells
may need to release heparinases or proteases to release bFGF
from the ECM (10,70). Small heparin-like polymers or more
traditional binding proteins provide other alternatives for
mobilizing stored bFGF and transporting it to the target cell
(45,66) . Although less relevant to bFGF, other mechanisms in
this category would include separation of an active moiety
from an inactive complex as seen with TGF beta 1, and the
proteolytic activation of zymogen proteases.

A third level of control could occur at the level of
release. For trophic factors secreted through the normal
vesicular pathway, a variety of hormonal or chemical signals
could be anticipated to influence release. bFGF is not unique
in its lack of a typical signal sequence for secretion. This
property is shared by IL-1 and some forms of TGF beta.
Possibly particular types of cellular interactions may be
involved in the as yet unknown mechanisms leading to release
of these factors.

A fourth level of control could occur at the level of
receptors on the target cell. Potentially responsive targets
do not necessarily express receptors for a trophic factor at
all times and under all circumstances. Receptor levels are
likely influenced by a variety of stimuli including hormonal
signals, past history of exposure to the trophic factor, and
interactions with other trophic factors. The affinity of the
receptor may differ among different cell types. Evidence for
differences in the kinetics of neuronal and mesenchymal bFGF
receptors was presented above. Other studies suggest that
neuronal insulin and IGF receptors may also differ scomewhat
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from those of mesenchymal cells (78-84). Differences in the
domains of laminin and fibronectin preferred by neurons and
mesenchymal cells might also suggest some receptor
heterogeneity (5,85,86). Variations in receptor function might
reflect permanent structural differences from, for example,
differential splicing of mRNA or altered glycosylation.
Differences in kinetics could also reflect transient
modification by processes like phosphorylation. The amount of
second messenger generated by the receptor after interaction
with its ligand is obviously influenced by many other ongoing
cell processes. Among these should be considered actions of
traditional neurotransmitters which likely have important
functions as growth modulators (87).
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Finally the interactions among individual agents in
complexes of trophic factors are likely to be extremely
important (12). An illustrative example uses tumor necrosis
factor alpha (TNF alpha), a factor which among its many
actions inhibits endothelial cell proliferation in response to
bFGF (88,89). Over the same concentration range, TNF appears
to have no deleterious effects on either neuronal survival or
process outgrowth in response to bFGF (Figs. 2A and 3).
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But like endothelial cells, astrocytes appear to be inhibited
by TNF so that less proliferation occurs in response to bFGF
(Fig 2B) . Thus under these particular culture conditions, the
combination of TNF and bFGF appears to be a more specific
stimulus for neuronal growth than bFGF alone.
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Fig. 3 Effects of TINF alpha on process outgrowth. Neurons were grown
for 24 hours in the presence of TNF (100 ng/ml) or bFGF (1 ng/ml) as
appropriate. Neurite length was measured on 150 cells grown under each
condition. bFGF vs. control, P<0.0l, chi square. No significant
differences with TNF.

The recognition that pleiotropic factors might serve as NTFs
greatly increases :the number of NTFs available for
investigation. Studies on the function of these factors are
likely to lead to new insights into pathology, including both
degenerative and reparative responses. The number of agents
available for consideration as potential experimental
therapies also increases greatly. However, application of
multifunctional trophic factors in neurobiology and neurology
may have to wait until methods can be developed for
restricting and controlling the potential range of action of
pleiotropic agents.
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INTRODUCTION

The 1localization of various growth factors (GFs) and
lymphokines in the mammalian brain (1) has expanded the list
of possible roles for these substances. The identification
of specific binding sites for GFs such as nerve GF (NGF),
epidermal GF( EGF), and the insulin-like GFs (IGF-1 and IGF~-
2) (2), and for IL-1 (3-5), on cells of glial and neuronal
origin have underlined further the importance of GFs and ILs
in the mammalian CNS. However, the precise function of
these substances in the brain has not been completely eluci-
dated.

The GFs were originally thought to function only as
trophic and maintenance factors in the CNS, but it is now
evident that GFs display a multitude of functions in the
CNS. Under certain circumstances, some GFs have been sug-
gested to act as modulators of neuronal activity. For
example, IGF-~1 has been shown to alter the release of
various neurohormones and neurotransmitters (6~9) . IL-1,
which was thought to be restricted to the immune system, has
been shown to exist in the CNS(1, 10, 11), where it

functions as a potent neuromodulator of CNS activity (12~
16) . In contrast, no such role has been postulated for IL~
2. Thus, it 1is of the utmost importance to determine the

significance of GFs and ILs in the brain, and whether they
interact with their respective receptors to exert some regu-
lation of neuronal activity.

IGFs AND IGF BINDING SITES IN THE MAMMALIAN BRAIN

Previous studies have demonstrated that IGF-like immu-~
noreactive (IR) material and IGF mRNA can be detected in
both fetal (17-20) and adult (21-24) brain tissue. In addi-
tion, using either membrane binding (17, 25~28) or receptor
autoradiographic techniques (29-31), it has become evident
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that specific binding sites for IGF~-1 and IGF~2 are also
present in both fetal and adult brain, although brain struc-~
tures which are enriched with these sites do not necessarily
contain high levels of IGF-like IR material.

Distribution of IGF-1 binding sites in the rat brain
125

Using autoradiographic analysis of [ I]IGF~1 binding
to 20 um thick sections of rat brain tissue, we have shown
that specific IGF~1 sites are widely distributed throughout
the adult (3-month o0ld) rat brain (Table 1). In the neonatal
rat brain (Pl), the relative density of specific [125I]IGF-1
binding sites 1is higher than in the adult, although the
distribution of sites appears to be 1less extensive, with
only a few structures labeled (Table 1). The pattern of
[125I]IGF-1 labeling in the superficial cortical layers and
in the hippocampus is similar in the neonatal compared to
the adult rat brain. In contrast, other brain structures
such as the striatum and various thalamic nuclei differ in
their pattern of distribution of IGF-1 sites in the neonate
compared to the adult. In these brain areas in the neonatal
rat, specific [125I]IGF~l binding sites re extremely low or
even undetectable (Table 1). Thus, it appears that there is
a broader distribution of IGF-1 sites in the adult compared
to the neonatal rat brain. Our studies to date 1indicate
that this modification of brain IGF-1 sites that occurs
during development may be the result of a change 1in the
apparent affinity or may be due to an increase in the den-
sity of sites in certain brain structures. At present, we
cannot distinguish between these two possibilities, although
recent evidence (28) suggests that the latter is more likely
to occur. Furthermore, the differential pattern of localiza-
tion of 1IGF-1 sites that appears to occur during brain
development and maturation may be indicative of a concomi-
tant modification in the function of these sites. There-
fore, in the adult brain, 1IGF~1 can be classified as more
than a trophic and maintenance factor.

125
TABLE 1. [ IJIGF-1 binding sites in selected
regions of the rat brain

Brain region IGF~1 binding
(fmol/mg tissue wet wt.)
Adult Neonate

(3-month old) (P1)

Cortical laminae 8.2 + 0.7 32.4 + 6.4

Caudate/putamen 4.6 + 0.9 ND

Nucleus accumbens 8.4 + 1.8 25.6 + 0.7

Hippocampus 12.7 + 1.0 25.8 + 0.7

Thalamus 10.0 + 1.2 0.7 + 0.3

Quantitaive analysis of autoradiographic  data
using computerized densitometry. Sections (20 um)
were incubated with 50 pM [1251]IGF-1. Non-speci-
fic binding, assessed using 100 nM unlabeled IGF-
1, was subtracted from all readings. Values are
the mean + S. E. M. of 3-9 determinations. ND= not
determined.
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EGF BINDING SITES IN THE RAT BRAIN

In contrast to IGF~1l, we found that specific binding of
[1251I]EGF appears to be restricted to a few regions of the
early post-natal (P3) rat brain (not shown). [1251]) EGF
binding sites seem to be localized mostly to cortical areas,
with few sites observed in the striatum and septum, and

fewer still in the hippocampus. Similarly, only low densi-
ties of EGF sites were seen in the adult rat brain (not
shown) . However, using antibodies specific for the EGF

receptor, it has been shown that EGF receptors are present
in the adult rat brain, although in much lower densities
than 1in younger animals (32). The apparent discrepancy
between this finding and our results using the autoradio-
graphic analysis of [125I]EGF binding is not clear but is
the subject of future studies.

IL~2 and IL-2 BINDING SITES IN THE RAT BRAIN

IL~-1 has been suggested to be synthesized and released

from within brain structures (33-36). In addition, a wide~
spread distribution of specific IL~1 sites within the mam-
malian brain has been clearly demonstrated (3-5). However,

the 1localization of other ILs, such as IL-2, and their
respective specific receptor sites within the rat brain have
not been extensively investigated.

Using a radioimmunoassay (RIA) with antibodies specific
for IL-~2, we showed the presence of IL-~2~like IR material in
various regions of the rat brain (37). Of the extracts of
brain tissue tested, IR material was most concentrated in
hippocampus and striatum and least in the cerebral cortex
(Table 2). Autoradiographic analysis of the distribution of
[L251)IL-2 binding sites revealed a pattern of binding that
was limited to a few regions of the rat brain. Quantitative

analysis of the binding data showed relatively dense
[125I]IL~2 1labeling in the hippocampus, where there was a
discrete pattern of IL~2 sites (Table 3). Low densities of

IL-2 sites were observed in other brain structures such as
the cerebral cortex, striatum, cerebellum, septum, and
thalamus. In rats unilaterally lesioned with kainic acid,
so as to destroy intrinsic innervation, the density of IL-2
sites was significantly increased in the lesioned compared
to the contralateral (control) hippocampi (Table 3). Thus,
it is apparent that lesioning may up-regulate the density of
specific IL-2 sites in the hippocampus.

TABLE 2. IL-2-like IR material in the rat brain

Brain region IR material
(ng/mg tissue)

Hippocampus 0.72 1-0.06
Striatum 0.65 + 0.07
Cortex 0.12 + 0.01

IL-2-Iike IR material was measured in extracts of
brain tissue. Results are the mean + S.E.M. of 10
determinations.
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TABLE 3. IL-2 binding sites in the rat brain

Brain region IL-2 binding

(fmol/mg tissue wet wt.)

Intact rats
Hippocampus 1.7 + 0.1
Kainate-lesioned rats -
Lesioned hippocampus 2.7 + 0.2
Intact contralateral hippocampus 1.6 + 0.2

Quantitative analysis of the  autoradiographic
distribution of [125I]IL~-2 binding to sections (20
um) of rat brain. Sections were incubated with 50
pM [125I]IL~2 and non~specific binding was asses-
sed 1in the presence of 10 nM unlabeled IL-2.
Specific binding in other brain regions was exces-
sively low or non-detectable. Values are the mean
+ S.E.M. of 4-8 determinations.

In the hippocampus, there appears to be a positive
correlation between the level of IL-2 sites and that of IL-
2-like IR material. This suggests that IL-2, by acting on
its specific receptor, may be involved in the modulation of
hippocampal activity. Similarly, in the frontal cortex,
where low levels of IL-2~like IR material were measured, low
densities of specific IL-2 sites were also seen. However,
there appears to be an apparent discrepancy between the
measured IL-2-like IR material (high) and the density of IL-
2 sites (not detectable) in the striatum. The reasons for
this apparent discrepancy are not clear, but it is possible
that the 1IL-2 contained within the rat striatum 1is not
involved 1in the local regulation of neuronal activity (see
below) .

ACUTE EFFECTS OF GFs ON ACETYLCHOLINE (ACh) RELEASE FROM RAT
BRAIN SLICES

Presently, the significance of and possible function of
GFs in the adult brain are not clear, although there is
increasing evidence for a possible neuromodulatory role for
GFs in adult brain. IGF~1, for example, has been shown to
enhance ACh release from slices of rat cerebral cortex (8),
to inhibit the in vivo release of growth hormone from hypo-~
thalamus (6), and to alter somatostatin release from hypo-
thalamic cell cultures (7).

Effects of IGF-1 on ACh release

In our study, we investigated the possible effects of
IGF~1 on cholinergic nerve terminal activity in slices of
rat brain. The rationale for this study was that the hippo-
campus, which is enriched with cholinergic nerve terminals
(38, 39) and ACh receptors (40), 1is also densely 1labeled
with [1251]GF-1 (see above). Our results demonstrate that
IGF-1 significantly reduces the release of endogenous ACh
evoked by a high concentration of potassium (25 mM) from
slices of adult rat hippocampus (Table 4). Moreover, the
IGF-1~induced decrease in ACh release is not seen in slices
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TABLE 4. Effects of various GFs on ACh release
from slices of adult rat brain

GF T T Evoked ACh release
(uM) (%control)
T Hippocampus T Frontal cortex
IGF-1
0.5 84 + 8 104 + 5
1 77 ¥ 3 109 ¥ 8
IGF-~2
0.1 103 + 7 ND
0.5 111 ¥ 10 ND
Insulin -
1 98 + 8 ND
100 115 + 12 ND
EGF -
0.5 78 + 6 96 + 6
1 73 % 6 1017+ 9
5 68 + 7 114 + 16
NGF -
0.1 104 + 10 ND
0.5 101 ¥ 6 ND
Slices were depolarized with high-potassium (25

mM) Krebs medium and incubated in the presence or
absence (control) of GF. Values are the mean +
S.E.M. of 5-8 experiments.

of frontal cortex (Table 4), implying a regional specificity
for the IGF-1 reduction of ACh release.

Analysis of the data obtained from the binding of
[125I]IGF~1 to sections of rat brain clearly demonstrated
that some modifications in the site distribution occur with
development and maturation (see Table 1). However, it was
not completely evident whether these changes would be ref-
lected in altered receptor function. Thus, we determined
whether the effect of IGF-1 on hippocampal ACh release was
also apparent in immature rat brain. 1In hippocampal slices
from 6~ and 18-day old rats, IGF-1 did not affect evoked ACh
release (range: 94-118 % of control). Therefore, it appears
that at 1least some modifications in IGF-1 receptor site
function occur with brain maturation. Specifically, it
seems clear that the ability of the 1IGF-1 receptor to
regulate the stimulated release of ACh from hippocampus
occurs only in the adult rat brain.

Effects of EGF on ACh release

Although EGF receptor sites have been found in the
cortex of adult rats (32), the existence of receptor sites
specific for EGF in the adult hippocampus have not yet been
conclusively demonstrated (29). However, we found exogenous
EGF to decrease the potassium-evoked release of ACh from
hippocampal, but not cortical, slices of adult rat; this
effect was dependent of the concentration of EGF tested
(Table 4). Whether this effect of EGF is mediated by a
specific EGF receptor awaits the development of more sensi-
tive probes with which to visualize the receptor. Clearly
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though, the EGF-induced reduction of ACh release from adult
rat hippocampus cannot be considered a non-specific artefact
since the GF did not affect ACh release from hippocampal
slices of 6~ and 18~day old rats (range: 96~108% of
control). Therefore, the list of functions attributable to
EGF, such as acting as a trophic and maintenance factor
(42), can be enlarged to include a neuromodulatory function,
at least in the adult rat brain.

Effects of other GFs on ACh release

IGF-2 and insulin, both of which are weak competitors
for the type-1 IGF-1 receptor site (26, 41) did not affect
ACh release from either adult or immature rat brain slices
(Table 4). Thus, the reduction of evoked ACh release from
hippocampus induced by IGF-1 appears to be mediated by a
receptor specific for IGF-1, the type~l1 IGF receptor (41).
Similarly, NGF was ineffective in altering either the basal
or the evoked release of ACh from hippocampal slices (Table
4).

EFFECTS OF ILs ON ACh RELEASE FROM RAT BRAIN

An increasing body of literature points to the ILs as
mediators of brain-immune interactions (3, 33-35, 43). The
co-localization of high levels of IL-2-like IR material and
IL-2 sites in the hippocampus provided the first evidence
that neuronal-immune interaction might occur in this struc-
ture of the rat brain (37). Moreover, IL~2 significantly
depressed the potassium-evoked release of ACh from hippocam-
pal slices (Table 5). This IL-2 effect was apparent with
nanomolar concentrations of the lymphokine (Table 5). In
slices of rat cerebral cortex or striatum, IL-2 did not
significantly change ACh release (range: 91-119% of
control). Other 1lymphokines tested, such as IL~1 , IL-4
(Table 5) and 7Y~interferon (Y-IFN) did not affect ACh
release from hippocampal slices. Thus, in rat hippocampus,
IL-2 inhibits ACh release by interacting with its specific
receptor.

TABLE 5. Effects of various lymphokines on ACh
release from rat hippocampal slices

Lymphokine Evoked ACh release
(nM) (%control)
IL-2 - T

1 71 + 5

5 64 + 5

10 57 + 2
IL-1 -

10 97 + 8

100 109" + 7
IL-4

10 91 + 10

100 102 + 8

S1ices were incubated with or without (control) an
IL. Values are the mean + S.E.M. of 5 experiments.
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Our results support the hypothesis that in the hippo-
campus, IL~2 may function as a modulator of presynaptic
cholinergic function. However, it remains to be determined
under what physiological conditions such regulation of hip-
pocampal ACh release might be of significance. There 1is
some evidence that 1in response to injury, there is an
increase in glial mitogenic activity and in IL-2 content of
brain and microglia (44, 45). The exact mechanism of this
effect and the importance of IL-2-induced reductions in
hippocampal ACh release in this remain to be elucidated.

FUTURE FOR GFs AND ILs IN THE POTENTIAL DIAGNOSIS AND
THERAPY OF CNS DISEASES

At present, the potential benefit of GF therapy in the
treatment of degenerative diseases of the CNS is a subject
of controversy. So far, NGF seems to be most likely candi-
date for clinical trials in Alzheimer's disease (AD). NGF
has been shown to promote survival of forebrain cholinergic
neurons in vivo (46), prevent some effects of chemical
lesions on cortical cholinergic markers (47), and ameliorate
spatial memory impairment in aged rats (48). Fibroblast GF
(FGF) has also been shown to prevent the death of lesioned
cholinergic neurons in vivo in the rat basal forebrain (49).
Thus, the enthusiasm with which potential use of NGF or FGF
therapy in AD is being approached seems warranted. However,
a certain amount of caution needs to be exercised as well
because recent studies have suggested that the resultant
nerve sprouting generated by GFs such as NGF and FGF may be
detrimental rather than helpful in AD (50).

The possible benefits of other GFs in the treatment of
CNS diseases have not been characterized extensively.
Although both EGF (41) and IGF-1 (19, 51) act as mitogens in
CNS cultures, their effects on neuronal survival and/or
regeneration require further study.. Our results on the
reduction of hippocampal ACh release by IGF-1 and EGF sug-
gest that the possibility of chronic treatment with either
GF may present certain difficulties.

Although IL-1 and ~2 have been implicated in the body's
response to CNS trauma (44, 45), it is not apparent whether
the 1ILs may be beneficial in the treatment of CNS degenera-
tive diseases. In a recent study, microglia reactive to
monoclonal antibodies against IL-2 receptors were shown to
be particularly concentrated around senile plaques and
around degenerating tissue in post-mortem AD brains (52).
Thus, identifying regions of the human brain that are highly
concentrated with IL-2 sites may provide a useful diagnostic
tool with which to study the severity and the progression of
AD.
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Imagine a "magic bullet" for Alzheimer's Disease, i.e., a therapy that would do more
than just halt the degeneration--this novel treatment would restore the atrophied
neocortex and perhaps even replace some of the lost information. Such a glamorous cure
for Alzheimer's disease carries with it a hidden requirement, one that has been relatively
neglected in this area of research. The addition of cortical tissue late in life will impose
new metabolic demands for synthesis of synaptic connections and the associated dendritic
and axonal material. In addition, the volume expansion will tend to dilute metabolic
support as the existing capillaries are spread apart. For these reasons any significant
restoration of functional cortex will have to include some improvement in its metabolic
support.

Over the last few years we have examined the metabolic support of neural plasticity
by using the paradigm of differential environmental complexity. This paradigm
essentially compares the brains of animals given complex experience with those merely
provided the standard laboratory environment. The animals given extensive opportunities
to learn typically produce new synaptic connections, as well as new dendritic and axonal
processes, all of which are attributed to the storage of learned information. In association
with this manifestation of neural plasticity are some changes in glial and microvascular
support, particularly the growth of new capillaries. However, the robust angiogenesis of
weaning-age animals appears to be substantially impaired by the time they reach middle
age, and we suspect that the impaired ability to support neural plasticity may restrict any
therapeutic efforts to heal the damage done by Alzheimer's disease.

ANGIOGENESIS IN YOUNG RATS

Our first efforts to study the vascular support of neural plasticity examined
weaning-age animals, an age at which the synaptogenesis and cortical volume differences
among experimental groups are quite substantial (1). In this study eleven sets of male
triplet littermate rats were assigned at weaning age (23-25 days) to one of three
experimental conditions for 30 days. Eleven rats were housed together in a complex
environment (EC) that consisted of a large cage filled with toys that were changed daily in
order to provide an optimal environment for learning. In addition, these rats were placed
for an hour each day in a large playpen filled with different toys while the home cage was
cleaned. Another 11 rats were paired off in standard cages (SC) without any toys, and the
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remaining 11 rats were kept individually (IC) in similarly barren cages. Tissue blocks
from the occipital cortex were prepared for conventional light and electron microscopy. A
prior study of these animals (1) showed that the number of synapses per neuron in the EC
rats exceeded that in the IC rat by about 20%. The SC rats had intermediate values
significantly different from the EC rats. The increased number of synapses-per-neuron
and the lower neuronal density in the EC rats reflect the addition of neuropil and the
expansion of cortical volume.

For the microvasculature portion of this large study (2), we used coronal
0.5-um-thick sections that were stained with toluidine blue-and that allowed reliable
identification of the empty lumens of blood vessels against the stained tissue background.
The upper half of each section and all of the vessel profiles were drawn at a total
magnification of x1250. The diameter of each vessel was then measured perpendicular to
the longer dimension of the contour, excluding those vessels with irregular or cutoff
profiles. Vessels with diameters larger than 10 pm were excluded from the sample, so
that nearly all of the remaining vessels were capillaries. Grid overlays were then used to
count the number of points over the vessel lumens and the number within the sample
areas. The ratio of these two numbers corresponds to the volume fraction of blood in the
tissue (3). Because the tissue was fixed while perfused under pressure and essentially
all capillaries were open, this value is an estimate of the maximum amount of blood that
can be in the tissue. Many cerebral capillaries are not perfused in the quietly resting
animal, thereby providing the animal with a substantial vascular reserve to call upon
when metabolic demands are increased (4). Volume fraction is determined by the
distribution of vessel diameters and the spacing of the vessels, two other important
vascular parameters. Assuming that the smaller vessels are randomly oriented (5), the
mean distance from a random point in tissue to the nearest capillary can calculated from
the density of profiles in the sample area (6). This measure is comparable to
physiologically meaningful parameters, such as the tissue diffusion distance for
metabolites.

The effect of complex experience on the cortical vasculature is summarized in Figure

1. The EC animals had greater blood volume fraction than the SC or IC animals. The mean
distance to the nearest capillary was smaller for EC rats than for SC or IC rats. Both large
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Fig. 1 Group means and standard error bars. Significant main effects of group were found for
volume fraction (EC>SC,IC), mean distance from a random point to the nearest capillary
(EC<SC<IC), and mean vessel diameter (EC>SC,IC).
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and small capillaries contributed to the decreased distance between vessels, as reflected by
the density of capillary profiles as a function of vessel diameter (Fig. 2). All of the
experimental groups showed very similar distributions of vessel diameter, but mean
vessel diameter was slightly greater for EC rats than for SC or IC rats.

The literature suggests that neural plasticity, with its increased metabolic demand,
would be supported by hemodynamic changes in these animals rather than by the growth of
new vessels. Vascular sprouting in rat cerebral cortex falls off to nearly zero by 21 days
of age (7), well before the onset of complex experience and the related synaptogenesis.
Furthermore, the blood volume fraction in visual cortex of rats raised in standard
laboratory conditions does not increase much from 20 to 55 days, and the density of
vessels in upper cortex increases only 5% (5), possibly reflecting the normal shrinkage
of neuropil during that period. The finding that EC rats had more dense packing of
capillaries in the face of expanding tissue volume was thus unexpected. Previous studies
have used rats raised in standard laboratory conditions that may not have imposed
additional metabolic demand in visual cortex after weaning, leaving some residual capacity
for vascular proliferation unobserved. In contrast, complex experience appears to have
stimulated an increase in cortical thickness and synapse production, as well as extension
of dendrites, axons, and glia (1, 8,9). The addition of neuropil, with its own very high
metabolic requirements (10), also spreads the pre-existing vessels further apart and
effectively reduces the quality of vascular support. In these young animals this metabolic
challenge was met by substantial production of new capillaries, as suggested by the
smaller distance between vessels and the increased density of branch points in the EC rats.

In an extension of this work (11), we examined the branching pattern of the visual
cortex capillaries of another set of EC, SC, and IC rats placed in the environments at
weaning. By perfusing them with an india ink solution, the elaborate and graceful arcades
of vessels can be visualized in 120-um-thick brain sections. As any new capillary
segment starts out as two sprouts that join together, the formation of new capillary
branches can be inferred from changes in the volume density of capillary branch points.
As predicted from the earlier study, the EC rats had a greater density of branch points, and
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Fig. 2. Group distributions of vessel density by diameter. EC rats generally have a tighter
packing of both large and small vessels.
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these branches were spaced closer together along capillary segments, than those of the SC
and IC rats. Thus, these young EC rats generated many new capillary segments to
infiltrate the expanding cortical volume.

We have also examined the vascular support of neural plasticity in young adult rats
(12). These 3-month-old rats were placed in either EC or IC conditions for 10-, 30-,
or 60-day periods. The vascular parameters were similar to those described above (2),
with the addition of a simple measure of visual cortex thickness. The cortical thickness of
the EC rats was significantly thicker after 10 days, corresponding to the earlier findings
of synaptogenesis in these animals (13), both of which suggest an expanding tissue
volume. The mean distance from a random point in tissue to the nearest capillary,
however, was not affected by complex experience. Because vessel spacing was maintained
in the face of expanding tissue volume, we suspect that these young adult rats were able to
infiltrate the additional neuropil by adding new capillaries. This interpretation is further
supported by the finding of many small vessels after 10 days of experience, along with the
gradual expansion in vessel size after 30 and 60 days. Apparently new, smaller-diameter
vessels were introduced within 10 days, but they had not matured in size until after 30
days. These young adult rats apparently were able to generate new capillaries in response
to metabolic demands, but in a less vigorous fashion than was observed in the weanling
animals.

IMPAIRED VASCULAR SUPPORT IN MIDDLE AGE

Ailthough synaptogenesis in response to complex experience can occur in old animals,
its magnitude appears to be substantially impaired (14,15,16). In order to examine the
possible role of angiogensis in this phenomenon, we examined the microvasculature of
eight middle-aged (12 months old) and nine old (22 months old) rats kept in EC or SC for
50 days (17). The visual cortex of the middle-aged EC rats was significantly thicker than
that of the SC cohorts, and the density of vessels was unaffected (Fig. 3). This pair of
findings suggests that new capillaries had infiltrated the expanding tissue while
pre-existing vessels were pushed apart. This inference is supported by a dramatic change
in vessel size, in which the middle-aged EC rats had many more small-diameter
capillaries than the SC cohorts (Fig. 4), much as if immature capillaries had infiltrated
the tissue. And the decreased density of large-diameter vessels in the middle-aged EC rats
reflects the tissue expansion that spread pre-existing vessels apart. Although the general
trends in these parameters were preserved in the older animals, essentially no change had
occurred in tissue volume or microvasculature. It appears that the middle-aged animals
were perhaps installing new vessels after 50 days, while the younger animals had finished
the task in just 30 days. Of course, synaptogenesis and cortical expansion in the old
animals may have failed because its metabolic support was inadequate, or it may be that
angiogenesis was not called upon because the aging neural plasticity mechanisms had
failed for some other reason. This unresoived issue of causality will become important in
therapies attempting to reverse the pathology of Alzheimer's disease.

CAN VASCULAR SUPPORT IMPROVE WITHOUT VOLUME CHANGE?

It is not clear at this point whether increased metabolic demand in the absence of
volume expansion will similarly elicit angiogenesis. A study in progress is examining the
capillaries in the paramedian iobule (PML) of the cerebellum of middle-aged rats
(18,19). The cerebellar cortex in this region substantially expands in rats given
extensive acrobatic training, but it retains its original volume in rats given considerable
repetitive physical exercise. In fact, the most athletic rats in the exercise group had run
about 40 kilometers during the one-month experiment, but their PML closely resembled
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those of the control rats, which were allowed no exercise at all. Our earlier work with
middle-aged rats (17) suggests that angiogenesis in the PML of the acrobatic rats will be
impaired, such that the capillary density may be decreased in the expanded cortex or there
may be evidence of immature vessels. An intriguing possibility is suggested by the rats
that were given considerable physical exercise and did not add many new synapses tfo this
region. They most likely used the existing PML synapses more often than the rats given
acrobatic training, and as increased synaptic activity leads to increased sodium transport,
for example, the PML of thse animals may have had greater metabolic demands imposed on
it without any increase in tissue volume. The increased demand may have been met by
hemodynamic changes (e.g., perfusing a greater number of capillaries) or by altering
some physical parameter of the microvasculature. It is the latter possibility that we are
presently investigating.

SOME IMPLICATIONS FOR THERAPY

In summary, hypertrophy associated with synaptogenesis apparently can elicit
angiogenesis in adult rat visual cortex, presumably because such expansion imposes new
metabolic demands on the microvasculature. However, the capacity to create new
capillaries is impaired substantially by middle age. From our reading of the literature
the microvasculature does not appear to be responsible for any aspect of Alzheimer's
disease itself. However, we believe that an age-associated impairment of vascular
plasticity may severely limit any therapeutic attempts to reverse the pathological
changes. Additional studies of vascular adaptation in senescence thus may be an important
adjunct to this area of research.
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INTRODUCTION

Senile dementia of the Alzheimer's type (SDAT) is a slowly progressive
neurological disorder which is characterized by severe and debilitating memory loss. This
insidious and pernicious malady is expected to strike 20% of all individuals over the age of
eighty (Bartus et al., 1982), an important and growing demographic block. At present the
etiological basis of SDAT is unknown and work has been aimed at palliative treatments to
increase the quality of life of those individuals stricken with the disease. In SDAT,
numerous biochemical/physiological observations have suggested that a cholinergic deficit
is in some way related to the disease (Becker and Giacobini, 1988 and references cited
therein). Such evidence includes selective degeneration of cholinergic neurons in the basal
forebrain, decreased activity and concentration of acetyl choline (ACh), choline
acetyltransferase, the enzyme responsible for synthesizing ACh and acetyl cholinesterase
(AChE), the enzyme responsible for ACh degradation (Sims et al., 1983). Given this
biochemical basis for dementia, therapeutic approach have concentrated on bolstering the
impaired cholinergic system either by agonist administration (Corkin, 1981) or by
developments of AChE inhibitors. Compounds resulting from the latter scheme have
offered the most potential in SDAT and include physostigmine, aminopyridines and 9-
amino-1,2,3 4-tetrahydroacridine (THA).

In the case of physostigmine, human clinical experiences have been varied at best
(Becker and Giacobini, 1988). While significant improvement in various symptoms has
been observed, these ameliorations are not sufficient to return patients to an unsupervised
arrangement. In addition, this drug has potent and unpleasant side effects associated with
peripheral cholinesterase inhibition and the drug is characterized by a short duration of
action. Other AChE inhibitors such as THA offer some advantages over physostigmine but
these compoulé‘ds are also associated with peripheral dose-limiting toxicities and a limited
duration of action. Clearly, many of the toxicological aspects of these agents could be
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avoided or mitigated if the compounds of interest could be selectively delivered to their site
of action, i.e., the brain. Such selectivity would decrease untoward peripheral reactions by
lowering extratarget tissue drug levels and could increase the efficacy of the administered
agent by shunting a larger portion of the administered dose to the central nervous system
(CNS). Work by Mattio et al. (1986) in the dog has shown in fact that when
physostigmine is introduced directly into the CNS via intrathecal (i.t) administration,
peripheral AChE activity is minimally effected compared with intravenous (i.v.) dosing.
This administration also produced significantly fewer peripheral side effects. In addition,
recent work by Mesulam et al (1987) suggests that AChE inhibitors may behave in
qualitatively different ways in the CNS of demented patient compared with normal
individuals. This postulate arises from the potent effects of these agents on cholinesterase
associated with neuritic plaques and neurofibrillary tangles, the histological hallmarks of
SDAT. Given this, the selective delivery of AChE inhibitor becomes even more important.
Methods for achieving this type of selectivity without the pain and inconvenience of i.t.
dosing would, therefore, be beneficial.
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One general method which has proven useful in selectively enhancing drug delivery
to the CNS is the chemical delivery system (CDS) (Bodor et al., 1981; Bodor and
Brewster, 1983a; Bodor, 1988). The CDS is a carrier-mediated delivery approach in
which the drug of interest is transiently attached to a organ-targeting moiety. In the case of
CDS designed for the CNS, derivatives of dihydronicotinic acid have been shown to be
quite useful as carriers. In practice, an amine or hydroxy containing drug is condensed
with a nicotinic acid derivative giving rise to the corresponding nicotinate or nicotinamide.
These intermediates are then alkylated with methyl iodide to give the quaternary salt and
reduced giving the 1-methyldihydronicotinates or nicotinamides which are termed CDS's.
The attachment of this reduced carrier to the drug imparts to the resulting conjugate
relatively high lipophilicity and membrane permeability. Upon systemic administration, the
lipophile can rapidly and extensively distribute in the body entering many compartments,
such as the CNS, some of which may be inaccessible to the unmanipulated drug. With
time, the drug-carrier conjugate undergoes an enzymatically-mediated oxidation to generate
the quaternary salt form of the drug-carrier conjugate (Figure 1). This derivative is now
highly polar and is as much as 100,000-fold more hydrophilic than its dihydro precursor.
When this conversion takes place, the peripheral clearance of the carrier complex is
accelerated as the charged conjugate becomes an excellent substrate for elimination by the
kidney and liver. Paradoxically, this conversion acts to trap the conjugate in the CNS.
This occurs because the oxidized carrier drug combination poorly penetrates lipid barriers
such as the blood-brain barrier and as a result the species is depoted or "locked-in" the
brain. This conversion of the lipophilic membrane permeable transport molecule to a
hydrophilic, membrane impermeable form is crucial for CDS operation and is the step
which imparts CNS selectivity. In the brain, the trapped conjugate can degrade through
hydrolytic means to release the active principle in a slow and sustained fashion. In this
scheme, manipulation of the parent compound generally results in a diminution or abolition
of pharmacological potency. Thus the transport forms of the drug lack the toxicological
potential of the parent compound. This aspect of the CDS provides for the improved
therapeutic index afforded by the approach. The overall effect of this method is then to
reduce peripheral dose
-related toxicities by providing for rapid elimination of the compounds of interest and at the
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Figure 1. In the CDS, a drug is condensed with nicotinic acid, quaternized to form
trigonellinate salt and reduced to give the CDS. Systemic administration of this
CDS results in extensive tissue distribution. In all locations, the labile CDS is
converted to the trigonellinate salt (kox). This more polar species is rapidly
eliminated from the periphery but retained in the CNS (ke11>>ke)5) because of its
charge and size and its inability to readily back-diffuse through the BBB. In the
CNS, the "locked-in" salt is slowly hydrolyzed liberating the manipulated drug and
the carrier salt. The drug can then interact with bioreceptors while the nontoxic
trigonellinate salt is actively eliminated from the CNS (ke16).

same time tying up the active principle as much as possible as an inactive conjugate. In the
CNS, toxicity may also be abated since the majority of the delivery drug is present in the
form of the inactive depot conjugate which must hydrolyze prior to receptor interaction.
This carrier-based system has been extensively applied to various drug classes including
neurotransmitters such as dopamine, aminobutyric acid and tryptamine (Bodor and Farag
1983; Anderson et al., 1987; Bodor et al., 1986), sex steroids including estradiol, ethinyl
estradiol, testosterone and norethindrone (Bodor et al.,. 1987; Brewster et al., 1986; Bodor
and Farag, 1984), glucocorticoids including dexamethasone (Anderson et al., 1989),
antiepileptic agents, anticancer agents (Raghavan et al., 1987; Bodor et al., 1989) and
others. Safety evaluations of these systems have indicated that they are not associated with
neurotoxicological manifestations when administered on either an acute or subchronic basis
(Brewster et al., 1988). Other predictions including the rapid elimination of the spent
carrier molecules, trigonelline, have also been experimentally confirmed (Bodor et al.,
1986). Based on these and other studies, one of the CDS has entered human clinical trials
and is presently being evaluated in a Phase I protocol (Howes et al., 1988).
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A second corollary to the CDS postulate involves compounds which contain in their
structure a potential delivery moiety such as a reducible pyridinium substructure (Brewster
and Bodor, 1983a). In these cases, the transport carrier does not disassociate from the
drug after CNS deposition as it is an integral portion of it. Successful applications of this
technology include 2-pralidoxime chloride (2-PAM), a potent reactivator of inhibited AChE
(Bodor et al., 1975; Bodor et al, 1976) and berberine, an anticancer alkaloid (Brewster and
Bodor 1983b).

RESULTS AND DISCUSSION

The ability of the CDS to target drugs to the CNS and to attenuate toxicity provided
a logical extension of these systems to anti-dementia drugs including inhibitors of AChE as
well as certain phenethylamine derivatives. Certainly, the most highly studied AChE
inhibitor has been physostigmine (eserine). Unfortunately, the chemical structure of this
compound is not amenable to simple synthetic manipulation thus prompting a search for
ACHhE inhibitors which could serve as lead compounds. Of the available derivatives, two
structurally related compounds were selected as targets: pyridostigmine (Taylor, 1980) and
benzstigmine (Wuest and Sakal, 1951). Both of these agents are pyridinium salts and as
such would not be expected to penetrate the BBB restricting them to peripheral uses.
Application of the CDS to these compounds would therefore be expected to alter their
spectrum of activity. Reduction of these salts to their corresponding dihydropyridines
should allow for brain uptake and at the same time should mitigate the biological potency of
these compounds since the charged nitrogen is an essential requirement for AChE
interaction. Attempts to reduce pyridostigmine were unsuccessful using a variety of
reducing agents and experimental conditions. This may be related to the observation that
electron-withdrawing groups which are capable of conjugation are required in the 3 and/or
5 position of pyridine derivatives to yield stable products upon reduction (Eisner and
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Kuthan, 1972). Electron-withdrawing functionalities in the 1-position also stabilize
dihydropyridines. Thus while pyridostigmine could not be readily reduced to a isolable
product, the 1-benzyl moiety of benzstigmine did provide for a stable adduct upon sodium
dithionite reduction. The CDS, 1,4-dihydrobenzstigmine, was found to readily oxidize in
various biological matrices to regenerate the parent compound. The ability of benzstigmine
and its CDS to inhibit AChE was investigated using the well known Ellman method
(Ellman et al., 1961). In this assay, the dihydrobenzstigmine was shown to inhibit AChE
activity 35.4% at a concentration of 13 pg/mL while the parent compound inhibited the
enzyme 48.4% at 0.3 pg/mL. The inhibition ratio of the CDS to the parent compound was
less than 0.015 corroborating the expected decrease in activity associated with CDS
formation. Further distributional and pharmacological evaluations of this and other
structurally related analogs is ongoing.
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A second structural type of AChE inhibition are derivatives of aminopyridine
including 4 aminopyridine (AP), 3,4-diaminopyridine (DAP) and 9-amino-
1,2,3,4—tetrahydroacridine (THA). THA and AP have been used in human clinical trials
as a treatment for SDAT (Summers et al., 1986; Wesseling et al., 1986; Kaye et al., 1982)
and DAP has been examined in various animal models (Gibson et al., 1983; Peterson and
Gibson, 1982). All of these compounds appear to possess activity although the report by
Summers et al., (1986) that THA produced substantial improvements in patients suffering
from SDAT has generated by far the most interest. A CDS for aminopyridine derivatives
has been described by Allen et al., (1986). In this approach, 4-aminopyridine was
condensed with trigonellonyl chloride to give the AP-Q + (Scheme I). This
nicotinamide salt was then reduced giving the AP-CDS. Similar manipulations are possible
for derivatization of DAP. These derivatives have been examined for their ability to restore
cholinergically deficient memory in a dark avoidance assay. In the model, mice are placed
in a chamber which contains a dark compartment and one which can be lighted. A strong
light then forces the test animal into the dark portion of the box where it receives an
electrical shock. If an anticholinergic agent such as scopolamine is given, the ability of the
mouse to remember the unpleasant experience is compromised. Administration of the AP-
CDS lead to an antagonism of this effect.
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In applying the CDS to THA, a nicotinamide type derivative was designed. The
chemical manipulation of the amino group of THA and indeed of the aminopyridines in
general is difficult because of resonance interaction which decreases nucleophilicity of the
amino functionality. In the case of THA, rather harsh conditions (refluxing pyridine) were
required to acylate the 9-amino position with nicotinic anhydride. Once the nicotinamide
was obtained, it was quaternized with methyl iodide to give THA-Q* and reduced with
aqueous basic sodium dithionite to give the THA-CDS (Scheme II).

In vitro studies on the THA-CDS indicated that the dihydronicotinamide readily
converted to the "lock-in" quaternary salt in various matrices including rat brain and liver
homogenates and rat whole blood. As with the benzstigmine, the biological potency of the
CDS was examined and compared to that of its parent. Table I, which indicates percent
ACHE inhibition as a function of drug concentration, shows that derivatization of THA
increases its ICs from 0.072 pum to 65 pm, a decrease in potency of almost 1000-fold.
Again this inactivation of the transport form is consistent with the CDS approach.

Prior to initiating tissue distribution analysis, the tolerance of rats to the CDS and
THA was assayed. In the protocol, the drugs were dissolved in dimethyl sulfoxide
(DMSO) and given i.v. in the tail vein. The maximum tolerated dose of the THA-CDS was
approximately 30 mg/kg while animals could routinely survive i.v. dose of only 2.8 mg/kg
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Table 1. Effect of THA and THA-Q* on the cholinesterase activity of purified acetyl
cholinesterase (EC 3.1.1.7, Type III obtained from the Electric Eel)

Drug Percent
ompound Concentration Inhibition
THA 2.93 uM 97.8%
0.293 uM 81.3%
0.0585 uM 44.0% -
0.0293 uM 29.3%
0.0146 uM 5.5%
THA-Q* 888 uM 93.8%
178 uM 73.9%
35.5uM 31.6%
17.8 uM 23.1%
8.88 uM 6.2%

of the THA. This mitigated toxicity is clearly related to a decrease cholinergic effect as
THA-treated animals demonstrated classic signs of cholinergic excess including
lacrimation, salivation and convulsion. These effects were not observed after THA-CDS
administration. In the distribution studies, these doses of THA and the THA-CDS were
administered (i.v., tail vein) to conscious, restrained Sprague-Dawley rats (BW=250 £).
At various times post-drug administration (0.25, 0.5, 1, 2, 6 and 24 hr in the case of THA-
CDS, 0.5, 2 and 6 h in the case of THA) animals were sacrificed and organs and trunk
blood collected and rapidly frozen on dry ice until processed for analysis. Organs were
homogenized in isotonic phosphate buffered saline to generate 20% w/v organ suspensions
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and blood was diluted 1:1 with buffer. The homogenates were then deproteinized and
extracted with cold acetonitrile. In the protocol, one volume of the organ or blood
homogenates was mixed with two volumes of cold acetonitrile, vortexed and centrifuged at
13,000x (Beckman Microfuge12). The organic layer which separated under these
conditions was collected and stored in vials prior to analysis. The method use found to be
90% efficient in extracting the compounds of interest. Assay of the samples was by high
performance liquid chromatography (HPLC) using a Spectra-Physics SP 8810 pump, an
SP 8780 autosampler, an SP 4290 integrator, a LDC/Milton Roy Spectromonitor D
variable wavelength detector and a Kontron SFM 23/B spectrofluorometric detector. The
compounds were assayed on an Alltech 8744 Spherisorb C8 5 25 cm x 4.6 mm i.d.
analytical column which was jacketed and maintained at 30°C. The mobile phase consisted
of acetonitrile:KHoPO4 0.05 M, pH 5.4 35:65 and 0.1 mM tetrabutyl ammonium
perchlorate. The flow rate was 1.2 mL/min. The THA and THA-Q* were detected at 242
nm while the THA was also assayed by fluorescence using an excitation band at 310 nm
and an emission frequency of 360 nm. The UV and fluorescence detectors were connected
in series. The use of fluorescence detection increased the sensitivity of the assay for THA
by over an order of magnitude. THA could be reliably detected in amounts as low as 1.25
ng injected by UV and 130 pg injected by fluorescence. In the assays, UV detection was
used in the quantitation of the THA-Q* while fluorescence was used in the quantitation of
THA.

When THA is given i.v. to animals it is rapidly lost from both brain and blood
(Figure 2). The first order half-life of THA in brain was found to be 0.77 h while in the
blood this value was 0.48 h. At 6 h only 5.3 ng of THA/g could be detected in brain,
while in blood no THA was present. Administration of the THA-CDS gave a different
distribution. After a 30 mg/kg dose of the delivery system, high levels of the
corresponding quaternary salt could be detected in the brain. This compound was present
in the CNS for relatively prolonged periods compared to THA after THA dosing. The half-
life of this quaternary salt in the brain was 10.7 h. This "lock-in" salt was associated in a
small but sustained release of THA which reached levels of 15 ng/g by 24 h. No THA was
found in the CNS 24 h after THA administration. We are presently examining the
pharmacological significance of this delivery.
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Figure 2. Concentration of THA in brain and blood after an i.v. dose of 2.8
mg/kg THA in the rat (left panel) and the disappearance of THA-Q* from rat brain
after a 30 mg/kg dose of THA-CDS (right panel). At 24 hours, no THA was
detected in the brain of animals dosed with THA while levels of 10-15 ng/g were
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