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TWO YEARS PASSED! 

Historically significant events occurred in the world during the past two years since from 

the first Suncoast Workshop on the Neurobiology of Aging (St. Petersburg, Florida, 1989). 

The changes have been of major proportions that no one could foresee. Especially shocking to 

us in this generation was the collapse in the balance of two Big Powers. Almost no natural 

scientists appear to have been involved in these changes directly; nonetheless, we are all very 

interested in monitoring these developments. Will the present state of affairs take root, or could 

another turn of events occur? No one can answer this. An expectancy is pinned on economists, 

politicians, historians and sociologists to analyze our world correctly and to explain these 

phenomena theoretically but in a comprehensible manner. 

Science appears to have been affected little by these dramatic changes. A look at the 

current research on "brain" will show that more advanced studies on Alzheimer' s disease are 

now under way, while new, useful approaches are developed in molecular biology, gene studies, 

protein chemistry, and morphology. The direction of sciences in this area, at a glance, appears 

not to be established yet, but a clear destination may be apparent; that is, towards an everlasting 

process of modifying the direction based on the truth of science as common ground throughout 

the world, with few barriers among national horders, nationalities, and cultures. Perceptions of 

the value of politics, economy and culture are quite different from country to country, providing 

no common base upon which to stand. Sciences, however, have such a base, hopefully playing 

a role in supplementing and connecting different perceptions. 

Alzheimer's disease is one of neuro-degenerative disturbances of elderly people, in which 

background studies involve not only the development of its therapeutic agents but the elucidation 

of brain mechanisms such as neuro-transmission, memory, learning and aging processes. 

Understanding the brain as such can be bring us closer to the basics ofhuman beings and their 

interactions as weH. I think it would be better, when considering the future of humanity, if 

politics, economy, history and sociology could be brought a bit closer to such science. I will 

keep watching the relationship between human beings and science. 

J. Yamamoto, Ph.D. 
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PREFACE 

Alzheimer's disease is one the foremost health problems facing every society fortunate 

enough to attain a level of medical care that ensures an average lifespan of over 70 years of age. 

The cause of the disease remains unknown, and no single therapeutic approach has yet been 

found highly efficacious. Indeed, as the complexity of its effects on brain neuronal systems 

becomes elucidated, the concept emerges that Alzheimer's disease may be an umbrella term for 

multiple Alzheimer's-type syndromes that can be differentiated based on etiology (hereditary 

versus sporadic), neurochemical deficits, and extent of pathology. 

Whether one or more disease processes is involved, it seems increasingly unlikely that 

any single drug will provide efficacious relief across the broad spectrum of symptoms reflected 

in large subject populations. Rational therapeutic approaches may yield long term amelioration of 

many symptoms in selected groups of patients; and individual symptoms may be ameliorated in 

larger populations. Multiple approaches may be combined to optimize therapeutic effects. For 

example, a variety of approaches remain focused on restoration of cholinergic neurodegeneration 

and enhancing cholinergic neurotransmission, whereas other approaches attempt to retard the 

continuous degeneration of the brain that occurs during Alzheimer's disease. Chapters cover 

topics from growth factor secretion of proteases, which could modify amyloid processing, to 

neuronal gene delivery using viral vectors. The breadth and thoroughness of the chapters truly 

embrace a broad spectrurn of models, pathological mechanisms and therapeutic approaches. 

Against this backdrop, the Second Suncoast Workshop on the Neurobiology of Aging 

was held between March 1-4, 1991, at Amelia Island Plantation in Florida to focus on the status 

of potential cholinergic, cytoprotective and other treatments for this neuropathological disorder. 

The Workshop was sponsored by the Center for the Neurobiology of Aging at the University of 

Florida, Taiho Pharmaceuticals Corporation of Japan, Synphar Pharmaceuticals of Canada, and 

the National Institute on Aging. Over 150 scientists attended from North America, Europe, 

Japan and other parts of Asia. 

In a broad sense, the focus of this Workshop remained unchanged from that of the fIrst 

one in 1989. Yet it is apparent from thechapters in this book, which derive from and reflect the 

breadth of material presented at the Workshop, that much has changed during the past two years. 

The once almost singular emphasis on NGF as a model trophic factor able to spare selected brain 

cholinergic neurons has spread to a variety of trophic/cytoprotective agents that act selectively on 
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different neurons. And the cholinergic field has entered an era of rational drug development for 

Alzheimer's disease that makes use of the growing clinicalliterature, better animal models, and 

new techniques in molecular biology. Finally, significant advancement has been made in several 

areas related to these aforementioned areas, including improvements in the delivery of 

macromolecules into the brain, discovery of modulators able to enhance transmission and 

neuroplasticity indirecdy, and an increasing number of non-cholinergic approaches to enhance 

memory-related behaviors. 

Accordingly, this book includes some of the same sections as before (Cholinergic 

Treatments, Trophic Factors, Aging and Models for Alzheimer's Disease) and some additions: 

Drug Delivery Systems, Phospholipids and Ion Channel Modulators. Collectively, this volume 

enunciates an advanced level of discovery as it relates to a variety of related strategies for treating 

neurodegenerative conditions such as Alzheimer's disease. 

We remain indebted to many people in this country as well as Japan who helped make 

this volume and the Second Suncoast Workshop on the Neurobiology of Aging possible. First 

and forernost is Dr. Takashi Suzue ofTaiho Pharmaceuticals, who permitted the funding of the 

Workshop and who provided valuable insights into its operation. Additional suggestions came 

from Dr. Ronald Micetich and Mr. Chris Micetich from Synphar Pharmaceuticals, who have 

organized and run many of these types of international workshops. And our co-editor Dr. Jyunji 

Yamamoto, who helped secure important chapters from our Japanese participants and who WIOte 

aseparate introduction for this volume. 
Special thanks go to Ms. Victoria Redd and Mrs. Tavane Michael: the former for 

overseeing the editing and typing of the entire text, and the latter for organizing and running the 

Workshop. We could not have asked for more dedicated, helpful and professional collaborations 

than these two individuals provided during the past year. 

x 

Gainesville, Florida 
February 4, 1992 

Edwin M. Meyer 

James W. Simpkins 
Fulton T. Crews 
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SECTION I 

CHOLINERGIC DRUGS IN ALZHEIMER'S TREATMENT 

During the past decade, it has become apparent that Alzheimer's disease can affect a 
variety of transmitter systems in different regions of the brain. The disease itself may be a 
collection of related syndromes with different etiologies and pathological sequelae. 
Nonetheless, Alzheimer's disease does consistently destroy certain types of neurons that can be 
neurochemically differentiated from their anatomically homologous neurons Ce.g., septal
hippocampal cholinergic but not GABAergic neurons), and that can be anatomically 
differentiated from their neurochemically similar counterparts Ce.g., nucleus basalis but not 
striatal cholinergic neurons). This type of neurochemical and anatomical specificity has 
potential therapeutic as weIl as etiological significance. It becomes possible to consider the 
development of drugs that act selectively on receptor subtypes expressed predominantly in 
disease-affected regions, for example. 

The most pervasive neurochemical deficit in Alzheimer's disease remains the loss of 
ascending cholinergic projections from the basal forebrain to regions such as the cerebral 
cortex, hippocampus, and amygdala. Accordingly, much emphasis on pharmacotherapy has 
been focused on developing new generations of cholinergic agonists, direct and indirect, that 
will have the maximum efficacy on memory-related behaviors as weIl as the fewest and least 
debilitating side effects. In the first chapter, Dr. Richelson reviews concisely evidence that 
muscarinic agents should remain among the frontline of pharmacotherapy for Alzheimer's 
disease, especially with new techniques available for directing these agents against selected 
receptor-subtypes. While early attempts to ameliorate the symptoms of this disease with 
muscarinic agonists have not been highly effective, Dr. Richelson points out a variety of 
caveats with these studies, including the nonselectivity of the drugs themselves, that future 
clinicians and basic scientists are now addressing. 

The next chapter focuses on another type of cholinergic therapy that is also reaching a 
new stage of development, both with respect to efficacy and safety. This therapy involves the 
use of centrally active anticholinesterases to enhance cholinergic transmission, especially in the 
early stages of the Alzheimer's disease process, while ascending cholinergic neurons (and 
anticholinesterases) remain functional. Anticholinesterase drugs, as pointed out by Dr. 
Giacobini, have a long history as memory enhancement agents, but over very limited dose 
ranges. TypicaIly, anticholinesterases produce an inverted U-shape dose-related enhancement 
of memory-related behaviors, such that excessively low or high doses either have no effect or 
actually interfere with these behaviors. This complex dose-response relationship may reflect 
the presence of multiple types of cholinesterases in the brain and periphery, as weIl as the 
rapid elimination of first generation anticholinesterases Ce.g., physostigmine). In contrast, the 
first and so far only drug to receive approval from the United States FDA for the treatment of 



Alzheimer's disease is tacrine (THA), itself a relatively weak cholinesterase inhibitor with a 
longer biological half-life. While exerting modest efficacy in some patients, consistent with 
the notion that there may be subpopulations of Alzheimer's type syndromes, this drug is not 
palliative in general Alzheimer's populations. Dr. Giacobini and coworkers present evidence 
that directing a newer generation of long acting compounds against specific synaptic 
acetylcholinesterases may lead to broader therapeutic efficacy in the future. 

It is axiomatic that pharmacological advances in Alzheimer's disease will require 
imaginative model systems, both for the characterization of both new drugs and the 
elucidation of neuronal interactions that complicate behavioral responses to these drugs. 
Three chapters in this section focus on the use of animal models for cholinergic drug 
development: Drs. Weiler and Lee address how aging affects cholinergic transmission 
presynaptically; Drs. Rose and Engstrom consider the post-synaptic actions of aging on 
hippocampal cholinergic transmission; and Dr. Yamamoto characterizes the actions of 
cholinergic agents in vivo using nucleus basalis lesioned rabbits. Drs. Weiler and Lee point 
out that muscarinic receptor blockade may be an important adjunct to elevating cholinergic 
transmission during aging, at least if those receptors are presynaptic autoreceptors that 
normally attenuate acetylcholine release. Augmenting tbis presynaptic approach to the 
enhancement of memory in aging brain is the work of Drs. Rose and Engstrom, whose work 
points to the importance of both nicotinic and muscarinic transmission in the normal function 
of the hippocampus even during aging. In a third chapter, Dr. Yamamoto complements these 
concepts through his novel EEG approaches in nucleus basalis lesioned rabbits. After 
characterizing this new model electroencephalographically, he proceeds to demonstrate that a 
muscarinic agonist, a nicotinic agonist and an anticholinesterase agent each has a different 
profile with respect to EEG response. These various profiles are discussed as they may relate 
to designing a cholinergic approach to Alzheimer's disease. 

The final two chapters in this section begin to address the complexity of neurochemical 
and anatomical interactions in the brain and how these may be be used to enhance cholinergic 
transmission beyond some of the simpler concepts described above. Drs. Forster and LaI 
point out that GABAergic benzodiazepine receptors are among many types that can modulate 
memory-related behaviors, perhaps in part through indireet changes in cholinergic 
transmission. The prospect of using indirect approaches to modulate cholinergic transmission 
is an increasingly popular one as we leam more techniques for doing so. Along this line, Drs. 
Shaffer, Ting and Dokas, point to another neurochemical interaction that may serve as a 
model for developing multi-transmitter approaches for pharmacotherapy: acetylcholine and 
somatostatin. Somatostatin is another of the relatively few transmitters consistently decreased 
in concentration in Alzheimer's disease, and any attempt to modulate cholinergic transmission 
without considering it, along with other disease-altered transmitter systems, may lead to very 
limited efficacy indeed. Unfortunately, as these authors describe, neurotransmitter 
interactions can be complex, necessitating considerable basic research before any clinical 
ramifications become apparent. 

Summarizing, it appears that the cholinergic approach to treating Alzheimer's disease 
remains active on several fronts: 1) new generations of receptor-subtype specific muscarinic 
agents (pre- and postsynaptic); 2) new generations of longer acting anticholinesterases; 3) 
renewed interest in nicotinic agonists; 4) better model systems for characterizing each of the 
foregoing types of agents; and, perhaps most significantly, 5) a growing awareness of the need 
to characterize functional interactions among cholinergic transmission and other types of 
transmission that are rendered hypofunctional in Alzheimer's disease. 
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MUSCARINIC RECEPTORS: MOLECULAR BIOLOGY AND 

NEUROPSYCHOPHARMACOLOGY 

Elliott Richelson 

Departments of Psychiatry and Pharmacology 
Mayo Clinic Jacksonville 
JacksonvilJe, FL 32224 

INTRODUCTION 

Muscarinie and nicotinic are the names given to the two major classes of acetylcholine 

receptors. These receptors play major roles in the function of the body. In brain, evidence 

suggests a role for muscarinie receptors in memory function. Therefore, these receptors have 

been a focus of interest for the therapeutics of Alzheimer's disease. 

The definition of the two subclasses of cholinergic receptors occurred early in this 

century on the basis of tissue responses to certain agonists and antagonists (1). Elicitation of 

a response by muscarine, an akaloid derived from a poisonous mushroom (Amanita 

muscaria), and antagonism of a response by atropine, an alkaloid from the deadly nightshade 

(Atropa belladonna - a favorite of poisoners in past centuries) defined muscarinie receptors in 

a tissue. On the other hand, response to nicotine and blockade by d-tubocurarine defined 

nicotinic receptors. These definitions for the two subtypes of cholinergic receptors are still 

applicable today. 

Muscarinie receptors are widely distributed throughout the body. They mediate various 

types of responses in many different tissues, including cardiac tissue, in many types of 

smooth muscles, in exocrine glands, and in cells throughout the peripheral and central 

nervous system. Within the nervous system, muscarinie receptors are found on some axon 

endings (heteroreceptors and autoreceptors), regulating neurotransmitter release, (2-5) and on 

the soma and dendrites of many types of neurons, including cholinergic and non-cholinergic 

neurons (5-6). 

In the past six years, the field of muscarinic receptors has become immensely interesting 

and complex as a result of the advances made on the molecular biology of these receptors. At 

a time when phannacologists could identify at most 3 subtypes of muscarinie receptors, 

molecular biologists showed that at least 5 different muscarinie receptors existed on the basis 

of gene cloning experiments (8-13). 

Treatment 0/ Dement;as, Edited by Edwin M. Meyer 
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Research suggests that in Alzheimer's disease, reduced acetylcholine levels at certain 

muscarinic receptors causes the memory dysfunction that is a hallmark of this disease (14). 

These results have driven a major effort to increase our understanding of the structure and 

function of muscarinic receptor subtypes, to develop drugs that enhance muscarinic 

cholinergic neurotransmission in brain. This chapter presents information on the 

pharmacology and molecular biology of the muscarinic receptors. This presentation will 

include a discussion of the second messengers associated with activation of these receptors, 

the effects of neuropsychiatric drugs on these receptors, and possible roles for these receptors 

in neuropsychiatric disease. 

NEUROTRANSMITTERS, RECEPTORS, AND SECOND MESSENGERS 

Like many other neurotransmitters (even the hundreds that have yet to be discovered), 

acetylcholine is the flrst messenger of its neuron. Acetylcholine as well as most of the known 

neurotransmitters are stored in vesicles at the nerve ending and are released during 

neurotransmission. Electrical impulses are propagated along the nerve to the nerve ending, 

causing an influx of calcium ions. This influx results in the release of the neurotransmitter and 

the start of chemical transmission across the synapse to the next nerve cello 

Acetylcholine diffuses across its synapse to bind to and activate its receptor, a highly 

specialized protein on the outside surface of the postsynaptic cello Together with an effector, a 

biological change (for example, synthesis of second messengers, such as inositol 

trisphosphate) occurs within the receiving cell as a result of the binding of neurotransmitter to 

its receptor. Examples of effectors are ion channels or an enzyme such as adenylate cyclase. 

In some cases, such as, for example, the nicotinic acetylcholine receptor, the three

dimensional structure of the receptor traversing the membrane forms an ion channel, which 

opens when the neurotransmitter binds to the receptor. 

In nerve cells, receptor stimulation often results in an electrical impulse or action 

potential. Hyperpolarization of the cell can also occur with receptor activation. Muscarinic 

receptor activation generally causes excitation of neurons. 

The changes in second messen ger synthesis associated with activation of muscarinic 

receptors include decreased cyclic AMP synthesis; increased cyclic GMP synthesis; increased 
release of inositol phosphates, arachidonic acid, and diacylglycerol; and increased intracellular 

calcium ions (15). 

Studies with celllines transfected with the different muscarinic receptors show some 

speciflcity of receptors for coupling to second messenger effects. This results from speciflcity 

for coupling of the agonist-receptor complex to another important component of the 

membrane, namely G-proteins. 

Muscarinic receptors are among the many receptors that interact with effectors through 

guanine nucleotide (GTP) binding protein or G-protein (16). The binding of the 

neurotransmitter, receptor, and G-protein in a ternary complex facilitates the binding of GTP 

to this protein. Once GTP is bound, the G-protein dissociates so, on its own, it can activate 

certain effectors, as weH as alter the function of certain ion channels (17). In the process the 
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intrinsic GTPase activity of the binding protein hydrolyzes GTP to GDP and thereby ends its 

activation of the effector. It then becomes available to reassociate with the neurotransmitter

receptor complex. 

There are many different types of G-proteins (16), each consisting of a heterotrimer, 

labeled a, ß, and y. The ßy-subunit appears to be constant in structure, while differences in 

the structure of the a.-subunit confer specificity of the G-protein for different effectors. 

From gene cloning experiments, researchers have identified at least 5 different 

muscarinic receptors (8-13). All these muscarinic receptors appear to belong to a growing 
family of G-protein-coupled receptors. Included in this group are a.2-adrenoceptor, ßI- and 

ß2-adrenoceptors, several subtypes ofthe dopamine (DI-5) and serotonin (5-HTIA, 5-

HTIC, and 5-HT2) receptors, substance K receptors, opsin, and rhodopsin. Some of the 

most recent entries into this category include the neurotensin (18) and histamine H2 (19) 

receptors. All these proteins have large areas of homology in their amino acid sequence, 

including regions that bind to G-proteins. 

Based on studies with bacteriorhodopsin, hydropathy analyses, and studies with site

directed antibodies of the receptor proteins, researchers have hypothesized that all these 

receptors have the following general features in their 3-dimensional structure (20). Each has 

seven membrane-spanning -helical segments coupled with segments on the outside and 

inside the membrane. This topography gives rise to 3 outer loops and 3 inner loops for each 

of these proteins, ranging from about 450 to 600 amino acids in length. The third cytoplasmic 

loop appears to be the site of coupling to G-proteins. 

BIOCHEMICAL PHARMACOLOGY OF MUSCARINIC RECEPTOR-EVIDENCE FOR 
MUSCARINIC RECEPTOR HETEROGENEITY 

In general, pharmacologists define receptors in an experimental protocol (for example, 

measurement of agonist-mediated second messenger synthesis) on the basis of selectivity of 
agonists and antagonists. For the muscarinic cholinergic receptor, the agonist muscarine and 

antagonist atropine define this receptor. 

For many years pharmacologists have divided muscarinic receptors into two groups 

(21). However, only when the antiu1cer drug pirenzepine (22) became available did 

researchers have a convincing too1. The muscarinic antagonist pirenzepine blocked different 

muscarinic receptor effects with different potencies (23). High potency blockade by 
pirenzepine was labelled MI. 

More recently, pharmacologists can subdivide muscarinic receptors into 4 groupings 
(M 1, M2, M 3, and M4)(24). On the other hand, molecular biologists have so far identified 5 

subtypes (mI-m5) (Table 1). 

The nomenclature to specify the pharmacological and genetic subtypes of muscarinic 

receptors has been defined (23). Pharmacological studies with cloned receptors show that 
mI, m2, m3, m4 receptors correspond most closely to MI> M2, M3, M4 receptors. In 

addition, these studies continue to support the use of high-affinity pirenzepine binding to 
define the MI (mI) receptor. 
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TABLE 1. Muscarinic Receptor Subtypes 

Ml M2 M3 M4 
Pharmacologic 
subtype 

ml m2 m3 m4 m5 
Molecular 
subtype 

Some Pirenzepine 
selective (+) -

antagonists Telenzepine 

Brain Heart Exocrine Brain Brain 
Principal Exocrine Smooth glands 
regions of glands muscle Brain 
expression Brain Smooth 

muscle 

Inositol Inhibit Inositol Inhibit Inositol 
Biochemical phosphate Cyclic phosphate Cyclic phosphate 
response release AMP release AMP release 
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It is clear from recent studies (26), espeeially those with the cloned receptors, that the MI 

(mI) receptor is the only one that can be identified pharmacologically by a single drug, 

namely, pirenzepine. That is, pirenzepine is the only antimuscarinic compound that is at least 
10-fold more potent at one receptor (M 1 - ml) over the remaining four receptors. Thus, the 

pharmacological identification of the remaining receptors requires the determination of the 

affinities of at least two different compounds. 
In radioligand binding studies, muscarinic MI receptors have different regional 

distributions within the human brain from the other muscarinic receptor subtypes lumped 

together (27). However, a more precise determination of the distribution of all the subtypes 

of these receptors must await the availability of selective ligands or specific antibodies to these 

subtypes (28). 

In the meantime, it is possible, with the use of oligonucleotide probes selective for each 

of the 5 subtypes of muscarinic receptors, to show the locations of the cell bodies that 

synthesize the various receptor subtypes in brain. In particular, messenger RNA (mRNA) for 

the ml, m3, and m4 subtypes are abundantly and broadly detected in rat brain, including in 

the cerebral cortex, striatum, and hippocampus (29). Next in abundance is mRNA for the rn2 

receptor. The m5 receptor message is least abundant. (30). Declines in muscarinic receptor 

binding in aged rat seen with the non-selective radioligand antagonist quinuclidinyl benzilate, 

may not be a result of decreased expression of muscarinic receptor subtypes (31). 

In situ hybridization studies with selective oligonucleotide probes for each receptor can 

give information about the regional distributions of mRNA of the various receptors. Since the 

receptors are transported from the site of synthesis from the mRNA to the sites of insertion in 

the membrane, the other approaches mentioned above are needed to rnap receptor distribution. 

However, establishing the relationship between function and subtype of muscarinic 

receptor in the nervous system must await discovery of drugs selective for each subtype. The 

pharmacological data derived from cloned receptors expressed individually in celllines show 

that this discovery will be difficult. This might be expected for a farnily of receptors so 

closely resembling one another. 

BIOCHEMICAL RESPONSES ASSOCIATED WITH MUSCARINIC RECEPTOR 

There are several different biochemical responses that occur when muscarinie receptors 

are stimulated. These include release of inositol phosphates from membran al phospholipids, 

stimulation of cyclic GMP synthesis, release of arachidonic acid, inhibition of adenylate 

cyclase, and increase in intracellular calcium ions. These responses, however, are not unique 

to the muscarinic receptor (32). 

In rat brain, the release of inositol phosphates is likel y mediated by both MI and M 3 

subtypes (33,34). Recent evidence suggests that in rat, the cortical and striatal muscarinic 
receptors that couple to cyclic AMP inhibition are the M4 (m4) subtype (35). 

Studies on cloned muscarinic receptors in transfected celllines have focussed on inositol 

phosphate release and inhibition of adenylate cyclase. It is clear from these studies and studies 

eited that classification of the subtypes of the muscarinic receptor cannot be made on the basis 
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of the type of biochemical response elicited by a muscarinic agonist (Table 1). The 

nomenclature of the cloned muscarinic receptors has been standardized so the odd-numbered 

receptors (mI, m3, and m5) are associated with release of inositol phosphates. The even

numbered receptors (m2 and m4) are associated with inhibition of adenylate cyclase (Table 

1). 

This relationship of the various muscarinic receptors to biochemical responses has been 

largely shown through studies which make use of cells that lack muscarinic receptors until 

they are transfected with a gene for a specific muscarinic receptor subtype. These studies rely 

on the indigenous cellular machinery of the transfected cells. It is therefore possible that in the 

natural setting, the various muscarinic receptors could be differently c.oupled to second 

messenger synthesis. In addition, under certain conditions, some of these receptors may link 

to more than one second messenger system (36,37). 

FUNCTIONAL ROLES FOR MUSCARINIC RECEPTORS 

Knowledge of the biochemical functions for the five muscarinic receptor subtypes is 

rapidly accumulating from the studies with celllines transfected with the cloned receptors. 

However, we have much less information about the functions of these receptors at the organ 

level than at the ceIlular level. This is because of the lack of selective pharmacological tools to 

stimulate or antagonize these receptors. It is, of course, known that muscarinic receptors 

participate in smooth muscle contraction and relaxation, control of the heart, and glandular 

secretion. 

For brain, functions of muscarinic receptors are better defined at the molecular and 

cellular levels than at the behaviorallevel. Post-synaptic muscarinic receptors alter cellular 

levels of various second messengers and excite neurons. Pre-synaptic muscarinic receptors 

inhibit release of acetylcholine as weIl as other neurotransmitters (2-5). 

At grosser levels, muscarinic receptors appear to be involved with memory (38-40), 

motor, pain (41), vestibular (42), REM sleep (43), and endocrine functions (44,45). These 

receptors may also playa role in affective disorders (46,47). 

Some of the earliest objective evidence to support the hypothesis that muscarinic 

receptors are involved with memory function was provided by a study testing the effects of 

the antimuscarinic drug scopolamine in normal volunteers (48). After intravenous injection of 

scopolamine, recaIl after a 20 sec delay was markedly impaired. A few years later, other 

researchers observed that in a battery of tests measuring memory and other cognitive 

functions, young subjects given scopolamine obtain test scores that were similar to those 

obtained by aged subjects not given any drug (49). 

These data fit weIl with the results reported only a short time later of biochemical 

investigations into Alzheimer's disease. The data showed marked deficits in acetylcholine and 

the enzyme that synthesizes this neurotransmitter in the brains of these patients (50-51). 

Since the hallmark of Alzheimer's disease is loss of memory, initially for short term events, 

the cholinergic hypothesis of memory function was solidifying. However, the cholinergic 
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system is not the only one affected in Alzheimer's disease, antimuscarinics do not fully mimic 

the memory problems seen in this disease, and acetylcholinesterase inhibitors are not effecting 

major improvements in cognition in these patients. A critical review of this cholinergic 

hypothesis has been published recently (52). 

THE NEUROPSYCHOPHARMACOLOGY OF MUSCARINIC RECEPTORS 

Of all the drugs used by psychiatrists, the antidepressants, neuroleptics, and 

antiparkinsonism drugs are those that affect muscarinic receptors by blocking them to varying 

degrees. The most common side effects associated with muscarinic receptor blockade in 

patients are blurred vision, dry mouth, sinus tachycardia, constipation, urinary retention, and 

memory dysfunction. Based upon their potencies for blocking muscarinic receptors, 

clinicians should avoid certain of the most potent of these drugs in the elderly and in patients 

with the diagnosis of Alzheimer's disease (Table 2). 

However, since there are at least five subtypes of muscarinic receptors distributed 

throughout the body, the question arises whether any of these drugs show selectivity for any 

particular subtype? In situ hybridization studies show that the brain expresses to varying 

degrees all 5 subtypes of rnRNA. Heart expresses only m2 rnRNA, glandular tissues (such as 

lacrimal and parotid glands) express both ml and m3 mRNAs, and smooth muscle (suc;h as 

intestines and urinary bladder) express both m2 and m3 mRNAs. Thus, sinus tachycardia is 
very likely mediated by M2 receptor blockade. Based upon some studies with animals, MI 

receptor blockade likely causes memory dysfunction. Dry mouth could be due to either or 
both M land M3 receptor blockade. The remaining adverse effects mentioned above may 

involve both M2 and M3 receptors. 

Studies from our laboratory with the human muscarinic receptor clones expressed in 

transfected celllines and some antiparkinsonism and neuroleptic drugs (53,54) suggest there 

is some selectivity for a few of these compounds between ml-m5 receptors. Among the 

antiparkinson drugs, biperiden was the only one selective for the ml subtype; and among the 

neuroleptics, the atypical drug clozapine was also selective for the ml subtype. In similar 

studies we found no evidence for selectivity for a wide range of antidepressants and 

neuroleptics. 

MUSCARINIC RECEPTORS IN ALZHEIMER'S DISEASE 

Because of the loss of acetylcholine in brains of Alzheimer's patients, researchers have 

sought to deterrnine the changes in muscarinic (Table 3) and nicotinic receptors in brains of 

these patients. 

The data show for muscarinic receptors (Table 3) that the results are variable from study 

to study. Overall there may be a modest loss ofmuscarinic receptors and these may be 
confined to the M2 pharmacological subtype. On the other hand, profound reductions in 

nicotinic receptors in brains of Alzheimer's patients have been a more consistent finding in 

published studies (72-78). 
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Table 2. Drugs to Avoid in Elderly Patients and Patients 
with Alzheimer's Disease 

Drugs 
Class 

Amitriptyline (Elavil®, 
Antidepressants Endep®) 

Protriptyline (Vivactil®) 

Clozapine (Clozaril®) 
Antipsychotics Thioridazine (Mellaril®) 

Parkinsonism 
Drugs 

Antihistamines 

Other 

10 

Biperiden (Akineton®) 
Benztropine (Cogentin®) 

Trihexyphenidyl (Artane®) 

Procyclidine (Kemadrin®) 
Diphenhydramine 
(Benadryl®) 

Diphenhydramine 
(Benadryl®) 

Atropine 

Suggested Alternative(s) 

Fluoxetine (Prozac®) 
Bupropion (Wellbutrin®), 
or Trazodone (Desyrel®) 

Haloperidol (Haldol®) 
or 

Molindone (Moban®) 

Amantadine (Symmetrel®), 
L-DOPA, or Bromocriptine 
(Parlodel®) 

Hydroxyzine (Atarax®, 
Vistaril®) 

None 



Table 3. Muscarinic Receptors in Alzheimer's Disease 

Radioligand 

(3 H1Quinuclidinyl 
benzilate «(3H1QNB ) 

(123 I 1QNB in SPECT 

(3H1QNB in competition 
with carbachol 

(3H1QNB in competition 
with carbachol 

(3H1QNB 

(31 NMS in competition 
with carbachol and 
pirenzepine 
(autoradiography) 

(3H1QNB and 
(3Hl p irenzepine 

[3H1QNB in competition 
with carbachol 

[3Hl p irenzepine and 
[3H1ACh 

[3H1QNB in 
autoradiography 

(3H1N-methylscopolamine 
in competition with 
carbachol 

[3Hl p irenzepine in 
autoradiography 

Results Ref. 

No change 

One patient study: possible decrease 

Selective loss of M2 sites in frontal 
cortex (-50% maximum) 

Decreased in N. accumbens (-22 %), 
amygdala (-21%), hippocampus (-20%) 

No change (hippocampus only studied) 

Decreased in hippocampus (-35%) and 
nucleus basalis of Meynert (-39%) 

Decreased in frontal (-30%), temporal 
(-28%), and hippocampus (-37%) 

No change in cortex 

Increase in caudate nucleus (+60%) and 
in frontal cortex (+23%) 

55 

56 

57 

58 

59 

60 

61 

62 

63 

Change associated with neuronal loss. 64 
Mean concentration unchanged. Increased 
number of sites per cell in CAI region 
of hippocampus (?compensatory response) 

No change temporal cortex; decrease in 65 
hippocampus (-18%) with [3H 1QNB only 

M2 decreased (-22%) in hippocampus; no 66 
change in frontal or temporal cortex 

MI sites not changed;M2 sites decreased 67 
in cortex (-49% maximum) and in 
hippocampus (-56%) 

Decreased in hippocampus 68 

No change in cortex 69 

No change 70 

In some cases, decreased binding in 
certain layers of area 23a of posterior 
cingulate cortex 

71 
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CONCLUSIONS 

At the beginning of this century, the muscarinic subtype of acetylcholine receptors was 

defmed. Just beyond the middle ofthe century, researchers were beginning to think there 

were perhaps two subtypes of the muscarinic receptors. By the end of this century, we have 

come to leam there are at least 5 subtypes of these receptors. The pharmacology has lagged 

the recent, rapid, and major advances achieved by the molecular biologists. Although the 

pharmacologists can be thankful for these discoveries, they must now work hard to catch up, 

since few drugs are available to define these subtypes pharmacologically. 

There is evidence to suggest that deficiencies in acetylcholine at certain muscarinic 

receptors in brain playa role in the memory disturbances that occur early in the clinical course 

of Alzheimer's disease. If one adopts the strategy of trying to treat Alzheimer's disease, at 

least in pan, by increasing muscarinic cholinergic neurotransmission, then, ideally, this 

should be achieved by targeting the appropriate muscarinic receptor subtype. We all eagerly 

await the new chemical entities that may make this possible. 
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CHOLINOMIMETIC REPLACEMENT OF CHOLINERGIC FUNCTION IN 
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Strategies for a Cholinergic Intervention 
Strong evidence in favor of the role of cholinergic deficits in memory loss and 

cognitive dysfunction in Alzheimer disease (AD) has suggested cholinergic intervention as 

a means of reducing symptom intensity and improving function (Giacobini and Becker, 

1989; Giacobini, 1990). 
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Our present strategies aim either to enhance synaptic cholinergic function by means 

of acetylcholine (ACh) precursors (Fig. 1), release or storage modulators or agents to 

support survival and prevent death of cholinergic neurons with trophic factors (Table I-A). 

An example of drugs stimulating release of ACh are aminopyridines. They are thought to 

block delayed K+ conductance thereby prolonging presynaptic action potential arid Ca++ 

influx in nerve terminals (Buyukuysal et al., 1991). The "function enhancing" approach 

inc1udes a variety of molecules from amino acids to growth factors acting at a different level 

of cholinergic function. A second group, the "direct cholinergic agents," is better defined 

from a pharmacological view point. It inc1udes cholinergic agents such as cholinesterase 

inhibitors (ChEI) and cholinergic agonists, both muscarinic and nicotinic type of drugs 

(Table I-B). While M2 muscarinic type ofreceptors are decreased in cerebral cortex of AD 

patients, the number of postsynaptic MI muscarinic receptors remains largely unchanged 

(Schroder, 1991). Thus, cortical MI receptors are potential targets of selective agonists. 

The ChEI aim to preserve and enhance the physiological action of the neurotransmitter by 

increasing its level to dose to normal concentrations in the surviving synapses. The agonist 

types of drugs are directed to stimulate cholinergic receptors present on cortical 

cholinoceptive neurons and improve the modulatory effect of ACh on these cells (Table I). 
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Table 1. Strategies for Cholinergic Interventions in Alzheimer Disease 

A. Cholinergic Function Enhancers 

1) Acetylcholine precursors 
a) choline, lecithin 
b) acetyl-L-carnitine 
c) L-alpha-glycerylphosphorylcholine (a.-GFC) 
d) phosphatidylcholine 

2) Acetylcholine release- and stora~-modulators 
a) aminopyridines 
b) phosphatidy~erine 
c) piracetam 
d) DuPont 996 

3) Neuropeptjdes and neurotrophic factors 

B. Direct Cholinergic Agents 

anti-galanin agents TRH, somatostatin NGF, NGF 
inducers, GM}, gangliosides other growth factors 
(aFGF, bFGF, bDNF) SlQO, laminin, nexin, neurokins 

1) Cholinesterase inhibitors CI and Il ~neration) 
2) Cholinergic agonists 

a) muscarinic 
b) nicotinic (inel. nicotine) 



A Second Generation of Cholinesterase Inhibitors - Criteria for 
Preclinical Selection 

The ChEI approach has been the most promising so far (Pomponi et al., 1990). Our 

laboratory has focused upon the development of three new ChEI candidates for AD 

therapy, heptyl-physostigmine (lIEP) (Fig. 2) (DeSamo et al., 1989), metrifonate (MTF) 

(Fig. 3) (Hallak and Giacobini, 1987, 1989) and Huperzine (HUP) (Fig. 4) (Tang et al., 

1989). Two of these drugs (lIEP and MTF) are in clinical trials at our Alzheimer Center 

Table 11. LDso Values of Various Cholinesterase Inhibitors in Rodents 

mglkg animal ADM 

Physostigmine .6 rmuse Lp. 
1HA Xl rat Lm. 
DDVP 24 rat oral 
Heptyl-Physostigmine 35 rmu.se i.p. 
E20Xl" ~ rat oral 
Metrifonate 500 rat oral 

" Rogers et al. , 1991 

(Giacobini and Becker, 1991). Huperzine has been clinically tested in China (Banin et al., 

1991). We have compared phannacological and clinical effects of these second generation 

drugs with those of flrst generation ChEls such as physostigmine (PHY) and THA 

(tetrahydroaminoacridine). Comparison ofLDso values in rodents for various drugs and 

ways of administration points to a lower toxicity of second generation ChEI such as HEP, 

MTF and E2020, a piperidine-based ChEI (Table II). Comparison of acute toxicity (LDSO) 

vs. acute acetylcholinesterase (AChE) inhibition (IDSO) in rat brain also shows a favorable 

ratio for the second generation drugs HEP and MTF (Table III). Human studies suggest 

that data derived from preclinical studies may be applicable to clinical conditions (DeSarno 

et al., 1989; Hallak and Giacobini, 1989; Becker et al., 1990; Rogers et al., 1991). 
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Fig. 2. Chemical structure of heptyl-physostigmine (HEP), an 
analogue of physostigmine (heptastigmine, MF-201 tartrate). 
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Table III. Comparison of Acute Toxicity (mg/kg) and AChE Inhibition in Rat Brain of Four 
Cholinesterase Inhibitors 

Physostigmine 

1HA 

Heptyl-Physostigrnine 

Metrifonate 

IDSO 

.65 

35 

395 

ID50 

.19" 

5 

1.4" 

15 

Ratio 

3.4 

4 

25 

26 

• Physostigrnine, mouse brain Lp. ID50 = .12·· Heptyl-Physostigmine, mouse brain Lp. 
ID50 -3.:8 

o 
11 

CH30POCH3 
1 
CHOH 
1 
CCI3 

METRIFONATE 

O.O-DIMETHVL-(1-HVDROxv-2.2.2-
TRICHLOROETHVL)-PHOSPHONATE 

Fig. 3. Chemical structure of metrifonate (MTF) [O,O-dimethyl-(1-
hydroxy-2,2,2-trichlorethy l)-phosphonate]. 
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A second parameter useful for a preclinical screening is the selectivity of a ChEI for 

a given species of cholinesterases (ChE), AChE or butyrylcholinesterase (BuChE). In vitro 

studies of ChEI in humans show a great variation in selectivity for AChE (e.g., 

BW284C51) or BuChE (e.g., bambuterol) (Table IV). 

Table IV. In Vitro Selectivity of Cholinesterase Inhibitors (ICSO, nM) 
in Humans 

Compound AChE* BuChE** BuChF/AChE 

BW284C51 18.8 48.000 2.553 
Galantharnine 0.35 18.6 53 
DDVP (Metrifonate) 800 18.000 22.5 
Physostigmine 5.4x 35 6.5 
THA 190x 47 0.25 
Heptyl-Physostigmine 20 5 0.25 
Hetopropazine 260.000 300 0.001 
Bambuterol 30.000 3 0.001 

* human erythrocytes; ** human plasma 
x Rat brain AChE: Physostigmine = 0.7; E2020 = 5.7; THA = 81 

Rat serum BuChE: Physostigmine = 8; E2020 = 7138; THA = 73 Ratio: 
Physostigmine = 12; E2020 = 1252; THA = 0.9 

Data derived from: Thomsen et a1., 1990; Becker et a1., 1990; Atack et a1., 
1989; Unni et a1., 1990; Rogers et a1., 1991 and own results. 

Both galantharnine and E2020 are highly specific for AChE. Other inhibitors such 

as PHY, THA and HEP are not panicularly selective for either species of ChE. Table V 

reports the relationship of ChE inhibition in vivo, to toxicity, side effects, selectivity for 

AChE and clinical efficacy for the four drugs tested clinically at our Alzheimer Center, 

along with galanthamine (Thomsen et a1., 1991) and E2020 (Rogers et al., 1991). 

Preliminary clinical data seem to support our results suggesting that clinical efficacy and 

lower side effects may relate to the potential for a certain drug to achieve both high plasma 

BuChE inhibition and high selectivity for brain AChE. Although BuChE is not related to 

cholinergic transmission in CNS, it shares many features with AChE and is a good index 

of inhibitor sensitivity. On the contrary, RBC AChE inhibition does not correlate weIl with 

clinical efficacy/low toxicity. However, galanthamine, which produces a selective high 

inhibition ofRBC AChE activity, shows very low toxicity (Thomsen et al., 1991). These 

observations are in general agreement with the hypothesis of Becker and Giacobini 

(1988a,b) postulating that a steady state ofhigh ChE inhibition (measurable in plasma 

BuChE) but not drug concentration relates to a favorable clinical response. According to 

this hypothesis, drugs such as PHY or THA, because of their high toxicity and/or high side 

effects, would not produce high enough inhibition of AChE in brain at clinical doses. Table 

V shows that in agreement with this hypothesis (Becker and Giacobini, 1988a), adverse 

and toxic effects of ChEI seem not to be related to levels ofplasma BuChE inhibition but to 
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the intrinsic toxicity of the compound. Major advantages of the second generation ChEI as 

compared to the frrst generation are summarized in Table VI. 

Third Generation of Cholinesterase Inhibitors for AD Treatment 

As a necessary condition for the efficacy of ChE inhibition in AD treatment, we 

have emphasized high level of plasma BuChE inhibition and steady-state conditions 

without side effects (Becker and Giacobini, 1988a,b). U sing oral or i. v. PHY or oral THA 

in humans, we found that only a maximum 25-30% inhibition of BuChE can be achieved 

due to the appearance of side effects (Table VI). A second limit to the efficacy, particularly 

of PHY, is the rapid reversibility of enzyme inhibition resulting in a short duration of the 

effect and poor therapeutic action (Shennan et al., 1987; Becker and Giacobini, 1988a,b; 

Elble et al., 1988). 

Table V. Relationships: Inhibition, Toxicity, Side Effects, Selectivity and 
Efficacy in Human Subjects 

Single Oral % Plasma %RBC Selectivity for AChEor Toxicity AD 
Dose Cmg/kg) BuChE AChE AChEb BuChE Side Patients 

Inhibition Inhibition Recovery Effectsa Clinical 
Half-time EfficacyC 

THA 05-2) 10-40 19 (6-43) 0.25 90-120 mind +++ + 
PHY (.06) 24 11 6.5 30 mine ++ (+) 
Galanthamine (.14) 0 36-55 53 30-90 minf C+) + 
HEP (.6) 42 46 0.25 12msg + n.a. 
E2020 0 > 25 1252i 14 daysh (+) n.a 
MTF C 5.0) 60-85 32-61 22.5 40 daysi C+) +(+) 

a (+) = very mild, trarlSient; + = mild; ++ = moderate, +++ severe (hepatotoxicity); n.a. = data not 
available; b IC50 plasma BuChElIC50 RBC AChE; c Memory and/or cognitive effects; d 40 mg oral 
(Sherman, 1991); e Sherman et al. (987); f Thomsen et a 1. 0990, 1991); g Unni et al. (990); h 2 mg 
oral, percent effect CSherman, 1991); i Unni et al. (1991); i Rat plasma/Rat brain (Rogers et al., 1991) 

Table VI. Advantages of Second Generation As Compared to First Generation AChEI* 

1. Langer du ration of action 

2. Lower rate of side effects 

3. Capabi!ity to achieve steady-state of drug effect 

4. Capability to reach high levels of AChE inhibition 

°Four compounds have been shown to have these properties in c!inical trials: Heptyl-Physostigmine; 
Metrifonate; Galanthamine; E2020 
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Based on these data, we are proposing new criteria in order to select a third 

generation of ChEI for AD treatment. The foHowing sections illustrate this point. 

Acetylcholine Release: An Index of Presynaptic Function 
The rationale for elinical investigation of ChEI to treat AD cognitive deficits 

assurnes that these drugs will increase extraceHular ACh levels (Becker and Giacobini, 

1988a,b). This underlines the importance of selecting the proper drug and titrating the 

clinical dose to be used in AD treatment of cognitive impairment for a maximal benefit with 

minimal side effects. 

Microdialysis offers a new approach to study the effect of drugs on ACh release in 

the non-anesthetized animal (Damsma et al., 1987; Ogane et al., 1990). It measures 

extracellular ACh which is an important physiologie al parameter by which to assess 

systemic drug effects. Acetylcholine after being released in the synaptic eleft is rapidly 

hydrolyzed by AChE; therefore, a ChEI is used with microdialysis in order to facilitate its 

detection (Damsma et al., 1987). The amount of ACh that can be measured in the dialysate 

depends on the preservation of ACh from hydrolysis as weH as on the effect of the drug on 

the release mechanism. Our experiments (Messamore et al., 1990) show that PHY, as weIl 

as HEP adrninistered via microdialysis probe (5-100 J,JM), elevate ACh recovered from the 

striatum and cortex in a dose-dependent manner. In contrast, systemic administration of 

PHY (300 Ilg/kg i.m.) may increase or decrease ACh release depending on the inhibitor 

concentration in the dialysis probe. 

Using a modified technique (Messamore et al., in publication), we measured ACh 

in brain dialysates which did not contain ChEI. We achieved a 100 fmole limit of ACh 

detection with an HPLC-ECD (electrochemical) system, and by perfusing the dialysis 

probe at a slow rate (0.7-1.0 IlVmin), we measured basal ACh in both rat striatum and 

cortex. 
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Fig. 5. Effect of HEP (5 mg/kg) on extracellular ACh in cortex. 
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With this microdialysis method, the effect of systemically (Lp.) administered HEP 

(1 and 5 mg/kg) was assessed on extracellular ACh with no ChEI in the probe perfusate (in 

vitro probe efficiency = 30% at 25°C) (Messamore et al., 1991). In the cerebral cortex, the 

1 mg/kg dose elicited a 300% increase over basal ACh levels (7 nM); the 5 mg/kg dose 

increased ACh levels by 1200% (Fig. 5). Maximal elevation occurred 1-2 hrs after 

injection followed by areturn to basal level within 8 hrs. In contrast to the marked drug 

effect in the cortex, extracellular ACh in the striatum is not increased by either dose of 

HEP. In fact, a 20% decrease was observed 2 hr after the 5 mg/kg dose when the dialysis 

probe contained PHY. The duration ofHEP effect on extracellular ACh is considerably 

shorter than the duration of ChE inhibition. The ability of HEP to elicit a sustained 

elevation of extracellular ACh may be limited by homeostatic mechanisms in the cerebral 

cortex as weIl as striaturn. Our data suggest a rapid and efficient regulatory mechanism 

controlling cortical extracellular ACh levels. This regulatory response may be mediated 

through other neurotransmitters in addition to ACh autoregulation; we observed increased 

extraceHular levels of dopamine, DOPAC and HV A in the cortex foHowing systernic HEP 

administration. In the clinical situation, oral THA administration, elevates ACh, 

homovanillic acid (HV A) and 5-hydroxyindole acetic acid (5-HIAA) in CSF of AD patients 

(Ahlin et al., 1991). Clinical trials and selection of ChEIs need to consider such 

mechanisms. 

Selective Inhibition of Molecular Forms of Acetylcholinesterase 
It is weH known that AChE can be separated in multiple molecular forms that differ 

in sedimentation and electrophoretic properties. A selective loss of the 04 membrane bound 

tetrameric form (lOS) of AChE in various cortical areas has been demonstrated in AD 

(Atack et al., 1983; 1987; Fishman et al., 1986; Younkin et al., 1986). Severallines of 

evidence indicate that the 04 form may be primarily associated to presynaptic cholinergic 

terminals (Atack et al., 1983; Bisso et al., 1988), while the 01 form is predominantly a 

soluble monomer. Preferential in vivo inhibition of a molecular form may depend on the 

ChEI liposolubility and its effect on different subceHular localizations of the two molecular 

forms. A second possibility is the drug intrinsic selectivity. It is of clinical significance to 

establish whether selective inhibition of a specific molecular form by a ChEI may be 

associated either to a more speedy recovery of cholinergic function, higher clinical efficacy 

or severity of side effects. 

We separated aqueous-soluble and detergent-soluble AChE molecular forms from 

rat brain by sucrose density sedimentation (Ogane et al., 1991). The bulk AChE 

corresponds to globular tetrameric (04) and monomeric (GI> forms. The effect of eight 

ChEIs having different inhibitory properties and various degrees of liposolubility was 

studied on separated AChE molecular forms. Five drugs, PHY, echothiophate (ECH), 

BW284C51 (BW), THA and MTF, inhibited both forms of aqueous-soluble and detergent-
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soluble AChE with similar potency (Table VII). However, HEP and di

isopropylfluorophosphate (DFP) were more selective for the 01 than 04 form in aqueous

soluble extract. Neostigmine (NEO) showed higher inhibition for the 01 form in both 

aqueous- and detergent-soluble extracts. These results suggest allosteric effects of ChEIs 

on globular forms which involve structure-dependent affinities. The application of these 

properties in developing new ChEIs for treatment of AD should be considered. 

Effect of ChEIs on Binding of Cholinef!~ic Ligands 
Cholinesterase inhibitors produce reversible effects which do not result solely from 

ChE inhibition. It has been known since the experiments of Barteis and Nachmansohn 

Table VII. Specificity of ChEI on Individual AChE Molecular Forms in 
Rat Brain 

Specificity HEP PHY NEO ECH BW DFP THA MTF 

G1A>G4A * * * 

GID.T>G~.T * 

G1A> G1A.T * 

G4A>G4AT * 

* p < 0.05, significant difference by 2 x 3 ANOV A. = no difference 
A: Aqueous-soluble form. D: Detergent-soluble form. 
T: Triton X-I 00 complex 

(l969) that organophosphates at high concentrations (lO-3M) can cause reversible 

depolarization by binding to ACh receptors. Eldefrawi et al. (l971) demonstrated that 

several organophosphates such as DFP reversibly block binding of 3H-nicotine and 3H

decamethonium to cholinergic synapses at concentrations (1O-7M) totally inhibiting AChE 

activity. Generally, concentrations needed for ACh receptor blockade are 102-103 times 

greater than those needed for 100% AChE blockade. This is a safety factor to be considered 

in clinical applications. 

It is known that both nicotinic and muscarinic receptors are involved in the 

regulation of ACh release and that these receptor categories are affected differently by AD 

(Oiacobini, 1990). We studied the effect of HEP and other ChEI on cholinergic agonist 
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binding (DeSarno et al., 1989). Tbe displacement curves of 3H-QNB and 3H(-)-nicotine 

specific binding by HEP (5 x 10-8M to 6 x 104 M) are shown in Fig. 6 (DeSarno et al., 

1989). The displacing effect ofHEP is stronger for 3H-QNB than for 3H(-)-nicotine 

specific binding [ICso for 3H-QNB = 1.9 ± 0.2 x lO-SM as compared to 1.0 ± 1.3 x 10-

4M for 3H(-)-nicotine]. This suggests that lIEP may have a higher affinity for muscarinie 

than for nicotinie receptors. 
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Fig. 6. Displacement of 3H-QNB and 3H( -)nicotine specific binding in 
rat brain cortex by various concentrations of HEP (5 x 10-8M to 6 x 
10-4M) (modified from DeSarno et al. , 1989). 

As seen in Table VIl where various ChEIs are listed according 10 their KI, HEP 

shows a weaker affinity for both muscarinie and nicotinie sites than THA, but a stronger 

affinity for both binding sites than PHY, HUP-A and M1F. 

Our results on displacement of 3H-QNB and 3H( -)-nicotine specific binding show 

that THA, HEP and PHY all have higher affinity for muscarinie than for nicotinie receptors 

(Table VIlI). Comparing these three drugs with each other, HEP displays an intermediate 

effect between THA and PHY on both binding sites (Table VIlI). Our results also show 

that there is a good correlation between effects on ACh release and relative affmity for 

muscarinie and nicotinie binding (DeSarno et al., 1989). Based on these observations, a 

third aspect, besides ACh release and AChE molecular forms, to be considered in the 

selection of a ChEI is the drug effect on CNS cholinergic receptors. 
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Table VIII. Displacement of 3H-QNB and 3H-Nicotine Specific Binding by Heptyl
Physostigmine - Comparison with Other ChEI. 

3HQNB 3H(-).Nirotine 

Drug rC50 (M) KI(M) rC50(M) Kr(M) 

THA 3.0 ± 0,5 x 10-4 6.8 ± 1.0 x 10-7 4.4 ± 0.7 x 10-5 2.6 ± 0.3 x 10-5 

HEP 1.9 ± 0.2 x 10-5 4.4 ± 0.4 x 10-6 1.0 ± 1.3 x 10-4 6.4 ± 0.9 x 10-5 
PHY 1.7 ± 0.1 x 10-4 3.8 ± 0.2 x 10-5 >6x 10-4 n.d. 
HUP-A > 5 x 10-4 n.d. >6xl0- 4 n.d. 
MTF > 5 x 10-4 n.d. > 6x 10-4 n.d. 

n - 4; n.d. - not determined; HEP = heptyl-physostigmine; PHY = physostigmine; HUP-A = 

HupelZine A; TIIA z tacrine; MTF - metrifonate (modified from DeSarno et al., 1989) 

Cortical Acetylcholine Release and Cerebral Blood Flow 

Cholinergic mechanisms playamajor role in controlling cerebral circulation. The 

major source of neocortical cholinergic innervation in the rat (60%) is a forebrain area 

which corresponds to the nucleus basalis ofMeynert (nBM) in primates (Bigl et al., 1982). 

The frontal cortex is the most dense area of projection of the basal forebrain cholinergic 

system (Fibiger, 1982). Several studies have shown that focal stimulation (electrical or 

chemical) of the nucleus basalis magnocellularis (nBm) produces increases in ACh release 

and bl00d flow in the cerebral cortex of anesthetized and awake adult rats (Kurosawa et al., 

1989a,b; Biesold et al., 1989; Arneric, 1989; Lacombe et al., 1989a,b). Cortieal ACh 

release measured by microdialysis shows a stimulus-intensity related response following 

nBM stimulation that eorrelates to increased blood flow (Kurosawa et al., 1989a,b). 

Unilaterallesions of the nBM decreased (27%) resting cortieal CBP in rats in regions 

where eholine acetyltransferase (ChAT) activity was profoundly redueed (> 40 %) (Arnerie 

and Linville, 1989). These experiments suggest that physiological aetivation of the nBM 

might play an important role in vasodilation of eortical blood vessels. However, it is, as 

yet, unclear whether excitation of cholinergie terminals of tibers originating in the nBM are 

directly responsible for vasodilation (Scremin et al., 1991). 

In arecent study we described the brain regional distribution of PHY and its 

relation to CBP following Lv. administration in rats (Scremin et al., 1990). We found that 

PHY (50 Ilg/kg i.v.) produces a long-Iasting vasodilatory effect in several brain areas 

including cortex (Scrernin et al., 1990). Lacombe et al. (1989a,b) have shown that infusion 

ofPHY (0.15 mg/kg i.v.) inereases the cortieal CBP effect ofnBM stimulation by almost 

100%; whereas scopolarnine (1 mg/kg i.v.) attenuates the response. Americ and Linville 

(1989), as weIl as Lacombe et al. (1989a), have demonstrated an age-related impairment of 

the nBM-elicited increase in cortical CBF. These researchers reported that the nBM-elieited 
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response is significantly decreased by mecamylamine (4 mg/kg Lv.), a nicotinic antagonist, 

and enhanced by PHY (50 Ilg/kg Lv.). Recent studies from our laboratory (Americ et al., 

1991) show that HEP (311 g/kg Lm.), which produces a sustained 6 hr AChE inhibition in 

cortex and a parallel increase in ACh (DeSarno et al., 1989), also potentiates the nBM

elicited increases in cortical CBF. Laser-doppler flowmetry (LDF) was used to ex amine the 

cholinomimetic effects of HEP on resting cortical CBF and BF-stimulated increases in 

cortical CBF in the anesthetized rat (Fig. 7). Responses were measured before, early after, 

and 1 hr following HEP, 3 or 5 mg/kg i.m. At the 3 mg/kg dose, resting cortical CBF was 

unchanged throughout the test, whereas 10 Hz stimulation elicited increases that were 

potentiated 80% at 15 min and 350% at 60 min. These increases in cortical CBF are 

correlated to decreased AChE activity (80-90%) in the cortical tissue in the vicinity of the 

LDF probe. Finally, the increase in CBF associated with arousal, in which the nBM is 

thought to playa critical role (Buszaki et al., 1989), is enhanced by ChEI and blocked by 

atropine (Scremin et al., 1973). 
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Fig. 7. Effect of HEP on basal forebrain-elicited increases in cortical 
cerebral blood flow. * Statistically significant difference from 
the pre-drug control condition: p < 0.025, adjusted for 
multiple paired comparisons. 
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IN1RODUCTION 

Alzheimer's Disease, an age-related neurological disorder, is associated with a loss of 

cholinergic neurons in the basal forebrain (Whitehouse et al., 1982; Coyle et al., 1983). 

Treatment strategies for the disease have been aimed to improve cholinergic function in the 

central nervous system. The general target for improving cholinergic function has been the 

muscarinic receptor, and attempts have been made to increase the action of acetylcholine 

(ACh) at these receptors with acetylcholinesterase inhibitors, muscarinic agonists, or the 

ACh precursor, choline. These attempts to increase cholinergic function by increasing the 

activity of ACh at muscarinic receptors, however, have been met with variable success 

(Molloy and Cape, 1989). 

At the cholinergic synapse muscarinic agents can interact with both presynaptic and/or 

postsynaptic muscarinic receptors. The presynaptic muscarinic receptors are sometimes 

referred to as muscarinic inhibitory "autoreceptors" because they are autoinhibitory and, 

when activated, will decrease the release of ACh from the cholinergic neuron. These 

receptors are thought to have an important role in the functioning of the cholinergic neuron, 

and such a role could be of increased irnportance when ACh release is diminished in 

pathological states. 

The role of the muscarinic autoreceptors could also be altered during the normal 

course of aging. This was indicated by previous studies which showed that with 
senescence there is an increase in the muscarinic modulation of ACh release in the rat 

neostriatum (Lee et al., 1991). The purpose ofthe studies described in this chapter was to 

exarnine whether the change in the muscarinic modulation of ACh release involved different 

muscarinic receptor subtypes. This was assessed by testing the effects of muscarinic 
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receptor-selective antagonists on ACh release from neostriatal tissue prepared from 3-, 10-, 

and 28-month Fischer 344 rats. Three muscarinic antagonists were tested, each at two 

concentrations. Pirenzepine, an antagonist selective for MI receptors, induced significant 

age-related differences in its effects on ACh release in previous studies (Lee et al., 1991). 

This agent was again tested in the present study along with methoctrarnine, an M2 selective 

antagonist, and 4-DAMP (diphenylacetoxy-N-methyl piperidine), an M3 selective 

antagonist. 

ME1HODS 
Tissue Preparation and Incubation 

The methods employed in these studies were the same as those described 

previously (Weiler, 1989). Briefly, neostriatal slices from Fischer 344 rats aged 3,10, and 

28 months were prepared and incubated in Krebs Ringer (KR) bicarbonate buffer 

oxygenated with 95% 0215% C02. The slices from each rat were equilibrated in 30-35 ml 

KR buffer for 3 hrs, then single slices were transferred to tissue holders and incubated for 

10 min in fresh KR buffer (3 ml). Spontaneous (SPl) and potassium-stimulated (Kl) 

release were then monitored during two subsequent 5-min incubations in aliquots (1 ml) of 

regular KR buffer and 25 mM potassium KR buffer, respectively. Each slice was then 

transferred to regular KR buffer (3ml) containing the muscarinic agent to be tested (saline 

for controls) and incubated for 20 min. After this 20 min exposure to the drugs, the slices 

were again tested for spontaneous (SP2) and potassium-stimulated (K2) release in the 

presence of the muscarinic agent (or saline for control). A cholinesterase inhibitor, 

physostigmine (30 11M), was present during the release incubations. It was added to the 

medium 10 min before and during each of the two spontaneous and potassium-depolarized 

release incubations. During allother incubation periods, physostigmine was absent from 

the medium to avoid excessive buildup of ACh in the preparation. 

Assays 

The ACh and choline content in medium was assayed by combined 

chromatography-mass spectrometry (Jenden et al., 1973; Freeman et al., 1975). The ACh 

and choline were ion-pair extracted with dipicrylamine. Choline was propionylated and the 

quatemary amines were demethylated using sodium benzenethiolate. The samples were 

then carried through aseries of liquid-liquid extractions to remove demethylation reaction 

by-products and to concentrate the demethylated amines into dichloromethane. The 

dichloromethane phase was then injected into agas chromatograph coupled to a Spectral 

mass spectrometer (Extranuc1ear) for selected ion monitoring (Dept. Pharmacology, 
VCLA). The amount of ACh and choline in sample was deterrnined by comparing the 

relative peak intensities of the endogenous variant (rn/e 58) and the deuterated variant (rn/e 

64). 

Protein was determined by the method ofLowry et al. (1951). Bovine serum 

albumin (Sigma, St. Louis, MO) was used as the standard. ACh release was expressed on 

the basis of slice protein or as the K2/Kl ratio. 
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Chemicals 

The muscarinic agent, pirenzepine, was obtained from Karl Thomae, GMBH 

(Biberach, West Gennany). Methoctrarnine and 4-DAMP (diphenylacetoxy-N-methyl 

piperidine) were obtained from Research Biochemicals, Inc. (Natick, MA). 

Sources for the chemicals for the AChlcholine assay were as follows: Tris 

(hydroxymethyl)-methyl-aminopropane sulfonic acid (TAPS) was obtained from Sigma, 

dipicrylamine from Pfaltz and Bauer, Ioc. (Waterbury, Cf), dichloromethane (99+%) from 

Aldrich (Milwaukee, WI). The deuterated intemal standards and allother reagents for the 

AChlcholine assay were provided by Dr. Donald J. Jenden (Dept. of Pharmacology, 

University ofCalifomia, Los Angeles). 

Statistics 

All results are expressed as the mean ± SE, and the sarnple size, n, represents the 

number of independent observations. Multigroup data were compared by one-way analysis 

of variance, and pairwise comparisons by Student's t test. 

RESULTS 
ACh Release from Control Slices 

To determine whether endogenous ACh release is altered with age, the potassium

stimulated and the spontaneous release of ACh were monitored from control slices of the 

3-, 10-, and 28-month rats. Potassium-stimulated ACh release during KI and K2 from 

control slices representing each age-group is shown in Table 1. No muscarinic drug was 

present during these incubations, and similar to that observed in previous studies (Lee et 

al., 1991), the ACh released from slices prepared from the 28-month rats was about 22% 

less (p<0.05) than that released from the slices of the 3-month rats. The KI values depicted 

in Table 1 represent a larger sampie size, because none of the slices were exposed to 

muscarinic drugs during this first incubation. The ACh released during K2 from the slices 

of the 28-month rats also averaged about 22% less than that released from the slices of the 

younger age-groups. There were no age-related differences in the ratio of ACh released 

during K2 relative to that released during Kl. These data demonstrate that although there 

was an overall decrease in the release of ACh from the 28-month slices, the ACh release 

response to a second potassium challenge is similar to that response elicited by the flrst 

potassium challenge in slices from all three age-groups. The spontaneous release of ACh 

was not attenuated with age (Table 2). 

Effects of the Muscarinic Antagonists on ACh Release 

As many as flve different subtypes of muscarinic receptors have been identilled 

(Bonner et al., 1987, 1988). There are no muscarinic agents exc1usively selective for any 

one of the muscarinic receptor subtypes, but some agents show greater selectivity for one 

versus another subtype (Buckley et al., 1989). These selectivities have been demonstrated 

by numeroUS binding studies andlor pharmacological studies. The studies show that 

antagonists have greater selectivities than those of agonists (Hulme et al., 1990). For this 
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reble 1. Release trom Control Neostriatal Slices trom 3-, 10-, 
and 28-month Fischer 344 Rats. 

-----------------------------------
KI K2 K2/Kl 

3-month O.660±0.030 0.565±0.059 0.90±O.08 

lO-month 0.623±0.026 0.564±0.059 0.91±O.08 

28-month 0.518±0.021 * 0.43 8±0.03 7+ 0.92±O.10 

Each value (mean±SE) represents the ACh released 
(nmoles/mg protein/5 min) from slices tested in five separate 
experiments (3-4 rats per age-groups for each experiment). The 
sampie sizes for the 3-, 10-, and 28-month groups were, 
respectively, 21, 19, 21 for the K2 data and 21, 16, and 21 of the 
K2/Kl data. Because none of the slices were exposed to drug during 
KI, the data from all the slices of each age-group were pooled (n=121, 
112, and 123 slices from the 3-, 10-, and 28-month rats, 
respectively). *p<0.05 and +p<O.1 relative to the 3-month release data. 

reble 2. Spontaneous Release of ACh in the Presence of 
Muscarinic Antagonists. 

3 -month lO-month 28-month 
NoDrug 0.066 ± 0.008 0.053 ± 0.005 0.056 ± 0.008 

(13) (12) (14) 

Pirenzepine (MI} 
50J.tM 0.086 ± 0.014 0.060 ± 0.011 0.083 ± 0.018 

(6) (7) (7) 

Methoctramine (M2) 
50J.tM 0.099 ± 0.019* 0.087 ± 0.012 0.070 ± 0.017 

(7) (7) (7) 

4-DAMP (M3) 
50J.tM 0.072 ± 0.010 0.058 ± 0.009 0.070 ± 0.017 

(7) (7) (8) 

Each value represents the mean ± SE of the amount of ACh 
released (nmoles/mg protein/5 min) during SP2 from neostriatal 
slices from each age-group. The sampie sizes are indicated in 
parentheses. The concentration of each antagonist was 50 J.tM. * 
p<0.05 relative to the no drug control for that age-group. 
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present study, three muscarinic antagonists were tested - pirenzepine (PIR; MI), 

methoctramine (ME1H; M2), and 4-diphenylacetoxy-N-methyl piperidine (4-DAMP; M3). 

To determine whether these muscarinic antagonists have different effects on ACh release 

with age, the basal release and the potassium-evoked release of ACh from neostriatal slices 

of the 3-, 10-, and 28-month rats were measured in the presence of each muscarinic 

antagonist. 

Spontaneous ACh release. The release of ACh during the second 

spontaneous release period (SP2) is summarized in Table 2. The spontaneous release of 

ACh was affected only by methoctramine (50 11M). The M2 antagonist increased the 

spontaneous release of ACh in the slices from the 3-month rats by 50%; it also increased 

the spontaneous release of ACh from the slices of the lO-month rats and had a lesser effect 

on the basal release from the 28-month slices. Pirenzepine and 4-DAMP tended to induce a 

greater increase in the spontaneous release of ACh relative to the age-matched controls of 

the 28-month group and a lesser effect on release from slices ofthe 3- and 10-month 

groups. Other than the effects of methoctramine on the spontaneous release from the 3-

month slices, none of the other changes were significant. 

Potassium-stimulated ACh release. The muscarinic antagonists affected 

the potassium-stimulated release of ACh more than the spontaneous release of the 

neurotransmitter. The K2/Kl ACh release ratios in the presence of each of the muscarinic 

antagonists are depicted in Table 3. In slices from the 3-month and 10-month rats, the 

potassium-stimulated ACh release was not altered in the presence of either 111M or 50 11M 

pirenzepine. However, ACh release significantly increased (p<0.05) in slices from the 28-

month rats in the presence of 50 11M pirenzepine. 

Similar effects were observed in the presence of the M3 antagonist, 4-DAMP. Only 

in slices from the 28-month Fischer 344 rats did 4-DAMP (50 11M) significantly enhance 

the release of ACh. The increase was 70% greater than that from the age-matched control 

slices. The release of ACh from the slices of the two younger age-groups was not greatly 

affected by 4-DAMP. The lower concentration of 4-DAMP (lIlM) had no effect on ACh 

release in the 28-month slices. 

The M2 antagonist, methoctramine, also affected ACh release, but in contrast to 

pirenzepine and 4-DAMP, it affected ACh release in the slices from the 3- and lO-month 

rats but not from the 28-month rats. In the presence of 50 11M methoctramine, ACh release 

increased by 62% in the slices from the 3-month rats and by 57% in the slices from the 10-

month rats. There were no changes in ACh release in the presence of 1 11M methoctramine 

in any of the age-groups. 

DISCUSSION 

The objective of this study was to examine the effects of muscarinic receptor 

subtype-selective antagonists on muscarinic autoreceptor function in the aging rat 
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lable 3. Potassium-Stimulated ACh Release in the Presence of 
the Muscarinic Antagonists 

3-month lO-month 28-month 

No Drug 0.90 ± 0.08 0.91 ± 0.08 0.92 ± 0.10 
(21) (16) (21) 

Pirenz~~ine (MI) 
I)lM 1.21 ± 0.13 0.97 ± 0.12 1.20 ± 0.24 

(6) (7) (7) 

50)lM 1.19 ± 0.14 1.01 ± 0.11 1.45 ± 0.16 
(13) (13) (14) 

Methoctramine (M2) 
I)lM 1.07 ± 0.32 0.88 ± 0.16 0.96 ± 0.09 

(7) (4) (7) 

50)lM 1.46 ± 0.35 * 1.43 ± 0.16 * 1.01 ± 0.10 
(7) (6) (5) 

4-DAMP (M3) 
I)lM 1.22 ± 0.13 1.49 ± 0.30 1.10 ± 0.11 

(8) (6) (8) 

50)lM 1.10 ± 0.18 0.93 ± 0.20 1.56 ± 0.25 
(7) (6) (7) 

Each value represents the mean ± SE of the K2/KI potassium 
stimulated ACh release ratios from neostriatal slices from each age
group. The sampie sizes are indicated in parentheses. * p<0.05 
relative to the no drug control for that age-group. 

40 



neostriatum. The muscarinie antagonists, pirenzepine, methoctramine, and 4-DAMP, were 

tested for their respective MI, M2, and M3 effects on ACh release from neostriatal slices 

prepared from 3-, 10-, and 28-month-old Fischer 344 rats. The results show that the 

alteration in muscarinie autoreceptor function is not necessarily decremental, since two of 

the agents tested, pirenzepine and 4-DAMP, induced a greater effect on ACh release in 

neostriatal tissue from rats 28 months old. 

An age-related attenuation of an M2-receptor effect in the rat central nervous system 

has been observed in previous studies (Meyer et al., 1984; Araujo et al., 1990). The 

attenuation of the M2 response was observed in hippocampal and cortical tissue. In 

agreement with the loss of M2-receptor function, the results of this present study show that 

in neostriatal tissue the effect of the muscarinie M2 antagonist, methoctramine, decreases 

with age. In contrast, Araujo et al. (1990) observed an increased effect of the M2 

antagonist, AF-DX 116, on neostriatal ACh release. One explanation for this apparent 

discrepancy in M2 effects is that there is some overlap in receptor-subtype selectivities of 

muscarinic antagonists (Bonner et al., 1987). It is possible that the different age-related 

effects ofmethoctramine and AF-DX 116reflect an interaction with muscarinic receptor 

subtypes other than M2. If with senescence different muscarinie receptor subtypes become 

involved in the ACh release modulation, then the M2 antagonists with affinity for other 

subtypes rnight display different age-related effects. 

Indeed, the results of the present study indicate that there are changes in the relative 

involvement of muscarinic receptor subtypes in neostriatal ACh release modulation. In 

addition to the age-related attenuation of the effects of methoctrarnine, an age-related 

increase in the effects of the two other muscarinie antagonists, pirenzepine and 4-DAMP, 

was observed. This provides additional evidence that with senescence there is an increase 

in the muscarinic modulation of neostriatal ACh release (Lee et al., 1991). The increase, 

however, involves an apparent shift in the relative involvement of the different muscarinie 

receptor populations in the release modulation. Whether these age-related changes in 

functional responses to the muscarinic antagonists involve relative changes in density or 

expression to the various muscarinic receptor subtypes is currently under investigation. 

In conclusion, these studies show that during normal aging the response elicited by 

a muscarinic agent will depend upon the receptor-selectivity of the agent. Whereas the 

response mediated by one muscarinie receptor-subtype might decrease with age, the 

response elicited by another agent rnight improve with age. The present study tested the 

effects of muscarinic agents in neostriatal tissue only. A pharmacological survey of the 

effects of several muscarinie agents needs to be done in hippocampal and cortical tissue as 

weIl. If the involvement of certain muscarinie receptor subtypes in ACh release modulation 

shifts with age, then therapeutic strategies to improve cholinergic function by increasing 

ACh release could be directed at those muscarinie receptor subtypes most involved in the 

release modulation. Moreover, a therapeutic strategy involving acetylcholinesterase 

inhibition could be combined with a muscarinie antagonist selective for the presynaptic 
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muscarinic receptors modulating ACh release while leaving postsynaptic muscarinic 

receptors intact. 

RFFFRENCES 
Araujo, D.M., Lapchak, P.A., Meaney, M.1., Collier, B., and Quirion, R. (1990) Effects 

of aging on nicotinic and muscarinic autoreceptor function in the rat brain: relationship 

to presynaptic cholinergic markers and binding sites, 1. Neurosci. 10: 3069-3078. 

Bonner, T.I., Buckley, N.J., Young, AC., and Brann, M.R. (1987) Identification of a 

farnily of muscarinic receptor genes, Science, 237: 527-533. 

Bonner, T.I., Young, A.C., Brann, M.R., and Buckley, N.J. (1988) Cloning and 

expression of the human and rat m5 muscarinic acetylcholine receptor genes, Neuron. 

1: 403-410. 

Buckley, N.J., Bonner, T.L., Buckley, C.M., and Brann, M. R. (1989) Antagonist 

binding properties of five cloned muscarinic receptors expressed in CHO-Kl cells, Mol. 

Pharmacol.. 35: 469-476. 

Coyle, J.T., Price, D.L., and DeLong, M.R. (1983) Alzheimer disease: a disorder of 

cortical cholinergic innervation, ~,219: 1184-1190. 

Freeman, J.J., Choi, R.L., and Jenden, D.1. (1975) Plasma choline: its tumover and 

exchange with brain choline, .I. Neurochern., 24 : 729-734. 

Hulme, E.C., Birdsall, N.J.M., and Buckley, N.J. (1990) Muscarinic receptor subtypes, 

Annu. Rev. Pharmacol. Toxicol., 30: 633-673. 

Jenden, D.1., Roch, M., and Booth, R.A (1973) Simultaneous measurement of 

endogenous and deuterium-Iabeled tracer variants of choline and acetylcholine in 

subpicomole quantities by gas chromatography/mass spectrometry, Anal. Biochem., 

55: 438-448. 

Lee, HA., Cozzi, H.V., and Weiler, M.H. (1991) Age-related differences in the effects of 

some muscarinic agents on acetylcholine release from rat neostriatal slices, 

J.Pharmacol. Exp. Ther., 258: 1-6. 

Lowry, O.R., Rosebrough, N.J., Farr, A.I., and Randali, R.J. (1951) Protein 

measurement with the Folin reagent, J. Biol. Chem., 193: 265-275. 

Meyer, E.M., St Onge, E., and Crews, F.T. (1984) Effects of aging on rat cortical 

presynaptic cholinergic processes, Neurobiol. Aging, 5: 315-317. 

Molloy, D.W. and Cape, R.D. (1989) Acute effects of oral pyridostigmine on memory and 

cognitive function in SDAT, Neurobio}, Aging, 10: 199-204. 

Weiler, M.R. (1989) Muscarinic modulation of endogenous acetylcholine release in rat 

neostriatal slices, 1. Pharmacol. Exp. Ther., 250: 617-623. 

Whitehouse, P.J., Price, D.L., Struble, R.G., Clark, AW., Coyle, J.T., and DeLong 

M.R. (1982) Alzheimer's Disease and senile dementia: loss of neurons in the basal 

forebrain, Science, 215: 1237-1239. 

42 



EFFECTS OF CHOLINERGIC AGENTS AND BASAL FOREBRAIN LESIONS 

IN RABBITS 

Jyunji Yamamoto1 and Kazuhiko Yonekura2 

Director of Alzheimer's Disease Research1 
Section of General Toxicology2 
Taiho Pharmaceuticals, LTD 
224-2 Ebisuno Hiraishi 
Kawauchi-Cho, Tokushima 771-01 Japan 

INTRODUCTION 

Many researchers have studied the EEG patterns in Alzheimer's type dementia and 

these patterns have been suggested to be very useful in its diagnosis (1-4). While EEGs 

may weH be useful, they alone do not provide an adequate diagnosis of Alzheimer' s 

disease; methods such as neuropsychological tests and CT scans are required for as an 

accurate an antemortem diagnosis as possible. 

Neurochemistry, behavior and histology have all been investigated extensively in 

animal models for Alzheimer's disease, and the resulting information has also been useful 

in the diagnosis and development ofpotential treatments for Alzheimer's disease. 

However, EEGs have not been examined in as much detail in animal models for this 

disease. A further investigation of the relationship between clinical and animal EEGs will 

be necessary to determine their optimal usefulness in disease-diagnosis. 

MATERIALS AND ME1HODS 

In the present study, EEGs were recorded in a model for Alzheimer's disease 

involving basal forebrain lesioned rabbits, and compared to those of Alzheimer's disease 

patients. EEGs of basal forebrain, medial septal nucleus, hippocampus and cortex (frontal, 

parietal, occipital) of normal and lesioned rabbits were recorded, and analyzed by power 

spectra. EEGs were compared before and after lesioning of the basal forebrain and medial 

septal nucleus. The actions of three types of cholinergic agents on EEG were also 

investigated. These agents were the anticholinesterase 1HA, muscarinic agonist 

pilocarpine, and nicotinic agonist nicotine tartrate. While this study is ongoing, the 

findings obtained to date already appear to contribute to our understanding of the 

mechanism, diagnosis and potential treatment of Alzheimer's type dementia. 
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After the initial stages of this disease, the spontaneous EEG pattern consistently 

shows abnormalities, such as diffuse slowing. Further, the EEG displays diffuse increases 

in slow-wave, such as delta and theta waves activities, as well as decreases in the activities 

of fast waves, such as alpha and beta waves (1-4). In addition, cohelence (Le. 

synchronization ofEEG signals from two different regions) between the right parietal and 

central regions is reported to differ from that in other CNS diseases (5-7). And the 

difference in EEGs with respect to bilateral, or periodic synchronous discharge, is reported 

to be absent. 

In general, anormal EEG response to auditory stimulation shows an arousal 

pattern, characterized by low amplitude, fast-wave signals from the cortex, and rhythrnic 

theta waves from the hippocampus. In response to photic stimulation, evoked potentials 

EEGs originate from the occipital cortex. 

In Alzheimer's disease, the EEG arousal response to auditory stimulation is 

reported to be minimal, and the latency of the peak of the evoked potential in response to 

photic stimulation is reported to be prolonged (8). The evoked potential observed 300 

msec after stimulation using an auditory discrimination paradigm is called P-3OO. P-3OO 

has been reported to be associated with cognition, and latency of its peak is prolonged in 

patients with Alzheimer's disease (9,10). 

This paradigm may be useful in the diagnosis of Alzheimer's disease. Thus, in the 

present study, the spontaneous EEG signals, alpha waves of cortex and theta waves of 

hippocampus were examined in basal forebrain and medial septallesioned rabbits. EEG 

responses to auditory and photic stimulations were also studied in rabbits receiving these 

lesions. 

For this study, male Japanese white rabbits (2.8-3.8 kg) were implanted with 

electrodes in the basal forebrain (A:2, L:±5, H:-2), medial septum (A:4, L:O, H:2), 

hippocampus (A:-4, L:±4, H:5), and cortex (stainless steel screw electrodes in frontal, 

parietal, occipital regions). The EEGs of the freely moving rabbits were recorded with 

chronically implanted electrodes at bipolar leads and simultaneously analyzed to obtain their 

power spectra using a NihondenkiSan-ei Polygraph and Fast Fourie Transformation 

(Signal Processor 7Tl8A). Each % value with a total power of D (0.5-3.9), Tl (4.0-5.9), 

T2 (6.0-7.9), Al (8.0-9.9), A2 (10.0-12.9), and B (13-25) was calculated (histrograms at 

intervals of 0.1 Hz). Theta and alpha were divided into two parts. Basal forebrain and 

medial septum were lesioned electrically, using an anodal3 mA DC current for 60 sec 

through the chronically implanted electrodes. EEG recordings and lesionings were 

performed 7 days after implantation of electrodes, and 7 days later another set of EEGs 

were recorded. 

Figure 1 shows the rabbit brain with coordinates of the nuclei and electrodes. 

Target areas included cholinergic pathways from the basal forebrain to the cerebral cortex 

and from the medial septum to the hippocampus. One purpose of the present study was to 

determine the changes produced by lesioning of these pathways. EEGs of three areas of 

the cortex were recorded as described above, as were those of the bilateral hippocampus. 
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Figure 1 

Electricallesioning of the basal forebrain and medial septum reduced 

acetylcholinesterase staining in each region (data not shown). In occasional cases, some 

damage to the dorsal globus pallidus, lateral hypothalamus, amygdaloid complex or 

reticular thalarnic nucleus was observed. There were no significant changes in the size or 

location of the lesions among groups. 

Figure 2 shows the spontaneous EEGs of basal forebrain (BF), medial septum 

(MS), hippocampus (HPC), frontal cortex (FC), parietal cortex (PC), and occipital cortex 

(OC) in normal rabbits. HPC shows rhythmic theta wave and cortex shows low amplitude 

fast wave and high amplitude slow wave. EEGs of BF and MS are sirnilar to cortex, and 

their voltages are low compared with those of HPC and cortex. The EEG waves of BF and 

MS are not synchronized with those of the HPC and cortex. 

The EEG-arousal responses to auditory stimulation and photic driving responses in 

normal rats are shown in Figure 3. To auditory stimulation, HPC and cortices responded 

with an arousal pattern. BF and MS also displayed an arousal pattern. Their arousal 

pattern, low amplitude fast waves, is similar to those of cortices, but not to those of HPC. 

To photic stimulation, only OC shows a driving response, and HPC, FC and PC do not 

show such a response. BF and MS do not respond to photic stimulation. 

EEG signals that have been translated to power spectra for cerebral cortex and 

hippocampus are shown in Figure 4. Cortical spectra have one peak, while the 

hippocampal spectra possess two peaks of delta and theta waves. These peaks change as a 

function of the level of consciousness. While these spectra were reported by this group 

eight years ago, we are now able to modify and extend it 10 regional differences within the 

cerebral cortex, as described below. 
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RESULTS 

We now report more recent results with spectral analyses of BF and MS (Fig. 5). 

These spectra appear similar, with the power range from 0 to over 20 Hz showing one peak 

at a delta wave band of about 2 Hz. No other characteristic peaks or changes are observed. 

The feature of these spectra are also sirnilar to those of the cerebral cortex. However, the 

changes in peak power are not always related to the level of consciousness. 

The effects of electricallesioning of the BF in the spontaneous EEG signals are 

shown in Figure 6. These EEGs were recorded 7 days after electricallesioning of the BF 
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on the right side. HPC, FC, PC and OC all showed irregular high amplitude slow waves 

on the right side, but the left-side HPC and pe did not. BF lesions increased the slow, 

delta wave ipsilaterally. 
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Figure 6 

In response to auditory stimulation, the EEG pattern on the lesioned side showed 

irregular waves, different from the EEGs obtained before lesioning (Fig. 7). The EEG 

photically driven response time is delayed after lesioning of the BF, with the duration of 

spike waves Ion ger than those in controls (Fig. 8). 
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The three different cortical regions displayed slightly different spectra before 

lesioning (Fig. 9). Since the % of total power values are different for these 3 regions, 

height of peak or power of fast waves are also different. Alpha and beta wave values are 

higher in the order of OC/PC/FC. Delta waves are high in the order of FC/PC/OC. 

Lesioning of the BF increased the delta wave values of the FC, PC and OC, and the three 

spectra in delta wave band range became similar. Nonetheless, alpha and beta wave values 

remained different. The frequency of alphawaves did not decrease in the FC spectra 

because the power of alpha 1 and alpha 2 did not change. While these lesions did produce 

an increase in delta wave power in the cortex, but did not change the frequency of alpha 

waves in the Fe. 
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Further analyses of the PC before and after BF lesions demonstrated that, while 

power spectra of both sides were similar be fore unilaterallesioning, they differed 

afterwards (Fig. 10). The theta wave decreased in the spectra of the lesioned side, and the 

peak became sharper. This suggests that the projection of the BF is to a single side, as 

suggested by neurochemical studies as weH. While similar laterality differences in EEG 

power spectra are not commonly observed, this may reflect the bilateral damage to the BF 

and cortex that it causes. 
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Lesions of the medial septum also appear to cause a variety of changes in the 

spontaneous EEG signals ifvarious brain regions (Fig. 11). HPC shows a decrease in 

rhythmic theta wave activity bilaterally, and delta waves are increased in each cortical 

region. These lesions appear to eliminate the rhythmic theta waves in the HPC foHowing 

auditory stimulation, but EEG responses to auditory stimuli do remain intact generally (Fig. 

12). There were no marked lesion-induced changes in EEG response to photic stimuli in 

the OC (not shown). 

The spectra for HPC and FC before and after lesioning of the medial septum are 

shown in Figure 13. For the HPC, the Tl and T2 values were lower in the lesioned 

animals. In the FC, the septalIesions altered the A l/A2 ratio from less than 1 to greater 

than or equal to 1. This means that septalIesions caused a decrease in the frequency of 

alpha waves while BF-lesions did not. These data are summarized in Figures 14 and 15. 

After lesioning the BF or MS, hippocampal delta waves are increased and theta 1 and 2 

waves decreased, with MS lesions causing a greater effect (Fig. 15). 
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Summarizing these animal models for Alzheimer's disease with respect to EEG 

analyses, it appears that MS-lesions caused changes that are more sirnilar to those observed 

in the disease, induding a decrease of theta wave power in HPC and alpha wave frequency 

and power in cortex. BF lesioning caused an increase in delta wave power in cortices and 

hippocampus. Such changes in delta waves are not specifically associated with dementia, 

while a decrease in alpha waves iso Thus, these results point to a more important role of 

the medial septum in brain function related to this disorder than basal forebrain. 

With respect to cholinergic agents, we compared the actions of THA, pilocarpine 

and nicotine on EEG activity and power spectra. Cholinergic enhancers are potentially 

important for the treatment of Alzheimer's disease, and it is important to determine which 

type is most appropriate. 

The EEG results of normal rabbits administered THA (3 mglkg iv), pilocarpine (3 

mglkg iv), and nicotine (0.5 mglkg iv) are shown in Figs. 16-18. For each cholinergic 

agent, there was an arousal pattern, but this was very transient with nicotine. BF, MS, 

FC, PC and OC each showed mainly low amplitude fast waves, and the hippocampus 

rhythmical theta waves after THA. Pilocarpine-induced changes were similar to THA, 

although the duration of theta wave changes in the hippocampus was slightly Ion ger. The 

actions of nicotine were complicated, with a drowsy pattern observed 30 min after drug 

administration, i.e. the EEG was dominated by delta waves. 
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When analyzed in further detail, the power spectra of the frontal cortex in the 

arousal state showed that THA and pilocaprine decreased the power of the alpha and beta 

waves, while nicotine did not cause any change (Fig. 19). For the hippocarnpus, THA did 

not change the Tl or T2 spectral values, but pilocarpine increased and decreased the Tl and 

1'2 values, respectively. These results indicate that the frequency of the theta wave peak is 

decreased by the muscarinic agonist. Nicotine also increased the Tl and decreased the 1'2 

values, but these changes were less marked than with pilocarpine. 

In conc1usion, the three cholinergic agents caused different actions on EEGs in 

various brain regions, consistent with their different mechanisms of action. In principle, a 

useful drug against dementia may be expected to increase alpha (cortex-specific) and theta 

(hippocarnpus-specific) waves, while decreasing delta waves. Based on the present 

results, it is difficult to predict which of these types of drugs would be optimal for treating 

Alzheirner's disease, and perhaps newer drugs with more selective actions on certain types 

of cholinergic receptors may be necessary. In any case, it appears that EEGs are likely to 

become as important addition for the analyses of dementia, along with neurochemical, 

behavioral and histological procedures. 
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IN1RODUCTION 
Problems with learning and memory are a nearly inevitable consequence of 

senescence (perlmutter et al., 1987; Ciocon and Potter, 1988; Winocur, 1988; Craik, 

1990). A rational approach to explaining this phenomenon involves looking for changes in 

the central nervous system of aged, memory-impaired subjects. Many studies have been 

done to evaluate age-related alterations in brain areas known to be important for learning 

and memory (Barnes, 1979, 1988; Lippa et al., 1981; Meyer et al., 1984; Gallagher et al., 

1990). One brain region that is crucial for long-term memory encoding is the hippocampal 

formation (Scoville and Milner, 1957). In particular, hippocampal CAI pyramidal neurons 

have been shown to be necessary for normal mnemonic processing to occur (Zola-Morgan 

et al., 1986). Although many different physiologicaI and biochemical mechanisms in the 

hippocampus have been studied with respect to their possible role in learning and memory, 

of particular interest is the function of cholinergic afferents to this structure (see Kesner, 

1988 for review). 

Deterioration of central cholinergic pathways has been consistently observed 

during aging (Decker, 1987; Kesner, 1988); such changes are particularly pronounced in 

old humans with Alzheimer's disease, a syndrome characterized by profound memory loss 

(Perry et aI., 1978; Bartus et al., 1982; Whitehouse et al. 1986; Araujo et al., 1988). 

Furthermore, administration of muscarinic-cholinergic receptor antagonists to both humans 

and experimental animals causes memory impairments which are comparable, in some 

respects, to those seen with aging (Drachman and Levitt, 1974; Bartus et al., 1982). 

However, the effectiveness of cholinomimetic therapies in correcting the memory deficits 

associated with Alzheimer's disease has been equivocal (Crook, 1985; Hollander et al., 

1986; Ashford et al., 1989; Molloy and Cape, 1989), and the actual function of 
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acetylcholine in learning and memory processes are still unresolved. Evaluating the 

potential of cholinergic drugs for treating age- and disease-related memory impairments 

would be facilitated by a better understanding of how central cholinergic systems modulate 

learning and memory. 

A factor which complicates the characterization of central cholinergic effects on 

learning and memory is the presence of two types of cholinergic receptor in the brain: the 

muscarinic-cholinergic receptor (mAChR) and the nicotinic-cholinergic receptor (nAChR). 

Since cholinergic afferents to the hippocampal formation are generated from a single source 

in the medial septal area (McKinney et al, 1983), and both mAChRs (Spencer et al., 1986) 

and nAChRs (Schwanz, 1986) are present in the same target regions of these afferents, it is 

likely that both receptor types are activated in parallel. Muscarinic and nicotinic agents have 

multiple, and differential, effects in the hippocampus (Rovira et al., 1983; Bland and 

Colom, 1988; Engstrom and Rose, 1990). Thus, cholinergic modulation of hippocampal 

function probably reflects a complex, dynamic combination of mAChR and nAChR 

activation, rather than an exclusive action of either type of cholinergic receptor. 

We have begun to characterize the role ofhippocampal cholinergic pathways in 

learning and memory by asking whether alterations in neuronal responsiveness to selective 

mACHR or nAChR activation are observed in populations of animals which, as a 

consequence of aging, show learning deficits. For this work, we have employed Fischer 

344 rats ofthree different ages: 3-6 months (young adult), 18-21 months (mature adult), 

and 27-30 months (aged). The experimental protocol involved two stages. First, the 

learning ability of the rats was evaluated in two versions of the Morris water maze task. In 

one version of this task, termed place leaming, the animal must determine the position of a 

hidden goal platform using sensory information provided by extra-apparatus cues. This 

type of learning requires the hippocampus (Morris et al., 1982; Sutherland et al., 1983; 

Morris, 1989), as weIl as an intact septo-hippocampal connection (Gage and Björklund, 

1986), and is impaired by central muscarinic-cholinergic receptor blockade (Sutherland et 

al., 1982; Whishaw, 1985). In addition, place learning in the water maze is accompanied 

by changes in biochernical markers of cholinergic function in the hippocampus (Decker et 

al., 1988). In the other version of the task, termed cue learning, the position of the goal 

platform is made visible to the animal. Locating the platform is considerably easier in this 

circumstance, and does not require normal functioning of either the hippocampus or central 

cholinergic pathways (Morris et al., 1982; Whishaw, 1985; Decker et al., 1988). 

After the completion of behavioral testing, the rats were anesthetized and prepared 

for acute in vivo electrophysiological recording. Single hippocampal CAI pyramidal cells 

were then examined for their responsiveness to locally applied muscarine or nicotine. This 

two-staged protocol, involving both behavioral and electrophysiological evaluations of the 

status of the cholinergic system, was designed to allowed us to determine whether changes 

in mAChR or nAChR function in the hippocampus were related to age-related alterations in 

learning ability. 
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MEIHODS 
Animals 

Male Fisher 344 rats at 3 (3-Mo), 18 (18-Mo), and 27 (27-Mo) months of age 

were purehased from the National Institute on Aging eontraet eolonies maintained by 

Harlan Laboratories. The animais were housed in group eages (2-3 animals/cage) in a 

controlled temperature and hurnidity environment. They were maintained on a 12 h: 12 h 

light/dark cycle (lights on at 0600 hours) and provided with food and water ad libitum. All 

experimental manipulations were completed within 3 months after the animals were 

received. 

Behavioral Testing 

Place and cue learning ability were evaluated using the Morris water maze task 

(Morris, 1984). A cireular tank, 1.5 meters in diameter and 0.3 meters high, was filled 

with water made opaque by the addition of 250 ml of white Createx, a nontoxic latex paint. 

Water temperature was maintained at 24-25-C. A stable platform (14 x 14 cm), 21 cm tall, 

made of transparent plastic, was submerged so that the top of the platform was 2.5 cm 

below the surfaee of the water. The tank's area was marked into four quadrants using two 

strings attaehed to the tank's walls; the platform was always placed in the "center" of one of 

the quadrants. The tank was located in a room eontaining numerous sensory cues (e.g., a 

poster on the wall, the mck eontaining the eages of mts, an ineandescent light) which were 

maintained at eonstant locations during the period of behavioral testing. 

To evaluate plaee learning, the mts were tested for their ability to locate the 

submerged platform using extra-appamtus eues. Prior to the first trial, each rat was placed 

on the platform and allowed to remain there for 30 seeonds. The animal was then removed 

from the tank and returned to its horne cage. Approximately 10 rninutes later the first 

training trial was begun. A trial consisted of plaeing the mt into the water, nose faeing the 

wall of the tank, at one of four predetermined but pseudorandornly varied starting 

locations. The mt was required to swim until it found the platform and climbed onto it. If 

the platform was not located within 60 seeonds, the mt was hand guided to it. In either 

ease, the animal was allowed to remain on the platform for 15 seeonds before being 

removed from the tank, dried with a towel, and replaeed in its horne cage under a warming 

light for the 10 minute intertrial interval. 

A total of 20 place learning trials were given over a 5 day period (4 trials/day). For 

each trial, the amount of time taken to loeate the platform (max. 60 seconds) was recorded. 

On day 6, each rat was given a single probe trial, whieh was ron exactly as the training 

trials, but without the platform in the tank. For the probe trial, the swimming time in the 

quadrant which had contained the platform was measured. 

On day 7, eue learning was assessed. For this, the platform was placed in the 

quadrant opposite its previous location. The platform was raised so that the top protruded 

2 cm above the surfaee of the water. Red tape was fixed around the edge of the platform to 
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heighten the visual contrast with the whitened water. In the cue learning paradigrn a total of 

5 training trials were given, all in a single day. Again, time to platform was recorded. 

Electrophysiology 
All recordings were performed a minimum of three days after the completion of 

behavioral testing. The rats were anesthetized with intraperitoneal injections of sodium 

pentobarbital (50 mg/kg in 0.9% saline); supplemental injections were given at regular 

intervals to maintain a stable anesthetic plane. Body temperatures were maintained at 36°C 

using a heating pad. The rat's head was placed in a stereotaxic apparatus, the skin 

overlying the skull was retracted, and the bone and dura above the dorsal hippocampus 

were removed. 

Multi-barreled glass micropipettes were used for extracellular recording of action 

potentials and local application of cholinergic drugs. The recording barrel was filled with 

2M saline. A second barrel was filled with either (±)muscarine chloride (0.1 Mm) or (

)nicotine di-( + )tartrate (1 mM), selective agonists for the mAChR or nAChR, respectively. 

For studies using cholinergic receptor antagonists, a third barrel was filled with either d

tubocurarine chloride, hexamethonium bromide, mecamylamine, or (-)scopolamine 

hydrobromide, at the concentrations given in Table 1. The vehicle was, in all cases, 0.9% 

saline; the pH of the drug solutions was adjusted, if necessary to 7.0-7.3. 

The recording electrode was lowered into the dorsal hippocampal CA 1 pyramidal 

celllayer. Stimulus-evoked field potentials, generated by a stimulating electrode placed 

into the ventral psalterium to activate commissural inputs to the pyramidal neurons, were 

used to guide the recording electrode into the hippocampus. The precise location of the 

pyramidal cells was determined using electrophysiological criteria, e.g., the presence of 

spontaneous multi-unit discharge and characteristic responses to commissural stimulation 

(Bickford-Wimer et al., 1988). Pyramidal cells were identified by the duration of their 

unfiltered action potentials (Figure 1, top). Previous studies have demonstrated that a 

duration of 0.6 to 1.0 msec is characteristic of these neurons (Pang and Rose, 1989). In 

addition, pyramidal cells tend to have low frequency « 5 Hz), sporadic frring patterns, and 

to occasionally discharge in bursts of 2-9 action potentials, termed complex spikes (Figure 

1, bottom; Suzuki and Smith, 1985). Action potentials from single pyramidal cells were 

identified amplified, displayed on an oscilloscope and separated from background activity 

using a window discrirninator. The output of the window discriminator was integrated 

over 2 second epochs and displayed as firing rate (Hz) using achart recorder. 

After single hippocampal pyramidal cells had been identified and isolated, 

cholinergic drugs were locally applied to the neurons using pressure micro-ejection (Palmer 

et al., 1980). Pressure applications, ranging from 1 to 38 psi, were controlled by a 

pneumatic pump which regulated the magnitude and timing of the pressure pulse delivered. 

Application times were either 5 or 10 seconds. Pressure micro-ejection from glass 

micropipettes locally applies a drug in an amount which is linearly related to pressure and 

time (Gerhardt and Palmer, 1987). The dose of drug may be expressed as the product of 
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Figure 1. Identification of 
hippocampal CA 1 pyramidal cells. 
Top: pyramidal cells were identified 
by the long duration (~ 0.6 ms, 
indicated by arrowheads above the 
top trace) of their unfiltered action 
potentials. The conventionally 
filtered (500 Hz highpass) action 
potential waveform is shown just 
below for comparison. Bottom: 
bursts of action potentials, termed 
complex spikes, were another 
identifiying characteristic of 
pyramidal cells. Calibration bar: 
top--0.2 mV, 0.5 ms; bottom--0.2 
mV,5 ms. 

the applied pressure and the duration of ejection (pounds per square inch times seconds, or 

p.s.i.-sec). Drug effects were tested at least three times at each dose (at intervals of 60-90 

seconds). For each pyramidal cell, the dose of either muscarine or nicotine which was 

necessary to produce approximately a 300-400% increase in firing rate was determined. 

This range was chosen because it was sufficient to demonstrate an unambiguous response, 

but was below the level of excitation leading to depolarization blockade (Bird and 

Aghajanian, 1975). 

RESULTS AND DISCUSSION 
Pyramidal Cell Responses to Locally Applied Muscarine or Nicotine 

Prior to beginning our investigations into possible age-related changes in the 

response of hippocampal neurons to cholinergic agonists, the nature and receptor selectivity 

of the effects of muscarine and nicotine were characterized in young adult rats. Local 

application of either agent increased the spontaneous frring of CA 1 pyramidal cells (Figure 

2). Muscarine was observed to be more potent than nicotine: excitations of comparable 

magnitude were elicited by the two drugs using similar pressure and time parameters, but at 

a lO-fold lower barrel concentration (0.1 mM) for muscarine than for nicotine (1.0 mM). 

This difference in potency corresponds weH with data from quantitative autoradiographic 

studies indicating that mAChRs substantially outnumber nAChRs in the hippocampus 

(Palacios et al., 1990). In addition, the llatm'e of the excitations induced by muscarine and 

nicotine was qualitatively different (Figure 2). Muscarine-induced excitations were slow in 

onset, and had long durations, while the responses to nicotine were nearly immediate in 

onset, but were short lasting. These temporal dissimilarities have been reported by others 

(reviewed by Clarke, 1990), and are probably the consequence of different signal 

transduction mechanisms. Nicotinic-cholinergic receptors in the brain are likely, as in the 

periphery, to contain a cation ionophore (Wonnacott, 1990). Muscarinic-cholinergic 
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EXCITATION OF CA1 PYRAMIDAL NEURONS 

MUSCARINE 40 p.s.i. x sec 

• • • 

NICOTINE 35 p.s.i. x sec 

J 5HZ 
,-".,... .... ,JU, 20 s 

• 
Fig 2. Qualitative differences between nicotine- and muscarine-
induced excitations of hippocampal CAl pyramidal cells. Top: 
muscarine caused a slow on set (3-8 seconds) excitation which far 
outlasted the period of drug application (30-40 seconds). Bottom: 
local nicotine caused a more rapid « 2 seconds to onset) elevation of 
spontaneous firing, but this excitation outlasted the period of drug 
application by only a few (2-5) seconds. 
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receptors, on the other hand, are only indirectly coupled to ion channels via second 

messenger systems (Schimerlik, 1990). 

Table 1. Antagonist Profiles for CAI Pyramidal Cell Responses 
to Muscarine and Nicotine 

Agonist Antagonist Barrel Receptor Blocksl 
Concentration Selectivity Failures 

Muscarine Scopolamine l.°ILM M 610 
[0.1 mM] 

Nicotine d-Tubocurarine 0.51LM N 12/0 
[1.0 mM] Hexamethonium 0.5 ILM NC6 8/0 

Mecamylamine 0.5 ILM NC6 5/1 
Scopolamine 1.0f'M M 015 

M - muscarinie cholinergic receptor (general) 
N = nicotinie cholinergic receptor (general) 
NC6 = nicotinic cholinergic receptor (ganglionic) 

The specificity of muscarine's and nicotine's action was verified by testing the 

effects of these agents during concurrent application of selective cholinergic receptor 

antagonists. For these studies, antagonism was defined as areduction in agonist-evoked 

excitation of at least 50%. The results of this work are summarized in Table 1. None of 

the antagonists, in themselves, affected spontaneous frring at the concentrations employed 

in our studies. The CA1 pyramidal cell excitations observed in response to local application 

ofmuscarine were attenuated by scopolamine, a nonselective mAChR antagonist. In 

contrast, scopolamine had no effect on the elevation of spontaneous frring induced by 

nicotine. Nicotine-induced excitations were, however, attenuated in the presence of d

tubocurarine, hexamethonium, or mecamylamine. This pharmacological profile is 

consistent with a receptor similar to the ganglionic (C6) type of nAChR. This receptor 

subtype appears to mediate the actions of nicotine in several other brain regions (Clarke, 

1990). However, further characterization, including determining the sensitivity of the 

response to 0;- and neuronal-bungarotoxin, will be necessary to completely specify the 

receptor subtype involved. 

Nicotinic-cholinergic receptors have been reported to be located both pre- and post

synaptically in the brain (see Wonnacott, 1990, for review). One function of presynaptic 

nicotinic receptors is to promote the release of acetylcholine (Araujo et al. 1990). To 
ascertain if nicotine was acting presynaptically in our studies, magnesium ion (MgCI2; 250 

mM barrel concentration) was locally applied to prevent neurotransmitter release. This 

technique has been used effectively in other studies to discriminate between pre- and post

synaptic drug effects (Pang and Rose, 1989). For all six pyramidal cells tested, the 

nicotine-induced excitation was not reduced in the presence of magnesium. Evidence that 
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magnesium was being ejected from the micropipette was provided by the observation of a 

marked reduction in basal frring during magnesium application. On the basis of this work, 

it appears that locally applied nicotine can exert its excitatory effect upon CA1 pyramidal 

neurons independent of synaptic activity, suggesting that this action of nicotine in the 

hippocampus occurs at a postsynaptic site. 

Age-Related Changes in Learning and Cholinergic Agonist 
Responsiveness 

Place learning ability, as evaluated in the Morris water maze, was different for rats 

of different ages. The 3-Mo and l8-Mo rats leamed the location of the hidden platform 

within 20 training trials, as was demonstrated by a significant decrease in swim time. In 

contrast, 27-Mo rats showed no improvement over the 5 day training period (Figure 3, 

left). A similar pattern of results was seen for the probe trial (with no platform in the tank) 

given the following day: both the 3-Mo and 18-Mo rats spent significantly more time in the 

quadrant of the tank which had contained the platform than did the 27 -Mo animals (data not 

shown). Taken together, these observations indicated that the 27-Mo rats were deficient in 

place leaming. 

After the place leaming trials, the platform was replaced in a different quadrant of 

the water tank, and the top of the platform was now elevated above the surface of the 

water. Thus, the rats now had a c1ear visual cue indicating where the platform was to be 

found. The 3-Mo and 18-Mo rats performed poorly on the first trial of this cue task, in part 

because they initially spent time swimming in the old goal quadrant. However, after the 

relocated platform was first found, acquisition of the cue task was very rapid: only 5 trials 

were necessary before the rats' swim time equalled the shortest values recorded in the place 

leaming task. The 27-Mo rats also quickly leamed the cue task (Figure 3, right). That the 

27 -Mo rats were able to leam the cue task suggests that their place learning deficit was not a 

consequence of reduced motivation or compromised swimming ability. 

The pattern of results observed in the Morris water maze for the 27 -Mo rats (i.e. a 

deficit in place leaming, but unimpaired cue leaming), is consistent with previous studies 

showing a degree of selectivity in age-related alterations in the performance of different 

versions of this task (Rapp et al., 1987; Decker et al., 1988). Since it is known that intact 

cholinergic afferents to the hippocampus are necessary for normal place leaming, our 

results suggested that alterations in cholinergic function might be present in the 27-Mo 

animals, but not in the rats of the younger age groups. To test this possibility, the 

responsiveness of CA 1 pyramidal cells to local application of muscarine or nicotine was 

examined in the behaviorally tested animals. Only one agonist was tested in each rat. The 

procedure for these experiments was to isolate a single neuron, and then test several, 

usually progressively increasing, doses of the selective cholinergic agonist. In this 

manner, the dose (in p.s.i.-sec) of either muscarine or nicotine which elicited an increase of 

between 300%-400% in the spontaneous firing of each pyramidal cell was detennined. 
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Since variability in micropipette tip diameters affects the amount of drug ejected, special 

efforts were taken to standardize micropipette construction and electrode resistances for 

these experiments. Tbe influence of any remaining variability was minimized by measuring 

responses from several cells with the same micropipette, and testing a number of 

micropipettes in each animal (Bickford-Wimer et al., 1988). 

Mter an the data had been gathered, population dose-response curves, describing 

the percentage of the entire group of recorded neurons which bad responded by a given 

dose of muscarine or nicotine, were constructed for eacb age group. Muscarine sensitivity 

was determined for only 3-Mo and 27-Mo rats, wbile nicotine sensitivity was also 

measured in 18-Mo animals. Hippocampal pyramidal cells recorded from tbe 3-Mo and 

27-Mo age groups differed in their responsiveness 

to botb muscarine (Figure 4, top) and nicotine (Figure 4, bottom). However,opposite 

cbanges were seen for the two drugs. Tbe CAI pyramidal cells recorded from the 27-Mo 

rats were significantly less sensitive to locally applied muscarine, but were significantly 

more sensitive to locally applied nicotine. Tbe 3-Mo and 18-Mo age groups did not differ 
in there responsiveness to nicotine (Figure 4, bottom). Population ED50's for tbe local 

application data are presented in Table 2. 

Tbe observation of an age-related decrease in sensitivity of the CAI pyramidal cells 

to muscarine was not unexpected, since previous studies bad sbown that responsiveness to 

acetylcholine was reduced in aged bippocampus (Lippa et al., 1981; Segal, 1982; Haigier et 

al., 1985). This may be a consequence of reduced receptor number (Popova and Petkov, 

1989; Dewey et al., 1990), alterations in the receptor itself(Lippa et al., 1985), or 

uncoupling of second messenger systems (Josepb et al., 1990). However, the increase in 

nicotine sensitivity observed in the 27-Mo rats was surprising, and is more difficult to 

explain. One possibility would be an age-related increase in postsynaptic nicotinic 

receptors. Studies to date indicate that the overall density ofnAChRs is either uncbanged 

or decreased (Araujo et al., 1990) in the hippocampus of aged rats. However, it is possible 

Table 2. Sensitivity of CAl Pyramidal Cells to Muscarine and Nicotine 

Age Agonist Population ED50 

3-Mo Muscarine 67±2 
Nicotine 58±4 

lB-Mo Muscarine ND. 
Nicotine 53±3_ 

27-Mo Muscarine l03±7* 
Nicotine 10±l' 

, - p < 0.05 versus other age groups 
N.D. = Not Determined 
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Fig 3. Age-related reduetion in plaee, but not eue, learning in the 
Morris water maze. Left: plaee learnin~. The average time to find the 
hidden platform on the first and last training days is shown. Swim 
limes for 3-Mo and 18-Mo rats were signifieantly reduced by Day 5, 
indicating that they had learned the location of the platform. The 
27-Mo rats showed no improvement, indicating a severe place 
learning deficit. Ri~ht: eue learnin~. When the platform was moved 
to another position in the tank, and its loeation made visible, rats of 
all three age groups rapidly learned to swim to it. * = P < 0.05 
eompared to Day 1 (place learning) or Trial 1 (cue learning). 

that an increased postsynaptic nAChR number could be masked by the simultaneous loss of 

a larger number of presynaptic nAChRs which are located the terminals of degenerating 

cholinergic afferents to the hippocampus. In this case, assays of total nicotine binding 

might indicate no change, or an overa1lloss, in receptor density. Studies designed to 

specifically examine the effects of aging on postsynaptic nicotinic receptor number are 

needed to c1arify this issue. Other possibilities for the increased sensitivity of aged CAI 

pyramidal cells to nicotine are alterations in the nAChR itself, perhaps in response to 

declining innervation. In young rats, transection of the septo-hippocampal connection 

results in an increased affinity of the nAChR for acetylcholine in the hippocampus (Morrow 

et al., 1985). Similarly, age-related loss of cholinergic septal input could lead to changes in 

agonist affinity. Finally, other types of changes, such as in the subunit composition ofthe 

receptor or in a regulatory process such as receptor phosphorylation (Miles and Hugar, 

1988), could also have occurred in the aged animals. 

Could either the decrease in muscarine sensitivity, or the increase in nicotine 

sensitivity, of hippocampal neurons in 27-Mo rats contribute to the place leaming deficit of 

these animals? First, it is important to point out that place learning in the Morris water maze 

is not controlled exc1usively by the cholinergic system. Glutaminergic N-methyl-D

aspartate (NMDA) receptors in the hippocampus are known to participate in the processes 
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Fig. 4. Responsiveness of CA1 pyramidal cells to locally applied 
cholinergic agonists changes with aging. Population dose response 
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27-Mo F344 rats were less sensitive than those from 3-Mo animals 
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wbich underlie place learning (Monis, 1989), and age-related declines in the number and 

function of these receptors have been reported (Kito et al., 1990; Wenk et al., 1991). 

However, disruption of cholinergic septo-hippocampal afferents (Gage and Björklund, 

1986), or blockade of central cholinergic receptors (Sutherland et al., 1982; Whishaw, 

1985), also attenuates place learning in the water maze task. In addition, alterations in high 

affinity choline uptake occur as a consequence of place learning (Decker et al., 1988); this 

change is not seen in aged rats unless they exhibit normal acquisition of the task (Gallagher 

and Pellymounter, 1988). Moreover, treatment with nerve growth factor (NGF), which 

enhances cholinergic neuron survival, has been shown to restore place leaming ability in 

aged rats (Fischer et al., 1987). Given this evidence for the involvement of the 

hippocampal cholinergic system in place learning, it is reasonable to suggest that changes in 

tbis system during aging could be responsible for the observed place learning decrement. 

Although the focus of previous work has been upon the role of mAChRs in age-related 

changes in learning (Bartus et al., 1982), the evidence presented here is consistent with a 

role for nAChR mediation as weH. Indeed, nicotine has been shown to modulate learning 

in several paradigms (reviewed by Stolerman, 1990), including the radial arm maze 

(Mundy and Iwarnoto, 1988), another task which uses information about place. 

In order to evaluate further the respective contributions of hippocampal mAChRs 

and nAChRs to place learning, a correlational analysis of behavioral performance with 

cholinergic agonist responsiveness was performed. For each rat, the average swim time 

for the four trials on the last training day was taken as the measure oflearning, and the 

average dose of either muscarine or nicotine required to induce the standard 300%-400% 

excitation of CA 1 pyramidal ceH firing was taken as the measure of cholinergic agonist 

responsiveness. When the data obtained from all the animals, irrespective of age, were 

analyzed in this manner, significant correlations between learning and drug responsiveness 

were seen for both muscarine and nicotine (Figure 5). The correlation coefficients for the 

place task were 0.69 (p < 0.05) for muscarine, and -0.77 (p < 0.01) for nicotine. This 

outcome reinforces the conclusions drawn from the population analysis, i.e., that longer 

swim times (indicating less learning) were associated with reduced hippocampal CA1 

pyramidal ceH responsiveness to muscarine, and with enhanced responsiveness to nicotine. 

An analysis of the data for rats within any single age group did not yield any significant 

correlations; however the numbers of animals in each group was small. To further the 

power of this approach, it would be useful to determine cholinergic agonist 

sensitivity at an age at which greater individual differences in learning ability are present. 

Such individual differences in the leaming abilities of old rats have been described in other 

studies (Gage and Björklund, 1986; Gallagher and Pelleymounter, 1988; Markowska et 

al., 1989), but were not pronounced in our population. 

CONa...uSIONS 

Our studies have shown that the selective cholinergic agonists, muscarine and 

nicotine, excite hippocampal CAl pyramidal neurons via actions at distinct postsynaptic 
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Fig. 5. Correlations between place learning and cholinergic agonist 
responsiveness. Mean swim time on the last training day is plotted 
versus the me an dose of agonist required to elicit a standard 
elevation of CAl pyramidal cell firing for each rat. A significant 
positive correlation was seen for muscarine (r = 0.69; left), while a 
significant negative correlation was seen for nicotine (r = -0.77; 
right). Longer swim times indicate less learning. 

receptors. The receptor su btype mediating the effect of muscarine was not determined, but 

the nicotinic receptor had characteristics of the ganglionic subtype. The results of the 

present study also demonstrated two different age-related alterations in postsynaptic 

responsiveness ofhippocampal CAI pyramidal neurons to locally applied cholinergic 

agonists: sensitivity to muscarine was reduced, while sensitivity to nicotine was enhanced. 

These changes were present only in learning impaired rats, suggesting a correlation 

between cholinergic receptor function in the hippocampus and place leaming. Further 

support for this relationship would be provided by demonstrating that altered hippocampal 

responsiveness to muscarine or nicotine was related to place leaming ability, independent 

of age. For this, it will first be necessary to determine the age at which a population of 

Fischer 344 rats consists of both leaming and nonlearning individuals. Such studies are 

currently in progress. 
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INTRODUCTION 

The current status of drug discovery in the area of therapy for age-associated 

dementias is considered throughout the current volume, and has been the subject of several 

recent reviews (cf., Bartus, 1990; Gamzu, and Gracon, 1988; McEntee and Crook, 1989; 

Moos et al. , 1988; Moos and Hershenson, 1989). A large proportion of effort has 

focused upon cholinomimetic agents, primarily because of the consistent evidence for loss 

of function in the cholinergic system associated with Alzheimer's disease (AD). For the 

most part, however, cholinomimetic drugs for AD and other age-associated dementias have 

yielded only limited success. The disappointing results of these investigations has, 

understandably, led to consideration of many alternatives to cholinergic transmitter 

replacement. On the other hand, the lack of success has also served to increase efforts 

toward further refinement of cholinomimetic agents, in tenns of both specificity and 

pharmacokinetic profile. 

It has been generally recognized that successful cholinomimetic therapy of AD may 

depend upon the extent to which the drug treatments can produce a "physiological" 

enhancement of neurotransmission in remaining cholinergic neurons (cf. Cook et al., 1990; 

LaI and Forster, 1991b; Sarter et al., 1988; 1990). This objective may not be achieved 

using direct muscaririic agonists or cholinesterase inhibitors, because the direct actions of 

those agents may distort normal patteming of cholinergic activity. However, more 

physiological enhancement could be realized using agents that act on those non-cholinergic 

systems which normally modulate activity of cholinergic neurons. In the current 

monograph, we will consider evidence that physiological modulation of cholinergic 

neurotransmission (and of cognitive processes) may be achieved using drugs acting at 

benzodiazepine receptors. At present, there is ample evidence to suggest that: (1) GABAA 

agonists and agonist benzodiazepines inhibit cholinergic neurotransmission and impair 
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learning and memory processes; (2) pure antagonists and inverse agonists of 

benzodiazepine receptors enhance learning and memory in young healthy animals; (3) both 

antagonist and inverse agonist benzodiazepines improve perfOImance in experimental 

models of cholinergic hypofunction and age-associated dementia. 

BENZODIAZEPINE AND GABAA RECEPTOR MODULATION OF MEMORY 
Benzodiazepines are a class of drugs employed widely because of their anxiolytic, 

anticonvulsant, and museIe relaxant activity. Receptors for benzodiazepines are co-Iocalized 

with GABAA receptors in the CNS and function to increase or decrease the probability of 

opening of chloride channels in response to GABA. Three types of benzodiazepine receptor 

ligands are currently recognized. Agents such as diazepam are considered receptor 

agonists, because they enhance GABA receptor functions, whereas a second class of 

ligands, (e.g., ß-carboline esters) are considered inverse agonists because of their ability to 

decrease GABA function. A third class of ligands are benzodiazepine antagonists, with 

flumazenil (Ro 15-1788) as the prototype. The antagonists are thought to be devoid of 

pharmacological activity, but competitively interaet at benzodiazepine binding sites to block 

the actions of either the agonists or inverse agonists. 

Both recent and historical evidence suggest that memory function can be influenced 

by modulation of GABAergic neurotransmission and by benzodiazepines (for reviews see 

Izquierdo et al, 1990; Izquierdo and Medina, 1991; Lal and Forster, 1991b). The 

modulation of memory by GABA is suggested by the ability of post-training systernic or 

intra-amygdala injections of the chloride channel antagonist, picrotoxin (Brioni et al., 1989) 

or the GABAA antagonist, bicuculline (Brioni and McGaugh, 1988), to facilitate avoidance 

retention. Conversely, the GABAA agonist, muscimol, has been found to impair retention 

in several behavioral paradigms (see Izquierdo et al., 1990; Sarter et al., 1991). 

If modification of GABAergic neurotransmission can affect memory processes, 

then it would also be expected that bi-directional modulation of memory performance could 

be accomplished using benzodiazepine receptor agonists and inverse agonists. It has been 

recognized for some time that synthetic benzodiazepine agonists such as diazepam can 

produce an anterograde arnnesia. This effect has been demonstrated in both animals (cf. 

Thiebot, 1985) and humans (cf. Ghoneim and Mewaldt, 1990; Lister, 1987) and can be 

reversed by benzodiazepine receptor antagonists. Conversely, numerous investigations 

suggest that inverse agonists at benzodiazepine receptors may enhance retention (as weil as 

other aspects of performance) in several behavioral paradigms (cf. Izquierdo et al., 1991; 

Lal and Forster, 1991b). 

The consequences of GABA receptor modulation would be expected to broadly 

influence activity in a variety of neurotransmitters and brain areas. However, a modification 

of activity in the basal forebrain cholinergic system is a well-documented consequence of 

GABA receptor modulation which is likely to be the neuropharmacological basis for the 

ability of GABA and benzodiazepine receptor ligands to modify memory processes (for 
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reviews see Sarter et al., 1988; 1990). Anatomical and electrophysiological studies suggest 

that basal forebrain neurons contain GABA/benzodiazepine receptor complexes in high 

density and receive major inhibitory innervation by GABAeric neurons. Based upon the 

inhibitory action of GABA on the basal forebrain cholinergic system, it has been pointed 

out that enhancement of cholinergic neurotransmission (and ofmemory function) could be 

accomplished by disinhibition of GABAergic control (Lal et al., 1988; Sarter et al., 1988). 

Such an approach may be particularly appropriate under conditions of partial cholinergic 

denervation or hypofunction (such as is assumed to be the case in AD patients), because the 

remaining functional cholinergic neurons may be comprornised by an abnormally large 

GABAergic inhibitory influence (cf. Sarter et al., 1990). While disinhibition could be 

accomplished directly using GABA antagonists, a more physiological approach would 

involve agents acting at benzodiazepine receptors, which could reduce sensitivity to 

released GABA without disrupting the normal pattern of GABAergic neurotransmission. 

ENHANCEMENT OF MEMORY BY BENZODIAZEPINE ANTAGONISTS 

Learning and memory for T-maze discrimination 

In early studies of benzodiazepine modification of memory processes, we examined 

the ability of several benzodiazepine receptor ligands to modify discrimination learning and 

memory processes in young, healthy mice. The drugs tested inc1uded two chemically 

dissimilar compounds, flumazenil (LaI et al., 1988) and CGS 8216 (Kumar et al., 1988), 

each thought to be pure antagonists at benzodiazepine receptors. In additional experiments, 

we tested the partial inverse agonist benzodiazepine, Ro 15-4513 (Harris and Lal, 1988; 

Prather et al., 1991) using the same testing regimen. A discriminated escape learning and 

memory paradigm was used in these studies as described previously (Forster et al. , 1987). 

This paradigm, which involves testing mice under a relatively difficult set of training and 

retention parameters, had previously proven sensitive to bi-directional modification by the 

anticholinergic, scopolamine and the cholinomimetic, physostigmine (Forster et al., 1987). 

Ten minutes after drug injection, each mouse received discriminated escape training 

in an acrylic T-maze which was situated on a grid floor wired for scrambled footshock. An 

initial preference trial was given in which a shock was initiated with the mouse in the stern 

of the maze and then terminated upon entry by the mouse into either goal arm. On each trial 

thereafter (intertrial time of 45 s), shock was terminated after entry into the arm opposite the 

frrst-trial preference. The training was terminated as soon as the mouse had entered the 

correct goal arm on two consecutive trials (the training criterion). A retention test was 

administered to each mouse one week following training, with no drug treatment 

administered prior to that test. This test was identical to acquisition except that the correct 

goal arm was the reverse of that which had been correct during training. Memory for the 

initial discrimination training was considered to be proporti.onal to the tendency for mice to 

persist in entering the previously trained goal (training-correct turns). In previous 

investigations, the number of training-correct turns was observed to decline as a function of 
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time following original training (Forster et al" 1987). One week following training, 

performance is reduced to a level roughly half that observed during a 24-h. retention test. 

The results of the three investigations using the discriminated escape paradigm are 

summarized in Figure 1. Interestingly, positive effects of all three compounds were evident 
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Effect of pre-training, systemic injections of flumazenil (Iett), 
CGS 8216 (center), and Ro 15-4513 (right) on acquisition (top 
panels) and 168-h retention (bottom panels) of a discriminated 
escape task (Forster et al., 1987) in young mice. Acquisition 
performance was considered in terms of the number of training 
trials required for two consecutive correct discriminations. The 
measure of retention was the number of turns in a direction 
consistent with the previous training following areversal of the 
correct goal arm. (Summary of data fram: Kumar et al., 1988; Lai 
et al., 1988; Prather et al., 1991). 



in both the acquisition and retention phases of training. Mice trained following vehicle 

injections (0 mg/kg) in the three studies learned the ann-choice discrimination in 8 or 9 

trials, whereas mice treated with from 2.5 to 40 mg/kg flumazenil, CGS 8216, or Ro 15-

4513, reached criterion 1 to 3 trials sooner. With the possible exception of Ro 15-4513, 

there was a clear indication that all doses of the drugs tested yielded asymptotic rates of 

acquisition. This fmding suggested that neural processes involved in learning of the 

discrimination can be facilitated by either antagonists or inverse agonists of benzodiazepine 

receptors, over a relatively broad range of doses. 

As predicted from previous investigations, the retention performance of vehicle

treated mice was relatively poor in the three studies. However, retention tended to be 

markedly better if mice had been injected with flumazenil, CGS 8216, or Ro 15-4513 prior 

to training. For the pure antagonist benzodiazepine ligands, there was some indication of 

dose-dependent effectiveness, even though all doses significantly improved performance. 

The effects of Ro 15-4513 were apparently asymptotic at 2.5 mg/kg. The same trends for 

the three compounds were observed when data were considered simply in terms of the 

relative percentage of mice in each dose group making a training-correct turn on the first 

retention trial (see Kumar et al., 1988; Lal et al., 1988; Prather et al., 1991). 

Overall, the outcome of the discriminated escape studies supported the conclusion 

that interaction of either an inverse agonist or pure antagonist with benzodiazepine receptors 

is a sufficient condition for improvement of both acquisition and storage of new 

information. No drugs were present during the retention tests, so these studies did not 

address the potential for any of the compounds to enhance information retrieval. However, 

the results are consistent with the view that both antagonists and inverse agonists modify 

acquisition and storage processes independently. As supported by data in Figure 1, there is 

littie or no relationship between the magnitude of dose effects on acquisition and retention. 

Moreover, training was discontinued after a Ienient perfonnance criterion, in order to 

minimize any drug-related differences in the amount learned during the acquisition phase. 

Although it could still be argued that better retention was due to differences in initial 

learning in the discrimination studies, the independence of acquisition and retention effects 

is supported by other studies indicating that post-training treatment with antagonist or 

inverse agonist compounds is sufficient for enhancement of retention (Izquierdo and 

Medina, 1990). 

The role of endogenous benzodiazepines in learning and memory 

Based upon the hypothesis that exogenous ligands of benzodiazepine receptors 

modulate learning and memory processes via their ability to modify GABA 

neurotransmission, it would be predicted that inverse agonists, but not pure antagonists, 

should have memory-enhancing effects. Contrary to that prediction, the ability of both pure 

antagonists and inverse agonists to influence memory suggests that enhancement of 

leaming and memory is not related to the intrinsic activity of these compounds at 
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benzodiazepine receptors. Instead, it was proposed that the memory-enhancing effects 

resulted from antagonism of an endogenous benzodiazepine agonist which exhibits an 

inhibitory influence on systems responsible for learning and memory processes (Lai et al., 

1988; Kumar et al., 1988). The possibility of benzodiazepine endocoid involvement in 

memory processes has recently been more directly supported by experiments in which 

release of endogenous benzodiazepines (as indicated by reductions in benzodiazepine-like 

irnmunoreactivity) was observed following either habituation or inhibitory avoidance 

learning (see Izquierdo and Medina, 1991). Based upon the greater reduction in 

immunoreactivity following the avoidance training, it was suggested that inhibitory 

modulation of memory by benzodiazepine endocoids may be most pronounced under 

conditions involving high levels of stress or anxiety. This hypothesis is consistent with the 

ability of antagonists such as flumazenil and CGS 8216 to facilitate learning and memory in 

the aversively motivated discrirninated escape paradigm, and with enhancement of 

avoidance retention reported for ZK 93 426 (Sarter et al., 1990), a b-carboline classified as 

a benzodiazepine receptor antagonist. 

REVERSAL OF MEMORY DEFICITS VIA BENZODIAZEPINE RECEPTORS 

The ability for both antagonists and inverse agonists of benzodiazepine receptors to 

improve learning and memory in normal subjects provided a clear indication that acquisition 

and storage processes were subject to modulation via GABA and also by endogenous 

benzodiazepines. Given the physiological significance of benzodiazepine receptors and the 

potential for modification of cholinergic neurotransrnission, a number of studies were 

directed toward determining the efficacy of benzodiazepine ligands in animal models of 

dementia. Thus far, tests of benzodiazepine receptor ligands have been completed in 

experimental arnnesia induced by anticholinergics and basal forebrain lesions, and in 

models of spontaneous age-related learning and memory deficits. 

Scopolamine-induced memory impairment 

Experimental amnesia induced by the antimuscarinic, scopolarnine, was used by 

several groups as a model for identifying compounds potentially useful in treatment of 

memory impairment related to cholinergic hypofunction. As a step toward assessment of 

potential application in treatment of dementia, we tested flumazenil and Ro 15-4513 for 

their ability to attenuate scopolamine-induced irnpairment of avoidance retention (see Lai et 

al., 1988; Prather et al., 1991). When presented 10 min prior to a single step-through 

passive avoidance trial, 0.64 mg/kg scopolarnine resulted in significant impairment of 

memory performance on a subsequent 24-h retest. However, 24-h retention performance 

was significantly improved in groups of mice which were pre-treated with either flumazenil 

or Ro 15 4513, 10 rninutes prior to scopolamine injections. The ability of the antagonist 

and inverse agonist benzodiazepines to reverse amnesia produced by the anticholinergic, 

scopolamine, was consistent with findings for the antagonist b-carboline, ZK 93 426 
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(Sarter et al., 1990), and supportive of the hypothesis that these compounds act via 

enhancement of neurotransmission in the basal forebrain cholinergic system (Lal et al., 

1988; LaI and Forster, 1991b; Sarter et al., 1990). Additional studies of ZK 93426 have 

also revealed ameliorative effects with respect to behavioral deficits produced by basal 

forebrain lesions or chronic alcohol treatment (Hodges et al., 1989; Sarter et al., 1990), 

further suggesting an indirect cholinomimetic action for this compound. 

Age-related learning and memory deficits 

In addition to studies involving scopolamine-induced memory impairment, the 

benzodiazepine receptor antagonist and inverse agonist compounds have also been tested in 

numerous models of spontaneous, age-related memory dysfunction (LaI and Forster, 

1990). One investigation involved the inbred autoimmune mouse strain NZBlBlNJ (NZB), 

which is known to exhibit an acceleration of age-dependent immunological, 

neuropathological, and behavioral changes (for reviews see Forster and Lal, 1990; 1991b; 

Lal and Forster, 1991a). For example, deficits in acquisition of a one-way active avoidance 

response are first evident in C57BL/6NNia mice by 12 months of age, whereas NZB mice 

show such deficits as early as 3 months of age. Alterations in drug responsiveness of NZB 

mice are consistent with a cholinergic hypofunction, and the age-related behaviora! deficits 

of this genotype can be reversed by cholinomimetics or the substituted pyrrolidinone BMY 

21502 (Forster and Lal, 1990; LaI and Forster, 1991a). The efficacy offlumazenil 

treatment against the deficits of NZB mice was tested using an avoidance paradigm in 

which four acquisition trials were presented on each of 5 consecutive days (Lal and 

Forster, 1990). When tested in this fashion, 12-month-old NZB mice not only showed 

slower acquisition, but also exhibited impaired day-to day retention of the active avoidance 

response when compared with age-matched C57BL/6NNia mice. However, groups of 

NZB mice which received flumazenil prior to training on each day showed improved rates 

of acquisition and failed to exhibit the retention deficits. These findings were consistent 

with the existence of a spontaneous, age-related cholinergic deficit (or GABNacetylcholine 

imbalance) in the NZB mice. 

Another recent study has addressed the efficacy of benzodiazepine ligands against 

spontaneous memory deficits in normal aged animals. The results of this investigation 

(Forsteret al., in preparation) indicate that the partial inverse agonist Ro 15-3505 can 

completely reverse age-related deficits in working memory for a simple spatial 

discrimination in C57BL/6NNia mice. Previous investigations had suggested that Ro 15-

3505 had ameliorative effects upon impairments of passive avoidance retention and cerebra! 

glucose utilization in animals with basal forebrain lesions (Lorez et al., 1988). 

For studies with Ro 15-3505, 24-30-month-old mice were used which had 

previously received training according to a delayed reversal protocol (see Forster and Lal, 

1991a). The delayed reversal paradigm allows parametric assessment of memory decay rate 

for an individual mouse tested on multiple occasions, and also permits repeated 
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administration of drugs at various levels of retention difficulty. The ability to test time 

parameters and drug effects is based upon a stable strategy (a learning set) consisting of 

goal-arm reversal in a T-maze, which is acquired gradually over the course of several 

weeks. The mice are first trained to ron to the correct arm of the T-maze within 5 seconds 

in order to avoid a footshock. On each test day, the correct goal arm is always opposite the 

one entered on the first trial of each session (the information trial), and training is continued 

until the mouse has made a correct avoidance on at least 4 of the last 5 training trials. Daily 

sessions continue in this fashion until the mice have learned to use information provided on 

the first trial (i.e., to reverse their arm choice) in order to avoid shock on all of the remain

ing trials for that session. Once the mice have acquired the reversallearning set, the diffi

culty of the working memory requirement can be varied by interposing delays (one delay 

per session) between the information and test trials. 

In an initial experiment, we examined the effect of age on delayed reversal retention 

by conducting 4 tests at each of 4 delay parameters (15, 30,60 or 120 min) in separate age 

groups of mice. As indicated by differences in performance on the test trial as a function of 

delay, old C57BL/6NNia mice (24-30 months) were found to show more rapid memory 

decay than younger (8 months) animals. In a subsequent experiment, a group of aged mice 

(24-30 months) were trained for the reversal set and then tested for the effect of Ro 15-

3505 (injected 10 minutes prior to the information trial) on retention after 120 min delays. 

Baseline performance was verified after each drug test in sessions involving saline injected 

prior to a l-min delay. The sequence of drug exposures during 120-min delay tests 

consisted of 4 repetitions of an ascending series of doses (0, 2.5, 5.0, or 10.mg/kg). 

Sixty percent of the mice completing the study performed at chance level or lower at 

the 120-min delay following vehicle injections, whereas the remaining mice performed with 

75 or 100% accuracy. Performance of the impaired mice was significantly improved 

following any of the doses (2.5-10 mg/kg), although 10 mg/kg was maximally effective, 

yielding 100% accuracy in the impaired mice. Performance of the unimpaired mice was not 

influenced by Ro 15-3505 treatments. These findings were encouraging, because they 

indicated that aged mice with memory impairments showed an ameliorative response over a 

relatively wide dose range, while there was no indication of negative response to treatments 

in the unimpaired aged individuals. 

CONCLUSIONS 

The human and animalliterature suggest an irnportant role of GABAA and 

benzodiazepine receptors in normal modulation of memory processes. In addition, there is 

recent evidence to support the hypothesized involvement of endogenous benzodiazepines in 

learning and memory. Overall, the significant ameliorative effects of the benzodiazepine 

ligands in various experimental and spontaneous models of dementia suggest that their 

efficacy is not limited to young, normal subjects, but can perhaps be extrapolated to 

treatment of human dementias. It is likely that benzodiazepines modulate memory via a 
GABAergic inhibitory influence on cholinergic neuro transmission and, therefore, the 
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benzodiazepine receptor antagonists or inverse agonists may have unique potential with 

respect to treatment of dementia associated with compromised basal forebrain cholinergic 

neurotransmission. The use of benzodiazepine antagonists or inverse agonists may offer 

significant advantages over other cholinomimetics, because of their ability to modulate 

cholinergic neurotransmission in a more physiological fashion (cf. Lai and Forster, 1991b; 

Lorezetal., 1988; Sarteretal., 1988; 1990). 
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INTRODUCTION 
The ongoing surge in the elderly population, with associated financial, social and 

emotional costs, has increased the urgency to find treatment for diseases that afflict this 

segment of the population. Of major concern is the devastating condition of Alzheirner's 

Disease (AD), which will affect nearly half of the population over 85 years old (Evans et 

al., 1989), and accounts for a tremendous proportion of caretaking and nursing horne 

costs. The affective aspects of AD, involving loss of mental capacity with the fear and 

stress it engenders in victims and their families, adds an intense emotional component to 

the need to understand and treat this disease. 

A cure for AD has thus far been frustratingly elusive, as has its cause. There has 

been, however, an increasing amount of detailed scientific information regarding its effects 

on many systems in the brain, and how these effects lead to the symptoms of dementia 

associated with the disease. This chapter will deal with two of the major neurochemical 

deficiencies associated with AD, acetylcholine (ACh) and somatostatin (SS), how these 

neurotransmitters may interact to regulate both normal and pathological functions in the 

brain, and how this information may be used to establish a useful therapeutic approach. 

ACETYLCHOLINE AND SOMATOSTATIN IN ALZHEIMER'S 
DISEASE 

One of the best characterized deficiencies in the brains of patients with Alzheimer's 

Disease exists in the cholinergic pathways emanating from the basal nuclei and projecting 

to the cortex and hippocampus (Coyle et al., 1983). The degeneration of this chemical 

system in the integral parts of the brain goveming the complexities of leaming, memory 

and language contribute to the profound loss of functioning observed in people suffering 

from the disease. It would make sense, of course, to incorporate this information into 
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treatment strategies. This indeed has been one major focus of research and includes use of 

precursors or inhibitors of breakdown to increase levels of ACh in the brain, the search for 

selective cholinergic agonists and antagonists with practical applications and 

characterization of the dependence of this cholinergic system on nerve growth factor. 

However, it is becoming increasingly clear that Alzheimer's Disease is more complex 

than originally thought. There are many other effects of this disease on the brain, 

including selective atrophy of certain brain areas, morphological changes such as 

neurofibrillary tangles and neuritic plaques, and deficiencies in neurotransmitter systems 

other than those involving acetylcholine. One of the most compelling of these, because of 

the evidence linking it to ACh, is that of the peptide somatostatin. In the brains of patients 

with AD, there is a decrease in the amount of SS-like immunoreactivity in the cortex and 

hippocampus (Davies et al., 1980), a localization of SS-like immunoreactivity to the 

neuritic plaques of AD patients (Morrison et al., 1985), and the presence of tangles in SS

positive neurons (Roberts et al., 1985). The number of SS receptors is also dirninished in 

the AD cortex and hippocampus (Beal et al., 1985). The selectivity of AD-associated loss 

of SS is indicated by a contrasting increase in SS levels in Huntington's Disease (Beal et 

al., 1986) and either no alterations or increases in levels of other neuropeptides in AD 

(Coyle et al., 1983). 

NORMAL INTERACTIONS BETWEEN ACETYLCHOLINE AND 
SOMATOST ATIN 

There are a number of experimental connections between SS and acetylcholine 

involving intact neural systems. Atropine, which blocks the actions of ACh at muscarinic 

receptors in the brain, also blocks SS-induced barrel rotation behavior in rats (Cohn and 

Cohn,1975). The release of SS from neurons in the hypothalamus is inhibited by 

cholinergic agents , while release of the peptide from dissociated cortical neurons in culture 

is stimulated by muscarinic agonists (Delfs, 1985). In turn SS may regulate ACh release. 

Active forms of SS indirectly enhance the potassium-evoked release of endogenous ACh 

from rat hippocampal slices (Araujo et al., 1990). This was found to be both SS receptor

and calcium channel-dependent, since blocking these eliminated the effect. Induced 

deficits in the ACh system of the rat hippocampus and cortex are accompanied by transient 

decreases in SS (Hortnagl et al., 1990). On the other hand, there are reports of significant 

increases in SS levels after long-term lesions of cholinergic pathways in rat brain 

(Arendash et al., 1987). These studies imply synaptic connections between cholinergic 

terminals and intrinsic SS-containing neurons. In the cortex, the presence of 

acetylcholinesterase on SS-positive cells indicates that they might be a postsynaptic target 

for cholinergic innervation (Delfs et al., 1984). A double labeling study demonstrated that 

anterogradely labeled projections from the highly ACh-rich medial septum make direct 

synaptic connections with SS-immunoreactive cell bodies in the rat hippocampus (Yamano 

and Luiten, 1989). 
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ELECTROPHYSIOLOGY 
There is much evidence to indicate that of the multiple electrophysiological effects of 

ACh and SS, the most likely site for their interaction is at the level of the M-current, a 

membrane-associated, voltage-dependent outward K+ current. In the pyramidal cells of 

areas CA1 and CA3 in the rat hippocampus, ACh facilitates, and SS inhibits, spontaneous 

firing. However, when SS was applied together with ACh, there was a further 

enhancement of firing in a dose-dependent manner (Mancillas et al., 1986). Further 

investigation showed that SS caused hyperpolarization associated with the reduced 

spontaneous firing, most likely via a potassium current. The potassium current augmented 

by SS was found to be the M-current (Moore et al., 1988; Watson and Pittman, 1988). 

The M-current is inhibited by muscarinic cholinergic agonists (Brown and Adams, 1980), 

suggesting a complex electrophysiological interaction between ACh and SS in 

hippocampal pyramidal neurons. An interesting aspect of the cholinergic blockade of the 

M-current is that the agonists which are the most effective in producing inhibition are those 

which are the most efficiently coupled to the stimulation of phosphoinositide (PI) turnover 

(Dutar and Nicoll, 1988), an important biochemical second messenger system in the brain. 

SECOND MESSENGERS 
Molecular biological studies have helped in the discovery of at least five functional 

classes of muscarinic receptors in the brain, referred to here as m1 through m5. These 

multiple receptor subtypes use one of only two second messen ger systems to elicit their 

effects. Use of selective agonists and antagonists and cell transfection studies have shown 

that activation of m1, m3 and m5 receptors stimulate PI hydrolysis by the enzyme 

phospholipase C, and that of m2 and m4 receptors inhibit cyclic AMP production by the 

enzyme adenylate cyclase (Bonner, 1989). 

All muscarinic receptors studied so far share the characteristic of heing coupled to 

some memher of the family of so called "G-proteins". These are a farnily of heterotrimeric 

guanine-nucleotide binding proteins which transduce the receptor binding message across 

the cell membrane by binding and hydrolyzing intracellular GTP. This, in turn, affects 

activation of the enzyme of interest, i.e., phospholipase C or adenylate cyclase. This 

transducing element also lends another level of regulation to the "downstream" 

components of these neuronal systems. For example, addition of GTP analogs can 

direct1y stimulate the turnover of PI (Gonzalez and Crews, 1985), and phosphorylation of 

one of the G-proteins prevents inhibition of adenylate cyclase (Katada et al., 1985). 

The second messenger effects of SS are not as weIl characterized. Two SS receptors 

have been demonstrated in the brain, one having high affinity for the peptide and the other 

having low affinity (Reubi, 1984). The high affinity SS receptor, which can he 

specifically bound by the analog SMS 201-995, has been found to be linked to adenylate 

cyclase in the brain (Chneiweiss et al., 1987). The low affinity receptor does not bind the 

analog and is specific to brain. No physiological function has been definitively linked to 
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this receptor, but recent evidence indicates that it may be somehow linked to both PI 

hydrolysis and adenylate cyclase (see data below). 

The two second messengers produced as a result of PI metabolism in neurons are 
diacylglycerol and inositol triphosphate (1P3). Diacylglycerol activates protein kinase C 

(PKC) and 1P3 mobilizes intracellular calcium stores. Both of these actions can then 

regulate various ceHular functions. The previously mentioned blockade of the M-current 

by muscarinie agonists that also stimulate PI turnover may therefore be mediated via PKC 
or 1P3. Dutar and Nicoll (1988) found that direct activation of PKC by phorbol esters did 

not inhibit the M-current, but addition of 1P3 did, hinting at the specific pathway 

implicated in the effect. 

The effects of SS on PI metabolism and its interactions with ACh are not very weH 

understood. However, recent studies have shown that SS and an active analog can elicit a 

small, but significant, stimulation of PI turnover in rat cortex (Crews et al., 1986) and 

hippocampal slices (Shaffer and Dokas, 1991). The latter study demonstrated differential 

effects on PI hydrolysis by SS combined with submaximal and maximal doses of either 

carbachol (a cholinergic agonist) or norepinephrine (Table 1). The inability of SS to 

further stimu1ate PI turnover in a system maximally stimulated by carbachol, and its 

differential effects in conjunction with norepinephrine, indicates a specific interaction 

between the SS and ACh systems in the hippocampus. The exact nature of this interaction 

is yet to be defined, but there are several possibilities. The previously mentioned ability of 

SS to release endogenous ACh would explain the increase in PI metabolism at submaximal 

doses of the cholinergic agonist. Another possibility is that ACh and SS interact via 

protein phosphorylation, since the activation of PKC is one result of PI hydrolysis, and 

both SS and ACh have been linked to changes in phosphorylation of membrane proteins 

(see below). The high concentration of SS needed to elicit this effect (lO-SM) indicates 

that it may be mediated via the low-affinity SS receptor specific for brain. 

In arecent study ofthe effects of [O-Trp8]-SS on the activity of cortical and striatal 

adenylate cyclase, it was found that the peptide can inhibit the enzyme activity equally in 

both brain areas with identical dose response curves (Figure 1). Maximal inhibition of 

approximately 50% was obtained at 10-4M, with a two-phase inhibition curve, 

demonstrating a plateau at 1O-6M. This two-phase dose-response curve suggests the 

presence of both the high and low affinity forms of the SS receptor in these brain areas. 

Figure 2 shows that although [0-Trp8]-SS and ACh can both inhibit striatal and cortical 

adenylate cyclase activity, the two together do not inhibit the enzyme in an additive 

manner, suggesting a convergent target within the adenylate cyclase system for their 

actions. Sirnilar to data previously reported in the rat hippocampus (Eva and Costa, 
1987), a common pool of Gi may be shared by the two agonists. 

The cholinergic system in the cortex is severely affected by AD, while that of the 

striatum is relatively spared. It would therefore be of interest, and perhaps of therapeutic 

value, to find biochemical differences in these areas that may indicate the reasons for the 
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TABLE 1. Effects of lO-)M [D-Trp~]-SS combined with either 
carbachol or norepinephrine at approximately half-maximal or 
maximal concentrations. Accumulation of inositol phosphate in the 
presence of lithium,[3H]-inositol and the indicated doses of agonists 
was measured and is expressed as a ratio to total inositol taken up 
into the slices x 100. (* p < 0.05). 

-[D-Trp8]-SS +[D-Trp8]-SS % change 

Control: 1.11 1.59 + 43.9* 

Carbachol: 

0.1 mM 2.94 4.11 + 39.8* 

2.0 mM 4.25 3.77 - 11.3 

N orepinephrine: 

0.01 mM 6.54 4.83 - 26.1 * 

0.10 mM 9.85 8.29 - 15.8 

Figure 1. Dose-response of [D-Trp8]-SS on striatal (0) and cortical (e) 
forms of adenylate cyclase. 
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differential effects of the disease. Preliminary data from this laboratory show promising 

results in that striatal and cortical forms of adenylate cyclase seem to differ in their 

sensitivity to forskolin, GTP and calcium. Differences have also been found in their 

relative inhibition by ACh, and the effects of ACh on forskolin-stimulated and calcium

dependent activity (Dokas and Ting, 1990). 

PROTEIN PHOSPHORYLATION 
Both second messenger systems associated with the binding of acetylcholine to 

muscarinic receptors are involved with protein phosphorylation. As previously 
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Figure 2. Effect of [D-Trp8]-SS (lO-4M) on the cholinergic (ACh, 10-

3 M) inhibition of striatal adenylate cyclase. Identical results were 
obtained with cortical membrane preparations. The dashed line 
indicates the inhibition expected if the effects of ACh and [D-Trp8] -
SS were fully additive. 

mentioned, one of the results of PI hydrolysis is the activation of PKC by diacylglycerol. 

The alteration of the activity of adenylate cyclase ultimately affects the amount of cyclic 

AMP-dependent protein kinase activity in m2 and m4 receptor-containing cells. Describing 

alterations in the activity of the specific protein kinases and, more importantly, identifying 

their protein substrates, may shine some light on the roIes they play in both normal and 

pathological cellular functions. Katzman and Saitoh (1991) have reviewed a number of 

instances of abnormal protein phosphorylation associated with AD. Most of these 

phosphoproteins are associated with the neurofibrillary tangles and neuritic plaques of the 

AD brain. Multiple exampIes of aberrant protein kinase activity have been described, 
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ineluding autophosphorylation of some protein kinases, including at least two isoforms of 

PKC. 

Some phosphoproteins may act to regulate the activity of ACh-sensitive second 

messenger systems in the brain. The muscarinic receptor itself can be phosphorylated by 

both PKC (Haga et al., 1990) and ß-adrenergic receptor kinase (Haga and Haga, 1989). 

The PKC-mediated phosphorylation of the receptor may represent a regulatory feedback 

mechanism in the PI cyele. This regulation would be at a level other than G-protein 

binding, since phosphorylation did not affect this in vitro. A second protein substrate of 

PKC has been shown to negatively regulate the regeneration of polyphosphoinositides 

(Van Dongen et al., 1985). This presynaptic membrane protein, variously known as B-

50, GAP-43, Fl and neuromodulin, is found in high concentrations in developing and 

regenerating nerve cells. This growth-associated protein generally has a very low level of 

expression in adult brain, but is implicated in synaptic plasticity since it is selectively 

expressed at higher levels in the human adult hippocampus and association cortex (Neve et 

al., 1988). Changes in this pro tein have also been found to be related to both normal 

aging and AD. Phosphorylation of B-50 is selectively decreased in the hippocampus of 

aged rats (Barnes et al., 1988). The pattern of B-50 immunoreactivity is changed 

markedly in the aged rat hippocampus, with conspicuous, large deposits found elose to the 

membranes of CA3 neurons (Oestreicher et al., 1986). In tissue taken from the brains of 

patients with AD, B-50 immunoreactivity is much lower in neuritic plaques than in the 

sUITounding tissue and in normal tissue (Clark et al., 1988). 

The PKC-mediated phosphorylation of hippocampal membrane B-50 has been 

shown to be decreased in the presence of SS (Dokas et al., 1983), and since 

phosphorylated B-50 has been shown to inhibit a regenerative enzyme in the ACh

stimulated PI metabolism cycle (V an Dongen et al., 1985), this may be another level at 

which the peptide interacts with ACh. Cholinergic agonists have also been found to affect 

the phosphorylation state ofB-50. Carbachol enhances, in an atropine-sensitive manner, 

B-50 phosphorylation in isolated nerve growth cones (Van Hooff et al., 1989). Since the 

phosphorylation of this protein is affected by development, aging, SS and ACh, it seems 

to be a necessary consideration in any therapeutic approach to problems of the aging brain. 

MOLECULAR BIOLOGY 
Molecular biological techniques are becorning increasingly important as tools to 

defme cellular functions at the genetic level. With regard to AD, abnormal regulation of 

gene transcription could be a contributory factor in the pathology of the disease. The 

recent demonstration that expression of the amyloid gene in transgenic mice results in 

deposits of amyloid ß protein is a case in point (Wirak et al., 1991). Conversely, 

stimulation of the transcriptional expression of somatostatin and acetylcholine-related 

genes could theoretically reverse the deticiencies of AD. 

91 



The gene for SS has been cloned, and the regulation of its expression has been 

extensively studied. Interestingly, the transcription of the SS gene is induced by cyclic 

AMP (Andrisani and Dixon, 1990), a second messenger whose levels can be influenced 

by cholinergic activation of m2 and m4 receptors. This inductive effect seems to be 

mediated by cyclic AMP-dependent phosphorylation of a transcriptional activating protein 

dimer called CRBB (calcium response element binding protein), which binds upstream of 

the promoter and initiates transcription of the SS gene (Gonzalez and Montminy, 1989). 

In the nervous system, as in other tissues, regulatory signals can rapidly induce a set 

of genes called immediate early genes, such as c-Jos and c-jun, encoding riuclear proteins 

that form a complex (AP-1) which acts as a transcriptional factor for secondary genes 

(Sheng and Greenberg, 1990). One of the first studies demonstrating responsiveness of 

the immediate ear1y genes to neurotransmitter signals showed that cholinergic activation of 

nicotinic receptors and K+-induced depolarization in PC12 cells resulted in induction of c

Jos transcription (Greenberg et al., 1986). Carbachol activation of muscarinic receptors in 

a glial cellline increases c10s and c-jun mRNA levels (Trejo and Brown, 1991). Down

regulation of PKC abolished and phorbol esters rapidly increased the induction of these 

genes, implicating a critical role for cholinergic activation of ml, m3 or m5 receptors and 

subsequent protein phosphorylation. 

Given the dependence on PKC for muscarinic induction of immediate early genes, 

and the dependence on cyclic AMP-mediated phosphory lation for expression of the SS 

gene, the case for complex interactions between ACh and SS extends to the transcriptional 

level. Cholinergic and SS deficiencies may result in alteration of second messenger levels 

in the cell, thereby influencing normal transcriptional patterns. For example, elimination 

of normal inhibition of adenylate cyclase by ACh would result in higher levels of cyclic 

AMP and subsequent phosphorylation of CRBB, resulting in abnormal expression of SS, 
c-Jos, and ultimately, secondary genes. The decrease in PI hydrolysis would result in 

lower levels of diacylglycerol and PKC activity, reducing the induction of the immediate 

early genes. 

COMBINATION THERAPY WITH ACETYLCHOLINE AND 
SOMA TOST A TIN 

It is obvious that any effective therapy for AD must involve the replacement of 

cholinergic activity that is lost. It is important to find cholinergic replacements that are 

specific, but so far this search has been elusive due to the complexity of the cholinergic 

systems in the brain and the inability to selectively treat only those systems that degenerate 

in AD. It is also apparent that AD pathology is multivariant and may require intervention at 

severallevels. With so much evidence supporting the interactions of ACh with SS, it may 

be beneficial to intervene at the level of this peptide system in the brain. The biochemical 

nature and instability of peptides however, generally make them difficult to use as 

therapeutic agents. Perhaps this can be resolved by finding a way to more directly activate 
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the systems nonnally governed by SS. For example, it has been found that the effects of 

SS on the M-current can be mimicked by activation of a second messenger pathway which 

generates arachidonie acid (Schweitzer et al., 1990). Active mediators of this type might 

be more useful as therapeutic agents since they, or derived metabolites, would more easily 

cross the blood-brain barrier. 

The most promising, and perhaps the most complex, therapy would involve 

intervention at the genetic level, where the second messenger-related functions of ACh 

might converge. Activation of muscarinie receptors and subsequent second messenger 

actions, including calcium mobilization and phosphorylation could ultimately affect gene 

expression. Genetie therapy would bypass the biochemical complexities such as agonist 

non-specificity. This non-specificity has been a major problem for researchers looking for 

replacement therapies, since general replacements for specific deficits also affect normal, 

non-AD affected areas of the brain. A combination therapy involving both specific 

replacement of nonnal SS and ACh levels and reactivation of the effector system through 

which they produce their effects in the brain may offer more hope than either one alone. 
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SECTION n 

GROWTH FACTORS IN ALZHEIMER'S TREATMENT 

Alzheimer's disease is not a disease of neurotransmitter alterations ultimately, but of 
neuronal degeneration. And while pharmacotherapy designed to replenish selected 
neurochemical deficits may weH improve the lives of afflicted patients on a temporary basis, it 
certainly offers no long term cure. To accomplish longer term palliation and even a potential 
cure, a growing number of investigators have begun to study and elucidate the cytoprotective 
and trophic actions of agents in the adult brain, particularly those that appear to act on 
neuronal systems analogous to those affected in Alzheimer's disease. The prototypical agent 
in this dass of trophic/cytoprotective agents is nerve growth factor (NGF), but as chapters in 
this section demonstrate, it is not the only candidate for long term treatment of Alzheimer's 
disease. 

Dr. Lapchak: and his coHeagues begin this section with a succinct review of the role of 
neurotrophins in the brain and how they may be used for the treatment of Alzheimer's 
disease. They detail how this area has expanded during the past decade: first as more trophic 
factors/cytokines and their receptors were found to act on heterogeneous neuronal systems; 
more recently as the regulation of the expression of these factors/cytokines and their receptors 
has been characterized. As Lapchak: et al. discuss,NGF remains the trophic influence most 
intimately associated with Alzheimer's disease. Yet other factors such as BDNF must be 
considered as weH, particularly in other regions such as the cerebral cortex where NGF may 
playa less important role. 

Dr. Araujo's studies underscore some of the potential complexity involved with 
studying trophic factors in neuronal systems; e.g., the same lymphokine may have very 
different actions depending on the neuronal system involved as weH as the concentration used. 
Such basic research is essential when attempting to design a therapeutic regimen based on a 
compounds putative cytoprotective actions. 

Recently, it has become apparent that Alzheimer's disease as weH as other 
neuropathological disorders may result from, or at least be exacerbated by, abnormal levels of 
protease activity capable of interfering with cellular function. The work of Dr. Shiverick's 
group shows that some cytokines may normally modulate brain protease activity by regulating 
the expression of protease-inhibitors. Yet another type of protein under the genetic regulation 
of trophic factors is choline acetyltransferase, the enzyme responsible for catalyzing the 
biosynthesis of acetylcholine. Dr. Hersh's careful delineation of the nucleotide sequences 
encoding both the choline acetyltransferase gene and its potential upstream regulatory 
elements provide direct support for one mechanism whereby NGF may modulate the activity 
of this enzyme. More generaHy, the chapter by Drs. Lapchak: and Hefti describes the 
presynaptic cholinergic activation typically seen with NGF in otherwise hypofunctional 
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eholinergic neurons. This ehapter is relevant to the eoneept of Alzheimer's therapy not only 
beeause it presents the type of data upon which many review ehapters are eommonly based, 
but beeause it does so with reeombinant human NGF, which only very reeently was prepared 
and utilized in the dinic. 

The last two ehapters in this seetion relate to faetors that ean modulate the expression of 
trophic faetors. In the work by Dr. Mima and eoworkers, a straightforward hypothesis is 
presented, based on their own data and others, that eonneets global isehemia, eell death, NGF
expression and possible "killer proteins. " This work has profound implieations for many 
areas of neurology and neuropathology other than Alzheimer's disease. The last ehapter by 
Dr. Dugich-Djordjevic and eoworkers deseribes how seizures mayaiso be able to modulate 
trophic faetor expression. Two interesting and novel aspeets to this ehapter are that it focuses 
on BDNF, which appears to be found in mueh higher levels and more globally than NGF in 
the brain, and that it uses mRNA-eneoding for the peptide preeursor as a marker. 
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IN1RODUcnON 
The neurotrophins represent a family of polypeptide growth factors which show a 

high degree of homology with nerve growth factor (NGF). Recent investigations by 

various research groups have resulted in the isolation, purification and cloning of three 

novel neurotrophins: brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) 

and neurotrophin-4 (NT-4). The present review is intended to provide abrief overview of 

the principal characteristics and roles of the neurotrophins and their receptors in the 

mammalian central nervous system (CNS). The neurotrophin family of growth factors may 

prove to be of considerable importance in the future therapy of neurodegenerative diseases 

such as Alzheimer's and Parkinson's diseases. 

NERVE GROWTH FACfOR (NGF) 
NGF is a polypeptide growth factor originally purified as a multi-subunit complex 

composed of three subunits (0., ~,y) with a molecular weight ofapproximately 140 kD. 

The biological activity of NGF resides in the 13.2 KD ~ subunit of the complex and is 

generally referred to as ~-NGF (Thoenen and Barde, 1980). ~-NGF has been shown to 

interaet with multiple classes of specific receptors: two distinct types of high affinity 

receptors (Kd=lo-11 M) (Weskamp and Reichardt, 1991) and a low affinity receptor 

(Kd=10-9 M). The low affinity NGF receptor is also known to bind BDNF and NT-3 

(Rodriguez-Tebar et al., 1990; Emfors et al., 1990). At present, the high affmity receptor 
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is thought to be responsible for the transduction of signals related to the neurotrophic 

actions ofNGF (Whittemore and Seiger, 1987; Weskamp and Reichardt, 1991). 

Hempstead et al. (1991) have recently further characterized high affinity NGF binding 

sites. This research group suggested that the high affinity NGF receptor complex consists 

of the low affinity NGF receptor and the tyrosine kinase product of the trk proto-oncogene. 

Additional studies by Soppet et al. (1991) and Squinto et al. (1991) have provided further 

evidence suggesting that trk proteins are components of the receptors for the neurotrophins 

BDNF and NT-3, but not NGF. The former study found that the trkB tyrosine kinase 

receptor is a low affinity (Kd= 1.3-1.8 x 10-9 M) BDNF and NT-3 receptor site. 

Therefore, these studies taken together indicate that specific receptors which bind growth 

factors of the neurotrophin family consist of a multiple proteins one of which is trk proto

oncogene product. In addition, the presence ofthe low affinity NGF receptor in the 

absence of a trk protein is not sufficient to form a high affmity binding site or to produce 

physiologically significant responses. 

Nerve Growth Factor: Mechanism of Action 

NGF is thought to act by a cascade of steps which involve the synthesis and release 

of NGF from target tissues, the binding of NGF to its receptors on the axons, followed by 

intemalization and retrograde transport of NGF to the cell body (Schwab et al., 1979; 

Seiler and Schwab, 1984). NGF has been shown to be retrogradely transported in CNS 

tissues (Korsching and Thoenen, 1983). Furthermore, it appears that in central cholinergic 

neurons, the NGF receptor is itself retrogradely transported to the cell body (Johnson et 

al. , 1987; Springer, 1988). Thus, the biochemical signal which mediates the maintenance 

and support of central cholinergic neurons seerns to involve the translocation of the NGF

high affinity NGF receptor complex. In view of the recent report by Hempstead et al. 

(1991), it is possible that the internalization of the high affmity receptor complex is the 

result of phosphorylation of a tyrosine residue of the NGF receptor (see references to trk 

tyrosine kinases described above). However, subsequent second messenger systems 

involved in NGF-mediated responses in the adult CNS have not been fully characterized. 

Distribution of Nerve Growth Factor mRNA. Nerve Growth Factor and 
Nerve Growth Factor Receptors in the Central Nervous System 

Interest in NGF as a neurotrophic factor in the CNS has arisen from the large body 

of evidence which has shown that NGF is necessary for the survival and maintenance of 

central cholinergic neurons (forreviews see: Thoenen et al., 1987; Hefti et al., 1989; 

Araujo et al., 1990). NGF and the mRNA coding for NGF are present and concentrated in 

the target tissues of the cholinergic neurons which require it for survival (Shelton and 

Reichardt, 1984; Korsehing et al., 1985; Korsching, 1986; Ayer-Lelievre et al., 1988). 

The distribution of NGF mRNA is summarized in Table 2. Immunohistochemical 

techniques have enabled the identification of the low affmity NGF receptor protein in basal 

100 



forebrain/septal neurons of many species, inc1uding the rat and human (Hefti et al., 1986; 

Richardson et al., 1986; Eckenstein, 1988; Yan and Johnson, 1988). In addition, NGF 

receptor mRNA is expressed in the rat basal forebrain/septal area (Buck et al., 1987), brain 

regions which are enriched with endogenous NGF. One c1ass of high affmity (Kd= 24-31 

pM) NGF receptors is present on cho1inergic neurons of the septo-hippocampal pathway, 

basalo-cortical pathway and on striatal interneurons (Richardson et al., 1986; Altar et al., 

1991). The 10w affmity NGF receptor is also wide1y distributed tbroughout the CNS 

(Pioro and Cuello, 1990a,b). ThUS, in the rnamrnalian basal forebrain, the presence of 

endogenous NGF and NGF receptors suggests that NGF can function as a trophic 

substance. 

Pharmacolo~ical Actions 2f Nerve Growth Factor .Q!l Basal Forebrain 
Choliner~ic Neurons: Lesion Models 

In the CNS, cho1inergic neurons of the basal forebrain/septal region are particu1ar1y 

sensitive to the effects of NGF. For examp1e, NGF administration increases the production 

ofmRNA for choline acetyltransferase (ChAT) (Cavicchioli et al., 1991) and enhances the 

activity of ChA Tinthe septum (Hefti et al., 1985; Gnahn et al., 1983; Hartikka and Hefti, 

1988; Hatanaka et al., 1988; Takei et al., 1988; Williams et al., 1989). In yiYQ effects of 

NGF on basal forebrain cholinergic neuron activity further substantiate the proposal that in 

the CNS, NGF may function as a cholinergic neurotrophic factor. For examp1e, continuous 

infusion of NGF appears to prevent cholinergic neuron death following basal forebrain 

1esions (Refti, 1986; Williams et al., 1986; Kromer, 1987; Gage et al., 1988; William et 

al., 1989). In addition, NGF enhances the synthesis of acetylcholine (ACh) (Hefti et al., 

1984; Williams et al., 1989; Lapchak and Hefti, 1991; see also Lapchak and Hefti, this 

vo1ume). These protective effects of NGF observed following fimbria-fomix transections 

or 1esions of the nuc1eus basalis were specific to cho1inergic neurons; the 10ss of other 

TABLE 1. Biochemical characteristics of neurotrophins 

molecular 
weight (kD) 

amino acids 

isoelectric 
point 

ß-NGF 

13.2 

118 

9.30 

BDNF 

13.5 

112 

9.99 

NT-3 NT-4 

13.6 14.0 

119 123 

9.30 ND 

Summarized from references cited in text. ND-not determined. 
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neurons (GABAergic) induced by such lesions was not prevented by NGF (see Hefti et al., 

1989). The effects of chronic NGF treatment on lesion-induced alterations in memory and 

learning processes which are mediated by cholinergic neurons of the septo-hippocampal 

pathway have also recently become a subject of investigation. NGF has been shown to 

ameliorate the behavioral deficit induced by cholinergic neuron atrophy in rats with lesions 

of the fimbria-fornix (Will and Hefti, 1985; Will et al., 1988, 1991). Thus, in the adult 

brain, NGF may function as a maintenance and protective factor for basal forebrain 

cholinergic neurons. 

BRAIN-DERIVED NEUR01ROPIllC FACTOR (BDNF) 

BDNF is a small basic protein (13.5 kD) that resembles NGF in some of its 

physicochemical and physiological properties. For example, its size and charge are close to 

those of /3-NGF (Barde et al., 1982, 1987). The recent cloning of BDNF has produced a 

number of interesting findings. BDNF is structurally related to NGF and shares 

approximately 50% amino acid sequence with NGF (Leibrock et al., 1989; Hohn et al., 

1990; Maisonpierre et al., 1990). Furthermore, the positioning of 6 cysteine residues 

which form disulfide bridges within both NGF and BNDF suggest that the two molecules 

have similar three dimensional structures. 

BDNF mRNA AND BDNF RECEPTORS 

The distribution ofBDNF mRNA has recently been mapped using in situ 

hybridization (Hof er et al., 1990; Phillips et al., 1990; Wetrnore et al., 1990; Dugich- . 

Djordjevic et al., 1991). BDNF is present in major cholinergic pathways in the CNS 

including the basalo-cortical and septo-hippocampal pathways. In the hippocampal 

formation, BDNF mRNA is present in 50 fold times the concentration of NGF mRNA 

(Hofer et al., 1990). In addition, BDNF is present in the hypothalamus, thalamus and 

cerebellum (Hofer et al., 1990). Receptive molecules for BDNF have also been 

characterized in various tissues. The study by Rodriguez-Tebar et al. (1990) shows that 

BDNF binds to both high and low affinity receptors. The low affinity receptor that BDNF 

binds 10 also recognizes NGF suggesting that the receptor for BDNF and NGF share a 

common subunit. Comparison of the binding parameters for BDNF and NGF further 

underlines the similarities between the two proteins: the association and dissociation 

constants for BDNF binding to the high-affmity sites in cultures of chick dorsal root 

ganglia and rat spinal ganglia (Rodriguez-Tebar and Barde, 1988) are similar to those 

reported for NGF (see Sutter et al., 1979). The presence and relative densities of the high

affinity BDNF sites on certain neuronal populations appear to correlate with the 

physiological responses elicited by the protein (Barde et al., 1987; Rodriguez-Tebar and 

Barde, 1988). The only striking differences in the bil'ding parameters between the two 

proteins appear to be the association and dissociation rates for their respective low-affinity 
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sites. Whereas NGF rates are extremely rapid, those for BDNF are much slower (Barde et 

al., 1987; Rodriguez-Tebar and Barde, 1988). 

Physiolo~ical Role for BDNF in the Development of Central Nervous 
System Neurons 

BDNF has been shown to support and maintain the survival of a variety of 

embryonic neurons in vitro (Alderson et al., 1990; Hyman et al., 1991; Knusel et al., 

1991). For example, the survival of septal cholinergic neurons in culture can be sustained 

by BDNF (Alderson et al., 1990; Knusel et al., 1991). In addition, BDNF has been shown 

to be a neurotrophic factor for mesencephalic doparninergic neurons (Hyman et al., 1991; 

Knusel et al., 1991). BDNF increases the survival of dopaminergic cells in culture and also 

increases the uptake of [3H] dopamine by those cells. Furthermore, BDNF increases the 

uptake of [3H] GABA by basal forebrain cultures indicating that the molecule also regulates 

GABAergic function (Knusel et al., 1991). Thus, these studies show that BDNF is able to 

alter the development of neurons containing various neurotransmitters. This is in contrast to 

the results described for NGF, which specifically increases cholinergic function in vitro 

(for a review see Hefti et al., 1989). 

TABLE 2. Neurotrophin mRNA abundance in the adult CNS 

brain 
region NGF BDNF NT-3 NT-4 

-----------------------------
cerebellum +/- ++ ++++ ND 

cerebral 
cortex ++ ++ ++ ND 

hippocampus ++ +++ +++ ND 

hypothalamus +/- ++ ND ND 

septum +/- + ND ND 

striatum ++ +/ - ND 

thalamus + ++ + ND 

++++, very high; +++, high; ++, moderate; +, low; +/-, very low, -; absent; 
ND, not determined. #-present in Xenopus brain. Summarized from 
references cited in text. 
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Regulation of BDNF Levels in the Adult Central Nervous System 

The role of BDNF in the adult CNS is not known at present. However, 

extrapolation of results from in vitro experiments (Alderson et al., 1990; Hyman et al., 

1991; Knusel et al., 1991) suggest that this neurotrophin may be involved in the 

maintenance and survival of multiple populations of neurons including cholinergic, 

dopaminergic, and GABAergic neurons. Recent studies conceming BDNF have focussed 

on the regulation of BDNF mRNA by manipulations such as the induction of neuronal 

activity (Isackson et al., 1990; Zafra et al., 1990; Dugich-Djordjevic et al., 1991; Dugich

Djordjevic et al., this volume). Zafra et al. (1990) have shown that kainie acid-induced 

increases in neuronal activity mediated by nonNMDNglutamate receptors regulate BDNF 

T ABLE 3. Effects of neurotrophins on CNS neurotransmitter function. 

neurotrophin 

NGF 

BDNF 

NT-3 

NT-4 

pharmacological effect 

cell culture 

1l' ChA T activity 

1l' ACh Content 

1l' ChA T activity 

1l' [3H]dopamine uptake 

1l' [3H]GABA uptake 

adult 

1l' ChATmRNA 

1l' ChA T activity 

1l' ACh synthesis 

1l' ACh release 

Summarized from references cited in text. 

mRNA levels in the rat hippocampus. The latter studies also showed that the prevalence of 

BDNF mRNA in the hippocampal formation is altered by prolonged depolarization due to 

seizure induction. However, increases in metabolie or electrical activity do not always 

result in an increased prevalence ofBDNF mRNA. In addition, recent experiments by 

Denton et al. (1991) suggest that a reduction ofthe afferent input from the entorhinal cortex 

to the hippocampal formation produces increased levels of BDNF mRNA in the 

hippocampal formation. In contrast, when the cholinergic input to the hippocampal 

formation which originates in the septum is reduced, the levels of BD NF mRNA in the 

hippocampal formation are decreased (Lapchak and Hefti, unpublished). These results 

suggest that ACh may, in part, regulate BDNF mRNA levels within the hippocampus. 
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Further studies are required to detennine whether BDNF supports the function of neuronal 

populations following lesions of specific neuronal pathways, as has been demonstrated for 

NGF. 

NEUROTROPHIN-3 (NT-3) 
Neurotrophin-3 is the third homolog of NGF-related polypeptides recently isolated, 

characterized and cloned (Ernfors et al., 1990; Jones and Reichardt, 1990; Maisonpierre et 

al., 1990; Rosenthal et al., 1990). As described above for BDNF, NT-3 is structurally 

related to NGF. NT-3 is a polypeptide consisting of 119 amino acids (MW=13.6 kD) 

which shares approximately 57% ofits amino acids with NGF and BDNF, including six 

cysteine residues possibly used to form disulfide bridges and a potential N-glycosylation 

site (Emfors et al., 1990). The functional significance of the N-glycosylation site is not 

known at present. 

Distribution of NT -3 mRN A in the Central Nervous System 
Recent northern blot and in situ hybridization studies have indicated that NT-3 

mRNA is distributed throughout the adult rat brain (Maisonpierre et al., 1990; Phillips et 

al., 1990). NT-3 mRNA levels were shown to be present in higher levels than either NGF 

or BDNF in whole brain. NT-3 mRNA is most abundant in the cerebellum and 

hippocampal formation (Maisonpierre et al., 1990; Friedman et al., 1991). 

Physiological Role for NT-3 in the Central Nervous System 
NT-3 has recently been tested for functional effects on septal cholinergic and 

mesencephalic dopaminergic neurons in cell culture (Knusel et al., 1991). However, this 

neurotrophin did not significantly affect the parameters measured, indicating that NT-3 is 

not required for the development of either neuronal population. However, Maisonpiere et 

al. (1990) have demonstrated that NT-3 mRNA levels remain elevated in the adult 

hippocampus suggesting that this neurotrophin may be involved in the maintenance of 

neuronal viability and transmitter function(s) in the adult brain. 

NEUROTROPHIN-4 (NT-4) 
Neurotrophin-4 is the fourth member of the NGF growth factor family which has 

been cloned and partially characterized (Hallbook et al., 1991). NT-4 is a polypeptide 

consisting of 123 amino acids (MW = 14.0 kD) which shares approxirnately 50-60% of its 

amino acids with NGF and BDNF and NT-3. Thus, Xenopus NT-4 is structurally related 

to mammalian NGF, BDNF and NT-3. However, the most homology occurs between 

BDNF and NT-4. The highest concentrations of NT-4 are present in the Xenopus ovary, 

concentrations which are calculated to be 100 fold that present in Xenopus brain. The NT-4 

protein is thought to have an N-glycosylation site (Asn-Lys-Thr) in a position similar to 

that ofNT-3. In the study by Hallbook et al. (1991), Xenopus NT-4 was shown to 

compete for NGF-binding sites present on PC12 cells suggesting an interaction of NT-4 
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with the low affmity subunit of the NGF receptor. This finding is similar to that described 

for BDNF by Rodriguez-Tebar et al. (1990). 

CONCLUSIONS 

Recent research efforts have allowed for the discovery of three growth factors now 

classified as members ofthe NGF family of growth factors. It is likely that additional 

members of the neurotrophin family will be cloned and characterized based upon sequence 

homology to the four factors which are now known. Relatively tittle information is 

available conceming the three recently discovered and partially characterized neurotrophins. 

Therefore, it is difficult to assess the specificity of in yiY.Q functions of the neurotrophins. 

Considering the important role of growth factors, specifically NGF, in brain development 

and the maintenance of function and survival of adult CNS, it is likely that growth factors 

may be of potential benefit as pharmacological agents in the treatment of neuro-degenerative 

diseases such as Parkinson's and Alzheimer's diseases. 

Appel (1981) and Hefti (1983) hypothesized that Parkinson's and Alzheimer's 

disease may represent the loss of trophic support for central dopaminergic and cholinergic 

neurons, respectively. Support for these hypotheses has been obtained from several animal 

studies testing the pharmacological effects of NGF in yiY.Q. These studies show that 

administration of growth factors (Le.: NGF) can attenuate lesion-induced neuronal 

degeneration and behavioral deficits induced by experimentaliesions, suggesting that the 

application of exogenous growth factors may be useful as therapeutic agents in the 

treatment of Parkinson's and Alzheimer's diseases. However, direct evidence to 

substantiate the lack of growth factor production as a direct cause of the pathogenesis in 

these diseases is stilllacking. Nevertheless, further research into the physiological and 

pharmacological significance of the neurotrophins in the CNS, especially NGF, are 

warranted given the proposal that growth factors be used in the treatment of Alzheimer's 

disease (Phelps et al., 1989). However, it is possible that BDNF may be more efficacious 

than NGF for the treatment of degenerative diseases since BDNF has been shown to affect 

multiple neurotransmitter populations in~. Thus, this neurotrophin may be able to 

Testore or increase the function of various neurotransmitter populations. 
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INTRODUCTION 
The hypothesis that there is an ongoing "dialogue" between the central nervous 

system (CNS) and the immune system has gained momentum in recent years. For 

example, it has been demonstrated that neuropeptides released by cells of glial and neuronal 

origin can affect immune function (Ballieux and Heijnen, 1987; Araujo et al., 1990). 

Conversely, it is apparent that mediators of the immune system can alter CNS function, at 

least under certain circumstances (Bailleux and Heijnen, 1987; Dinarello and Mier, 1987; 

Farrar et al., 1987; Weigent and Blalock, 1987; Araujo et al., 1990; Blatteis, 1990). In 

view of this communication between the CNS and the immune system, recent studies have 

attempted to characterize various immunomodulators and their respective roles in the CNS. 

Current evidence suggests that severallymphokines and their receptors are present 

in the CNS. Thus, interleukin-l (IL-l) is known to be synthesized and released by cells of 

astroglial and microglial origin (Fontana et al., 1982, 1987; Giulian, 1987; Giulian et al., 

1988; Dinarello et al., 1990) and to further stimulate astroglial proliferation (Giulian et al., 

1988). Moreover, receptors for IL-l have been identified in various brain regions (Giulian 

et al., 1986; Farrar et al., 1987; Dinarello et al., 1990). In these diverse brain areas, IL-l 

has been shown to enhance the release of several hormones (Besedovsky et al., 1986; 

Berkenbosch et al., 1987; Bemton et al., 1987; Sapolsky et al., 1987; Breder et al., 1988). 

Thus, IL-l appears to be a likely candidate as an immunomodulator of CNS function. 

In contrast to IL-l, less evidence supporting an immunomodulatory role for other 

lymphokines is currently available. IL-2 appears to playa significant role in CNS trauma 

(Nieto-Sampedro and Chandy, 1987), but its function in the intact marnmalian brain is not 

entirely understood. Recent studies have shown that both IL-2 and its receptors are present 

in the rat brain (Araujo et al., 1989; Lapchak et al., 1991) and that both are elevated in 

response to neurochemieallesions (Araujo et al., 1989). In the hippocampus, at least, 
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some functional significance for IL-2 has been proposed; IL-2 appears to be an inhibitor of 

long-term potentiation (Tancredi et al., 1990) and acetylcholine release (Araujo et al., 

1989) in hippocampal slices. In addition, IL-2 has been shown to stimulate (Benveniste 

and Merrill, 1986) or to inhibit (Saneto et al., 1986) glial cell proliferation. IL-3, which is 

a microglial mitogen (Frei and Fontana, 1986; Giu1ian, 1987), and IL-3 mRNA (Farrar et 

al., 1989) have been localized to the mouse brain. 

Increasing evidence points to various lymphokines as mediators of inflammation 

(Arai et al., 1990). Besides IL-1, tumor necrosis factor-alpha (TNF), gamma-interferon 

(IFN), IL-6 and the granulocyte and granulocyte-macrophage colony-stimulating factors 

(G-CSF and GM-CSF) are also known to be pyrogenic (see review by Blatteis, 1990). 

Moreover, these lymphokines appear to mediate other systemic responses typical of 

infection, which appear to require CNS involvement (Blatteis, 1990). 

A ro1e for se1ected lymphokines as neurotrophic factors for cholinergic neurons of 

the basal forebrain also has been proposed. However, these effects appear to be complex 

and depend not only on the concentration of lymphokine tested, but on the developmental 

stage of the neurons studied. IL-6 was found to enhance the survival of basal forebrain 

cholinergic neurons from postnatal, but not embryonic rat brain (Hama et al., 1989). GM

CSF was similarly shown to be atrophie factor for septal cholinergic neurons, but only for 

those neurons that were also responsive to IL-3 (Kamegai et al., 1990a, b). Therefore, it 

is evident that a complicated interaction exists between mediators of the immune system 

and the CNS. 

In view of the potential for a postulated neurotrophic factor to be considered as a 

likely candidate for therapeutic use in several neuropathological diseases, the main 

objective of the present study was to undertake a detailed analysis of the effects of 

lymphokines on hippocampal neurons in vitro. Toward this end, effects of a wide variety 

of lymphokines on the survival and neurite extension and branching of hippocampal 

neurons were assessed. 

MATERIALS & METHODS 

Cell Cultures 

Timed-pregnant Sprague Dawley rats (CharIes River) provided embryos (E18) for 

use in this study. After removal of the meninges, hippocampi were dissected in sterile 

Hank's Ca2+/Mg2+-free buffer. Cell cultures were prepared as described previously 

(Whitson et al., 1990). Briefly, cells were dispersed by gentle trituration in Dulbecco's 

modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). Cells were 

seeded at densities of 2 x 1()4 cells/well (low-density) or 105 cells/well on poly-L-Iysine 

coated 24-well plates for 1 hour. Subsequently, media were removed and replaced with 

fresh DMEM containing reduced-FBS (2.5-5%) and various concentrations of 

lymphokines (Upstate Biotechnology Inc.). For each plate, cells in three wells were 

grown in the same media, but without lymphokines (control cultures). Cells were grown 

for 1 to 10 days. 
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To detennine whether lymphokines affected neurite extension and branching, low

density cultures were grown in the presence ofvarious lymphokines. A positive effect was 

confrrmed only if the number of branches emanating from a treated neurite exceeded that of 

the corresponding control cells by greater than 25%. 

The cell survival of low-density hippocampal neuronal cultures decreases 

drastically after 24 hours in culture, even when FBS is present in the media. In contrast, 

survival in the high-density cultures remains at a steady level for the fIrst 3-5 days. 

Therefore, because of the tenuous nature of cell survival in the low-density cultures, the 

time course of lymphokine effects on neuronal survival was detennined in high-density 

cultures. For all experiments, cells were treated with the indicated concentration of 

lymphokine for the specifIed time (24 or 72 hours). All concentrations were tested in 

triplicate weHs. Neuronal survival was assessed by counting the cell number in 

photographs taken from three random fIelds per weH, using a 35 mm camera mounted on a 

microscope (Olympus IMT-2). The total cell survival was calculated as the average 

number of cells counted in three fIelds from three triplicate wells. Final results are 

expressed as % control survival (survival in the presence of lymphokine compared to that 

for the corresponding control culture) and are the mean SEM of fIve different 

experiements. 

Statistical analyses 

Statistical differences between control cultures and cultures treated with the 

indicated lymphokine were determined fIrst by one-way analysis of variance (ANOVA). 

Post-hoc analysis used the two-tailed Student's t-test or by Scheffe's test (*P<O.05; 

**P<O.OI; ***P<O.OOI) 

RESULTS 
Effects of specifIc lymphokines on neurite extension and branchin~ 

To ascertain whether lymphokines may be neurotrophic to hippocampal neurons, 

the effects of severallymphokines on neurite branching and extension were tested in low

density hippocampal neuronal cultures. The results show that several of the lymphokines 

appeared to enhance neurite branching, and to a !esser degree, neurite extension in the low

density (2 x 1()4 cells/well) cultures (Fig. 1). These trophic effects were visible only in the 

24 hour cultures treated with low concentrations (10 ng/ml) of the respective lymphokines 

(Fig. 1). The most potent trophic effects were evident with IL-l (Fig. IB), IL-3 (Fig. lC) 

and GM-CSF (Fig. 10). In particular, GM-CSF appeared to be the most effective in 

promotingneurite extension (Fig. 10). With IL-4, -6, -7, -8, IFN, G-CSF and TGF, only 

modest enhancement of neurite branching and extension was observed. In contrast, IL-2 

and TNF exhibited some neurotoxic, rather than neurotrophic, effects in these cultures (see 

below). 
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~. Effects of ll..-2 on hippocampal neuronal survival. 

Cells were treated with the indicated concentrations oJ IL-2 Jor 24 (open symbols) or 72 
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Neurotoxic effects of IL-I. -2. -3 and -6 on hip,pocampal neurons 

To detennine whether lymphokines alter neuronal sUIVival, the effects ofvarious 

concentrations of lymphok:ines on cell number in high-density hippocampal neuronal 

cultures were assessed. Of the ILs tested, only IL-2 markedly reduced the 24 hour 

sUIVival of hippocampal neurons (Fig. 2). This reduction was apparent with the higher 

concentrations (100 and 1000 ng/ml). By 72 hours in culture, the toxic effects of IL-2 

were further exacerbated, such that concentrations as low as 1 ng/ml caused significant 

deficits in cell number (Fig. 2). This fmding contrasts with recent data showing that IL-2 

enhances sympathetic neurite outgrowth and survival (Haugen and Letourneau, 1990), but 

may relate to the different neuronal cell types and culture conditions used. Indeed, as 

demonstrated by the laUer study (Hau gen and Letourneau, 1990), the trophic effect of IL-2 

appeared to be specific to a certain subpopulation of neurons. 

Reductions in the 72 hour survival were also apparent with IL-l, -3 and -6, 

although to a lesser degree than with IL-2 (Fig. 3). Maximal decreases in cell sUIVival 

were observed with concentrations of 1 Ilg/ml of lymphokines. In addition, on1y slight 

differences in potency between the three II..s were apparent (Fig. 3). Therefore, although 

11..-3 (Kamegai et aI., 1990a, b) and 11..-6 (Hama et al., 1989) may be trophic for 

cholinergic neurons of the basal forebrain, their effects on hippocampal neurons appear to 

be paradoxical and dependent on the concentration of 11.. as well as time in culture. 

Although the mechanism involved in this reduction of cell survival is not clear, it 

appears that the 1I..-2-induced neurotoxicity is different from that of other II..s. IL-2 

resulted in excessive swelling and subsequent rupture of cells in the 72 hour cultures (Fig. 

4B). This toxic effect was seen even with low concentrations (10 ng/ml) ofIL-2 (Fig. 

4B). 
Effects of 11..-4. -7 and -8 on hippocampal neuronal survival 

In contrast to 11..-1, -2, -3, and -6 (see above), the other ILs tested (IL-4, -7, -8) 

enhanced hippocampal neuronal survival compared to the control cultures (Fig. 5). This 

enhancement of cell survival was apparent as early as 24 hours in culture, at least with the 

higher concentrations of II..s (Fig. 5), and was further manifested in the 72 hour cultures 

(Fig. 5). Although 11..-4 appeared to be more efficacious than either 11..-7 or -8 in the 24 

hour cultures, the reverse was true for the 72 hour cultures (Fig. 5). 

The stimulatory effects of 11..-4, -7 and -8 on hippocampal neuronal survival 

persisted up to 10 days in culture. However, this long-term enhancement of cell sUIVival 

may have been due, at least in part, to the release of other factors from glial cells, which 

proliferated in the treated cultures. In these cultures, the number of GFAP-positive glia 

increased from less than 10% in the 24 hour cultures to greater than 50% in the 10 day 

cultures (not shown). 

Effects of other lymphokines on hiPl'ocampal neuronal survival 

As described above for 11..-2, TNF markedly reduced hippocampal cell survival, 

even in the 24 hour cultures (Fig. 6). However, unlike 11..-2, the neurotoxic effects of 
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TNF were evident with the lowest concentrations tested (Fig. 6). By 72 hours in culture, 

cell survival was further diminished by TNF (Fig. 6). Moreover, the appearance of the 

surviving neurons was markedly altered, with cells exhibiting vacuolations and neurite 

retractions (not shown). 

With IFN and GM-CSF, effects on neuronal survival were comparable to those 

seen with ll..-I, -3 or -6. First, no significant losses in cell number were apparent in the 24 

hour cultures (range: 95 ± 5% to 104 ± 8% of control). Second, the attenuation of cell 

survival in the 72 hour cultures, especially with GM-CSF, was notably less than that seen 

with TNF or ll..-2, but more c10sely resembled that observed in cultures treated with ll..-I, -

3 or -6. Thus, the maximal decrements in cell survival in the presence ofIFN and GM

CSF were 56 ± 6% and 42 ± 7%, respectively. Unlike IL-2 and TNF, no obvious 

changes in cell appearance and morphology were evident in cultures treated with IFN or 

GM-CSF for 72 hours, at least at the light rnicroscopie level (not shown). 

DISCUSSION 
The present study illustrates the complex effects of lymphokines on neuronal 

cultures. Whereas seerningly paradoxieal effects were observed with most, it was evident 

that in long-term cultures, many of the lymphokines exhibited toxie effects that were 

reflected in a reduced eell survival. The enhancement of neurite branching and extension 

seen with some of the lymphokines was apparently of short duration. With inereasing time 

in culture, a persistent deeline in neuronal survival was manifested. 

Toxie side-effects of eontinued therapy with high doses of ll..-2 and other 

lymphokines have been documented (Atkin et al., 1986; Bocci, 1988). These side-effects 

include confusion and other cognitive impairments that may be explained, at least in part, 

by in vivo neurotoxic effects of these drugs that resemble those observed in vitro. 

Therefore, it is clear that the neurotoxic effects of lymphokines must be given careful 

consideration, even if initial apparently neurotrophic effects can be attained. 

With the demonstration that increased levels of ll..-1 (Griffrn et al., 1989) and other 

immune markers (Rogers et al., 1988; Haga et al., 1989; Itagaki et al., 1989; McGeer et 

al., 1989) are present in and around senile plaques in Alzheimer's disease, speculation on 

the possible involvement of immunomodulators in the pathogenesis of the disease has 

augmented. Further support for this has been acquired from studies showing that IL-l 

stimulates the production of the ß-amyloid precursor protein (Goldgaber et al., 1989; 

Donnelly et al., 1990). 

In conclusion, although in vitro trophie effects of severallymphokines on those 

neurons most susceptible to degeneration in Alzheimer's disease, the cholinergic neurons 

of the basal forebrain, have been reported, effects on these neurons in vivo have yet to be 

demonstrated. Furthermore, the present results emphasize that these same factors rnay be 

toxie to other neuronal subpopulations in the CNS. 
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IN1RODUCTION 

An important class of peptides which inhibit serine proteases are collectively known 

as serpins. These inhibitors are widely distributed in tissues and are involved in several 

processes including fibrinolysis, blood coagulation and complement activation1,2. 

Members of the serpin family include plasminogen activators (PAI), protease nexins, al

antichymotrypsin, Cl-inhibitor, and a2-antiplasmin. PAI-I is one of two inhibitors of the 

highly specific serine proteases, urokinase-type plasminogen activator (u-PA) and tissue

type plasminogen activator (t-PA). Balance between plasminogen activators and activator 

inhibitors ultimately regulates levels of activated plasmin, itself a broad spectrum serine 

protease. Activated plasmin, formed by u-PA or t-PA cleaVage of the inactive proenzyme 

plasminogen, proteolytically degrades fibrin and a variety of extracellular matrix and 

basement membrane proteins, and may be involved in biological processes reliant upon 

breakdown of extracellular matrix and basement membranes, such as cell migration, 

invasion, tissue remodeling, and tumor metastasis2. Thus, balance between u-PA, t-PA 

and their inhibitors PAI-I and PAI-2, may be critical to normal cellular and tissue growth 

and development, whereas their imbalance may contribute to the pathogenesis of certain 

tissue invasive diseases. 

In brain, serine protease and inhibitor activities have been associated with several 

cellular processes including promotion of neurite outgrowth, regulation of glial cell prolif

eration, and morphological differentiation of cells of neuronal origin3. PA activity has been 

linked to growth cone motility and neurite outgrowth4, as weIl as astrocyte proliferations. 

PA is released by cultured rat astroglial cells and secretion was found to be stimulated by 

basic fibroblast growth factor (bFGF), a known growth factor for these cells6. u-PA and 

PAI-I activity are associated with neurite outgrowth in neuroblastoma ceIls7,8, and u-PA 
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and PAI-l activity correlate weIl with several tumorigenic parameters in human gliomas9. 

The selective release of PAI activity induced by interleukin-l B in cultured rat astroglial 

cells was associated with a dose-related decrease in PA activitylO. Neuronal cultures of 

human fetal brain produce uPA and PAI-l in response to phorbol esterll. Thus evidence 

supports a hypothesis that PA and P AI together provide paracrlne and autocrine 

mechanisms for growth regulation in brain cells. 

Glial-derived protease nexin-l (GdPN-l) is a Mr 43,000 serine protease inhibitor 

(serpin) isolated from conditioned medium of C-6 rat glioma cells12. This protease 

inhibitor induces morphologic differentiation of neuroblastoma cells13 and stimulates 

proliferation of mouse cerebellar astrocytes and astrocyte precursors in a dose-dependent 

manner14. A protein with the same characteristics as GdPN-l is detected following injury 

to nerves of the regenerating peripheral nervous system but is not found following similar 

injury to the nonregenerating CNS, suggesting that this peptide may be linked to axonal 

regeneration in vivo15• Observations that GdPN-l is a potent serine protease inhibitor 

complexing with proteases such as urokinase, tissue plasminogen activator, thrombin, and 

trypsin12 and that other serine protease inhibitors promote neurite outgrowth suggest that 

neurotrophic properties of this peptide relate to its protease inhibitory activity 13. Unlike 

many characterized neurotrophic factors, which are found in a variety of tissues and act 

predominantly during embryonic and fetal development, GdPN-l is restricted to the 

postnatal rat14,suggestive of a role in the maturing CNS. 

Recent data also indicate that aberrant serpin activity in the aging brain may underlie 

pathological processes associated with neurodegenerative diseases16,17. Deposition of 

"amyloid" proteins to form the core of characteristic neuritic plaques may weIl represent an 

early event in the neuropathology of Alzheimer's disease. However, these neuritic plaques 

are also present in much fewer numbers and in restricted distributions in the brains of most 

older humans16. Thus, it appears that limited amounts of amyloid are deposited durlng 

normal aging and are accelerated in Alzheimer's disease. Interestingly, the serpin al-anti

chymotrypsin is detected at high levels in brain amyloid deposits of Alzheimer's disease. 

This inhibitor is proposed to indirectly contribute to the formation of amyloid deposits via 

inhibition of endogenous serine proteases16. Another serpin, protease nexin-2, has 

recently been identified as the secreted form of the amyloid precursor protein (PN-2/APP) 

which contains the Kunitz-type protease inhibitor domain17,18. The biochemical properties 

of PN-2/APP19 may be important to the regulation of proteases that lead to the generation 

and deposition of B-protein in neurodegenerative processes. In this regard, recent 

evidence indicates that different fragments of the APP protein have neurotrophic20, as weIl 

as neurotoxic effects21 . However the proteases responsible for cleaving and extracellular 

processing of APP remain to be identified. Of further interest is the identification of an 

amyloid precursor-related mRNA form selectively increased in Alzheimer's brain which 

encodes a secreted protein with a serine protease inhibitor domain, but devoid of the B-
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amyloid sequence22• Thus, evidence from a number of areas supports the hypothesis that 

se1pin-altered proteolysis contributes to the pathogenesis of Alzheimer's disease17,18. 

Metalloproteases constitute a second major class of enzymes important to the 

remodeling of the extracellular matrix (ECM) during nonnal development, growth, and 

tissue repair23• Conversely, metalloprotease activity may be involved in uncontrolled 

degradation of the ECM in several pathological conditions, including tumor invasion and 

metastasis24. Tissue inhibitor of metalloproteases (TIMP) is a specific irreversible inhibitor 

of metalloproteases, most notably interstitial collagenase and elastase, which tonically sup

presses activity of these proteolytic enzymes in extracellular spaces under most normal 

physiological conditions25• Thus, under normal circumstances, TIMP likely plays a key 

role in preserving the integrity of connective tissue components of the ECM, with tissue 

destruction occurring following perturbations of its controlling excess. 

Mechanisms governing balance between metalloproteases and their inhibitors are 
largely unknown. In the CNS, metalloprotease activities have been characterized in rat 

brain26, as weH as in human fetal astrocytes and glioma ceHs27. TIMP has been demon

strated in fetal astrocytes and glioma cells, and is proposed to modulate growth and 

migration of these cell types during normal brain development and local tumor extension, 

respectively27. Little is known regarding metalloprotease regulation in cells of the brain. 

Metalloprotease activity can be modulated in other cell types by several stimuli including 
hormones, phorbol esters, and cell morphogens27,28, or may be regulated by changes in 

levels ofinhibitors such as TIMP. TIMP expression is induced by epidermal growth factor 

and tumor necrosis factor, and has been linked to proliferative responses in microvascular 
endothelial ceHs29. 

The present study characterizes the response of astrocytes cultured from neonatal and 

21-day rat brain to Angiotensin-II (Ang 11), an octapeptide with neuromodulatory effects30. 

Although the presence of Ang 11 and its receptor have been demonstrated in cultured 

astrocytes31,32, little is presently understood ofits role in normal brain physiology. 

Evidence is presented here that astrocytes in culture secrete PAland TIMP in response to 

Ang II and that this response is developmentally regulated. 

RESULTS 

Preparation of rat brain astrocytic glial cultures. Primary cultures of astrocytes were 

prepared from neonatal brain as described33, with cultures from 21-day brain being 

prepared by a modification ofthis technique31. Immunofluorescent staining with anti-

GF AP antiserum showed that 95-98% of the ceHs in each culture were of the astrocytic glia 

type. 
PHl-Thymidine inc01:poration. Incorporation of [3H]-thymidine by subconfluent 

cultures of neonatal and 21-day rat brain astrocytes was performed by a modification of the 

method of Shemer et al.34• Cultures in 35 mm dishes were placed in serum-free DMEM 
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for 24 hr. Cultures were the treated with 10% fetal bovine serum (FBS) or varying 

concentrations of Ang II for an additional 24 hr, followed by a 1 hr pulse with 1 IlCi/dish 

[3H]-thymidine. Comparison of [3H]-thymidine incorporation into TCA-precipitable DNA 

in neonatal and 2I-day brain astrocytes under serurn-free conditions indicates no significant 

differences in basal DNA synthesis between these cells (Fig.l). 
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Fig. 1. Angiotensin 11 stimulation of [3H]-thymidine incorporation into neonatal and 21-
day rat brain astrocytes. Subconfluent cultures were incubated in the presence of 1 
nM Ang 11 or 10% FBS for 24 hr and assayed for the incorporation of [3H]
thymidine into TCA-precipitable DNA. Data are shown as the mean ± SEM of 
three cultures. 

Cells in both cultures were also equally sensitive to stimulation of [3H]-thymidine 

incorporation into DNA after 24 hr pretreatrnent with 10% fetal bovine serum. In response 

to 24 hr pretreatment with 1 nM Ang II, astrocytes from 2I-day rat brain demonstrated 

marked increases (2- to 4-fold, 5 experiments) in DNA synthesis, whereas astrocytes from 

neonatal rat brain demonstrated modest (<2-fold, 3 experiments), but statistically 

significant (p<O.ooI), increases in DNA synthesis in response to Ang II. The Ang II 

induction ofDNA synthesis in 2I-day brain astrocytes was also dose-dependent with an 

EC50 of 0.5 nM and maximal stimulation at concentrations of 1 nM and higher. Co

administration of Ang II (10 nM) with the receptor antagonist [Sar1,lle8]Ang II (10 j.l.M) 

blocked the stimulation ofDNA synthesis in these cultured astrocytes. 

In a previous study35, we reported that EGF produced a dose-dependent stimulation 

of [3H]-thymidine incorporation in astrocytes from neonatal rat brain with an EC50 of 0.17 

nM (1 ng/ml) and a maximal stimulation of 300% at 17 nM EGF. The magnitude of EGF 

stimulation ofDNA synthesis was comparable to that observed in the presence of 10% 

FBS. 

Incomoration of [35S1-methionine into secreted proteins. In these experiments, the 

de novo synthesis of cellular and secreted proteins was detennined by measuring the incor-
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poration of [35S]-methionine into celllysates and medium sampies in neonatal and 21-day 

brain astrocytes. Confluent astrocyte cultures were washed three times with serum-free 

Dulbecco's minimum essential medium containing 10% of the original L-methionine 

concentration (10 11M) and incubated in this medium for 24 hr at 37°C. During the [mal 8 

hr of the incubation period, cells were labeled with L-[35S]-methionine (1140 Ci/mmol) at 

100 IlCi per dish. Cultures were terminated by collecting the medium and lysing the cells 

with buffer containing 9.4 M urea, 2% Nonidet P-40 and 0.5% dithiothreitol. Celllysates 

and medium sampies were dialyzed extensively to remove free [35S]-methionine and 

counted. 

Basal incorporation of [35S]-methionine into celllysates and secreted proteins during 

an 8 hr labeling period was comparable in cultures of neonate and 21-day rat brain 

astrocytes. As shown in Fig. 2, incubation of 21-day astrocytes with 1 11M Ang II resulted 

in 165% and 60% increases in [35S]-methionine incorporation into both cellular and 

secreted proteins, respectively, whereas no significant stimulation of either cellular or 

secretory protein synthesis was observed at IIlM (or higher concentrations) Ang II in 

neonatal brain astrocytes. 
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Fig. 2. Angiotensin II stimulation of [35S]-methionine incorporation into cellular and 
secretory proteins from neonatal and 21-day rat brain astrocytes. Confluent 
cultures were incubated with IIlM Ang II under serum-free conditions for 24 hr, 
the last 8 hr in the presence of 100 IlCi/dish [35SJ-methionine. Data represent the 
mean ± SEM of triplicate measurements. 

In a previous study35, we reported that in cultures of astrocytes from neonatal rat 

brain the presence of EGF, 100 ng/rnl, stimulated [35S]-methionine incorporation into 

cellular and secreted proteins by 50% and 25% over control, respectively. In comparison, 

the presence of 10% FBS increased total protein synthesis by 70% in neonatal astrocytes. 

Our recent studies with astrocytes cultured from 21-day rat brain have found that the 

presence of EGF and 10% FBS show a similar level of stimulation of [35S]-methionine 

incorporation into secreted proteins. 
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Two-dimensional-SDS polyacIYlamide gel electrophoresis (pAGE>' The effects of 

growth factors on proteins secreted by astrocytes cultured from rat brain at different ages 

were determined by 2D-SDS PAGE analysis of [35S]-methionine-Iabeled proteins in 

serum-free conditioned medium from these cells. Two-D-SDS-PAGE was performed 

according to the method of Roberts et al.36 as previously described31. Briefly, isoelectric 

focusing was performed in 4% polyacrylamide tube gels, after which tube gels were then 

equilibrated in 50 mM Tris-HCI containing 1 % SDS and 1 % 2-mercaptoethanol and applied 

to 10% polyacrylamide gels for electrophoresis in the second dimension. Slab gels were 

soaked in 1 M sodium salicylate and dried for fluorography. 

Representative fluorograms from control and Ang II-treated neonatal, 21-day and 

adult brain astrocytes are shown in Fig. 3. Treatment of astrocytes from 21-day and adult 

rat brain with 1 11M Ang 11 for 24 hr induced the de novo synthesis and secretion of two 

groups ofproteins: a) Mr 55,000, pI 5.0-5.5, and b) Mr 30,000, pI 6.3-7.0. Neonatal 

astrocytes did not secrete either the 55K or 30K group of proteins in response to Ang 11, 

despite the presence of Ang 11 receptors on these cells31. In data not shown, astrocytes 

from postnatal day 7 and day 14 brain were found to also synthesize and secrete P AI-I in 

response to Ang 11, whereas only astrocyte cultures derived from 21-day and adult animals 

demonstrate Ang II-induction ofTIMP-related protein. Thus, the magnitude ofthe 

inductive response appeared to progressively increase with age in astrocytes from 7,14 and 

21-day compared with adult rat brain. Quantitation of the 55K and 30K proteins by laser 

densitometry showed that induction was dose-dependent with an EC50 of 1 nM and 

maximal stimulation with 100 nM Ang 11 in astrocytes from 21-day brain. The presence of 

the Ang 11 receptor antagonist, 10 11M [Sar1,lle8]Ang 11, significantly attenuated the 

induction of the 55K group, whereas synthesis of the 30K group was not inhibited. In 

data not shown, the presence of 10% FBS markedly induced the synthesis of both the 55K 

and 30K protein groups in astrocytes from 21-day brain, but this effect was not seen with 

1% FBS. 

N-Terminal sequence analysis. Proteins separated by 2D-SDS-PAGE were trans

ferred electrophoretically to Immobilon membranes for N-terminal amino acid sequence 

analysis. Microsequencing was performed by gas phase chromatography with an on-line 

HPLC system in the University ofFlorida ICBR Protein Chemistry Core. Microsequence 

analysis was performed on two separate 55K spots (Fig. 3, arrows 1 and 2) and one 30K 

spot (Fig. 3, arrowhead). Sequence data were compared to reported NBRF and GenBank 

sequences using both FASTA and TFASTA database search programs37. Figure 4 shows 

the first 21 N-terminal amino acids for the 55K spot (arrow 1) which were found to have 

100% identity to rat PAI-l, a 50-55K glycoprotein38. Also shown in Fig. 4 are the first 20 

N-terminal amino acids for the 30K spot which has 72% identity to human TIMP25, as 

well as 81 % identity to both a mouse phorbol ester-inducible protein (mTPA-Sl)39 and the 

murine growth responsive protein 16C8 (mG-R 16C8)40. Human TIMP, mTPA-SI and 

mG-R 16C8 have been reported to exhibit Mr values of 22-29K, depending on the degree 

of glycosylation, and these proteins are thought to be identical or closely related. 
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Representative fluorograms obtained after 2D-SDS-PAGE of [35S]-methionine
labeled proteins secreted by astrocytes cultured from neonatal, 21-day and adult rat 
brain. Each gel was loaded with medium containing 100,000 cpm. Astrocytes 
from each age were cultured in the absence (left panels) or presence (rightpanels) 
of 1 IlM Ang ll. Brackets show Ang ll-induced secretory proteins a, Mr 55K and 
b, Mr 30K. Arrows indicate spots sequenced. 
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10 20 
AISP-55K SPLPESHTAQ QATNFGVKVF G . . .. . . . . . . .......... .......... . . . . . . . . . , 
rPAI-l SPLPESHTAQ QATNFGVKVF Q 

30 40 

10 20 
AISP-30K CSCAPTHPQT AFCBSBLVIX A . . . .... ....... .. . . .. . . . . . . . . . . . . . 
hTIMP CTCVPPHPQT AFCNSDLVIR A 

30 40 
mTPA-Sl CSCAPPHPQT AFCNSDLVIR A 

30 40 
mG-R 16C8 CSCAPPHPQT AFCNSDLVIR A 

30 40 

Fig. 4. N-terminal amino acid sequences of angiotensin-induced specific proteins (AISP)-
55K and -30K. Identical amino acids are indicated by (:) and conservative amino 
acid substitutions by (.). (Upper) Amino acids 1-23 of rPAI-l constitute the 
c1eaved signal peptide38. (Lower) Amino acids 1-24 of hTIMP, mG-R l6C8, and 
mTPA-S 1 constitute the c1eaved signal peptides of these proteins25•39.40. 

DISCUSSION 

Experiments described here demonstrate that astrocytes cultured from brain of de

veloping and mature rats secrete PAI-l and a TIMP-related protein in response to 

stimulation by angiotensin TI. Since neonatal rat brain astrocytes did not secrete either 

protease inhibitor in response to Ang TI and since this effect increased progressively with 

age of the animal from which astrocytes were cultured, it appears that responses to Ang TI 

may be developmentally regulated in this cell type. We further observed that 10% FBS, 

but not 1 % FBS, produced a similar induction of PAI-l and TIMP-related protein in 

astrocytes from 21-day brain, which presents evidence that other endogenous growth 

factors are also possible physiologie regulators of the dose-dependent expression of these 

two protease inhibitors. 

Several intriguing possibilities relate to the physiological significance of the ability of 

Ang 11 and FBS to induce the coordinated synthesis and secretion of PAI -1 and TIMP

related protein by astrocytes from developing and mature brain. Protease nexin-l12.14.41, a 

glial-derived serine protease inhibitor (serpin) c10sely related to PAI-1, has been shown to 

regulate astrocyte proliferation as weH as neurite outgrowth in neuroblastoma cells. It is 

tempting to postulate that Ang 11 rnay have similar glial regulatory or neurotrophic 

proper!ies in the brain mediated by glial-derived PAI-1 andlor TIMP-related protein. This 

is a plausible hypothesis given observations that plasminogen activator and activator 

inhibitor activity have been associated with neurite outgrowth in neuroblastoma cells7•8 as 

weIl as correlations between plasminogen activator and inhibitor activity and tumorgenicity 

of cultured human gliorna ceIls9. Altematively, elose approximation of astrocyte processes 

to endothelial cells of the cerebral vasculature may allow for astrocyte secretory proteins to 
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influence these cells andlor fibrinolytic states in the brain. Astrocytes have been shown to 
induce blood-brain barrier tightjunctions in endothelial cells42. At present, it is not clear 

whether these protease inhibitors have direct effects on cells of the CNS or act to alter 

extracellular matrix integrity through modulation of endogenous proteases. 

This is an interesting hypothesis in light of evidence demonstrating developmentally 

regulated muscarinic receptor responses in fetal and neonatal astrocytes43. This may 

explain different developmental windows of protease inhibitor induction. In this regard, 

Ang 11 induces PAI-l synthesis in astrocytes cultured from rats as young as 7 days, while 

induction of TIMP was observed later in astrocytes cultured from 21-day and adult rats. 

Interestingly, TIMP gene sequence is closely related to that of two growth-associated 

genes, phorbol ester-inducible gene, TPA-Sl, and murine growth-responsive gene, mG-R 

16C825,39,40. Increased levels of mRNA transcripts for TIMP, TPA-S 1, and mG-R 16C8 

are detected several hours after stimulation of cells by a number of mitogens and are 

considered "late" elements of the growth response .. Thus, TIMP secretion may be involved 

in either "late" events important for cell growth or may be a component of a regulatory 

feedback response to initial mitogenic signals. Correlation between Ang II-induced TIMP 

secretion and Ang II-stimulated DNA and protein synthesis supports an association 

between TIMP expression and cellular growth responses. These data do not, however, 

imply causality between TIMP secretion and growth responses of astrocytes to Ang 11, and 

it is not certain whether TIMP actually promotes or modulates growth in these cells. That 

astrocytes cultured from mature but not neonatal brain demonstrate hormonal induction of 

TIMP, coupled with the possibility that TIMP secretion is actually a negative feedback 

response to astrocyte growth, may provide clues to why astrocytes do not normally divide 

in adult brain. 

An additional possibility for the role of PAI-l andlor TIMP in the brain may actually 

involve regulation of the brain renin-angiotensin system (RAS). Both PAI-l and TIMP are 

not absolutely specific for their target proteases: PAI-l is specific for u-PA and t-PA only 

in the sense that it reacts slowly with other serine proteasesi, and TIMP inhibits several 

different metalloproteases including elastase and several collagenases25. Broad spectrum 

protease inhibitory activities of these proteins thus raise the possibility that TIMP andlor 

PAI-l could inactivate renin converting enzyme or other proteins involved in regulation of 

these components of the brain RAS. If so, Ang 11 induction of these protease inhibitors 

could indeed be a mechanism of feedback inhibition of brain RAS by Ang 11. At present 

this possibility remains speculative since experimental evidence in support of this 

hypothesis has not been described. 

In conclusion, studies presented here emphasize that astrocytes of the marnmalian 

CNS synthesize and secrete proteins which may influence the growth, maintenance, and 

function of both themselves and other cells of the brain. The ..strocyte repertoire of 

secreted proteins is not static, but appears to change during postnatal rat CNS development, 

perhaps imparting differences in astrocyte responses to environmental stimuli, including 
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growth factors, during the postnatal period. Finally, if Ang ll-induced synthesis and 

secretion ofrPAI-l and the TIMP-related protein by astrocytes is indeed age-dependent, 

then it is possible that control of extracellular proteolytic activity in the CNS may be 

regulated by locally produced hormonal factors acting on glia during development andlor 

aging. Recent identification of other protease inhibitors present in brain amyloid deposits 

in Alzheimer's disease16,22,44 indicate that control of protease activity may indeed be 

important to both normal and pathological processes in the agingbrain. At present, 

however, the age-dependent nature of protease-protease inhibitor interactions in the brain is 

not understood. 
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REGULATION OF THE CHOLINE ACETYLTRANSFERASE GENE 

ABSTRACT 
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Genomic clones of human and porcine choline acetyltransferase were obtained 

using synthetic oligonucleotides to screen genomic libraries. Comparison of the human 

and porcine genes indicates a large degree of sequence conservation as weH as a 

conservation of intron/exon structure. The human gene does not contain the ATG codon 

known to correspond to the initiator methionine in the porcine cDNA. The available start 

codons in the human gene would generate an enzyme either 108 amino acids larger than the 

porcine enzyme or 10 amino acids smaller. Primer extension analysis has been used to 

identify the transcriptional start sites. The porcine gene contains a classical "TATA" box at 

position -20, whereas the human gene does not contain such an element. Using luciferase 

as a reporter gene studies were initiated to identify promoter elements within the ChA T 

gene. These studies have led to the identification of an enhancer like element which 

increases transcription some 6-9 fold. In addition ChAT gene transcription is increased by 

the cAMP analog 8 bromo-cyclic AMP. 

INTRODUCTION 

Recent interest in the enzyme choline acetyltransferase (ChA T) is a consequence of 

the involvement of this enzyme in Alzheimer's disease. The dementia of this disease has 
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been shown to result, at least in part, from areduction of acetylcholine levels in particular 

brain areas which is a direct consequence of decreased ChA T levels (1-3). This decrease in 

acetylcholine correlates with the memory loss which occurs in Alzheimer's disease (4). 

Thus increasing the concentration of acetylcholine by decreasing its hydrolysis by 

acetylcholinesterase or by increasing its synthesis by agents such as thyroid hormone, 

retinoic acid, or nerve growth factor (NGF) have served as directions for drug therapies (5-

10). NGF, for example, has been shown to stimulate the regeneration of cholinergic 

neurons and to induce ChAT activity in animal models (11-13). However, litde is known 

about the regulation of ChA Texpression at the molecular level. 

In an effort to understand how the expression of ChA T is regulated and what 

factors may be involved, we have isolated and analyzed genomic clones containing the 

human and porcine ChA T gene promoter region. These studies, reported here, have led to 

the finding of an enhancer-like element and the demonstration of increased transcriptional 

activity of the gene in response to a cyclic AMP analog. 

METHODS 

Isolation Of ChAT Genomic Clones 

Initially two human ChAT genomic clones were isolated by oligonucleotide 

screening of a human placentallibrary prepared in lambda-Charon 28. This genomic 

library was a generous gift of Dr. P. Leder. A third human ChA T genomic clone 

(DlI/ChA Tl) was isolated from a human lymphocyte genomic library, (DASlllI from 

Stratagene). In this case the library was screened with a 650 base pair probe corresponding 

to the 5' end of the longest clone obtained from the lambda-Charon 28 library. A similar 

strategy was used to isolate porcine ChAT genomic clones from a lambda EMBL3 porcine 

genomic library (Clontech Labs) (14,15). Oligonucleotides were designed and synthesized 

on the basis ofprotein sequence data for human ChAT (16) and the nucleotide sequence for 

porcine ChATcDNA (17). 

reimer Extension Analysis 

Primer extension products were synthesized from poly (A)+ RNA isolated from 

either the human neuroblastoma cellline CHP 134 (18) or from porcine spinal cord using 

oligonucleotides based on either cDNA or gene sequences. RNA and oligonucleotides 

were hybridized in a total volume of 17 J.ll containing 0.5 M Tris-HCI (pR 8.3), 0.7 M 

KCI, and 0.5 mM EDTA for 3 hours at 50·C. To this reaction mix was added 2.5 J.li of 

reverse transcriptase buffer containing 80 mM MgC12, 30 mM dithiothreitol and 4mM of 

each dATP, dCTP, dGTP, and dTTP and 20-30 units of AMV reverse transcriptase 

(Boehringer-Mannheim). The reaction mix was incubated at 42"C for 50 minutes followed 

by incubation at 46"C for 10 minutes. The final products were treated with 10 mg/ml heat

treated RNase A, ethanol precipitated, and analyzed on 4% denaturing polyacrylamide gels. 
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Analysis oe the Promoter Re2ion oe The ChAT Gene 

Restriction fragments excised from the various genomic clones or fragments 

derived by PCR were subcloned into the vector pXP which contains luciferase as areporter 

gene but no promoter elements. (19). These various plasmid constructs were transfected 

into PC-12 (20) or NS20-Y (21) cells by the calcium phosphate co-precipitation method. 

(22). Cells were then incubated in the presence or absence of effector molecules after 

which time they were harvested and assayed for luciferase activity (23). 

Luciferase activity was measured in reaction mixtures containing 20 - 50 J.1l of cell 

extract, 50 mM potassium phosphate buffer, pH 7.8, 13 mM MgCI2, 1.3 mM A1P, and 

0.22 mM luciferin in a total volume of 0.225 mI. Ce11 extracts were prepared in a lysis 

buffer comprised of 100 mM potassium phosphate buffer, pH 7.6, 1 mM EDTA, 1 mM 

DIT, and 1% Triton-X-loo. Activity was measured on a luminometer as the maximal 

burst of light emitted 5 sec after the addition of luciferin. 

RESULTS 

The published cDNA sequence for porcine choline acetyltransferase (17) and the 

amino acid sequence data for the human enzyme (16) were used to synthesize 

oligonucleotide probes for screening genomic libraries. Initially a human lambda-charon 

28 genomic library was screened by hybridization with oligonucleotides corresponding to 

the N -terminal, middle, or C-terminal amino acid sequences of the protein. Tbis initial 

screening yielded two clones, Ch28ChA Tl and Ch28ChA TI, each about 13 Kb in size, 

which contained exons encoding approximately one third ofthe protein including its N

terminus. Preliminary analysis of these clones indicated they contained only a small 

amount of the 5' flanking region. Thus a third genomic clone, extended approximately 8 

Kb in the 5' direction, was obtained by screening a different library (Dash ll) with a probe 

generated from the 5' end of the Ch28ChA TI clone. A restriction map of the 5' region of 

the genomic clone is shown in figure 1. The porcine ChA T gene was isolated in a similar 

fashion by screening aporeine genomic library using oligonuc1eotides corresponding to the 

5' region of the porcine cD N A. The 5' portion of the porcine genomic clone is also shown 

in figure 1. 

A comparison of the nucleotide sequence of the human and porcine genes is shown 

in figure 2. From this comparison an exon, exon 2, corresponding to nucleotides 464 to 

560 in the porcine gene sequence can be recognized based on its identity to the N-terminal 

coding sequence and a portion of the 5' untranslated region of the porcine cDNA (17). Tbe 

corresponding sequence in the human gene, nucleotides 631 to 726, although highly 

conserved, does not contain the A TG codon in the position corresponding to the initiator 

methionine determined by protein sequencing of the porcine (17) and chicken (24) 

enzymes. Tbis codon is changed to an ACG in the human gene (bp 667-669 in figure 2) as 

confrrmed in a11 three of the human clones that were isolated. 
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Figure 1. Restrietion map of the 5' regions of human and porcine ChA T genes. 

In the porcine gene exon 2 is preceded by a 2000 base pair intron corresponding to 

intron 1. A homologous region is found in the human gene indicating a similarity in the 

intronlexon structure of the two genes. Beginning at nucleotide 630 of the porcine gene the 

nucleotide sequence corresponds to a continuation of the 5' untranslated sequence found in 

the porcine cDNA. A similar sequence at nucleotide 462 in the human gene is observed. 

Thus these sequences correspond to a portion of exon 1 in the two genes. The entire 

sequence for exon 1 was identified following primer extension analysis as described 

below. This analysis furtherrevealed that exon 1 ofthe human ChAT gene contains an 

open reading frame with an in frame A TG codon 324 base pairs upstream of the porcine 

start codon. Within the porcine gene the only in-frame ATG is found at the presumed 

translational start site. 

-1209 TCTCCAAGTCCCAATCCAGACCTAAGCCAAACTAACACGTAGGCA-CCTGTAGCTGTTTTTCTA 
-1009 I I I A I I --- I I I I I I I I G I GT I I C I I T I C I GI GGC I I I I I I I I A I G I I I I I GCG I C I I I CG I I I 

-1146 CCTGGAAAAGGGGATAGGAAGGAAGCAAACCCAACAAAGGCTGTCACCCACGGTCACCAAGGAG 
-948 I I I I I I I I I I I T I I I I I I I I AT I I I I I I I I I I I I I I I G I I I I C I I I TT I I A I AA I I I I CTA I T I 

-1082 CACCATGCTCCCCTCAGCCCAGGATAGACCCTCTTTTCCAGGCCTAGCGCAGAGCCCGGGGATG 
- 884 T I - I I C I GAG I I I I I I I I G I GCA I I I I - I I I I - I CCC I I I CC I I AG I I C I GI C I I A I I CCCCA I 

-1018 CCGCCCGGGGGAGCCTGAGGACCCGCTCCAGCTAGGCACGCCAGGCCCCGCCCTTTGAGGACAC 
- 8 2 3 GGA I I I I I I I I I I I I I I I I I I I I I I I I I I CT I CG I I TG I I - I T I I I I I I A I I I C I I I I I I I I I I 

Figure 2. Comparison of the nucleotide sequence of the cloned human and porcine choline 
acetyltransferase genes. The nucleotide sequence for the human gene is given on the top, 
while that of the porcine gene is given on the bottom. The symbol "I" is used to denote an 
identical nucleotide in the porcine gene, while a dash (-) 1s used to denote a gap in the 
alignment of the two sequences. The transcriptional start sites in both genes as weIl as the 
"TATA" box in the porcine gene are double underlined. The ATG initiation codon in the 
porcine gene and the putative A TG initiation codons in the human gene are underlined. The 
ACG sequence in the human gene which is located at the position corresponding to the 
porcine A TG initiation codon is shown in italics. 
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-954 GCCCCACACCAGCCTCAGAGCTCTGAGGTGCCTGGGCTGAGCTTCCCTTCAGACC-AGAATCCC 
-760 TIIITGAITIIIITAIIIIIIIICAGIIAIIICAAIAIIGIIIIIIIIIIGAGTITGICIGIIT 

-891 GCCCCGTTGAGGCTTTGAGAAAGGAGTAGGAGCCTAGCA-TTCCGG-CAGA-GGAAGAAAAAC-
-696 IIIIIIICCIIIIIICII-IIGIAIAITIIIAIIGIIITGIIATIIGIIICGAAIIIIIIIIIT 

-831 -GGCCCATCTTTTAGAGTCCGACCTCTGGAAATGTGTGTATGATGTGATGTGTGTGTTCATTAG 
-633 AICIIIIITIIAAIIGICTIIITTIIIIIIIICICICIIGII-IIAAGIIGIIIIIIIIGIIII 

-768 AGAACT------TGTCCTAG-GAGGAGTGGGGGAGCCGTGGTTGGTGTTT--GCTGTATCCTGT 
-570 IIICIIAGGCTCIAIIIIICAIIICIIIAIIIAIIIAIITICCIIIIIIICCIIIIIGIIIIIG 

-713 CAGTCCGAGGTCTGAGTCTGAA--GGAGAG-ATGCGAGTGT-GGATCTG-TGCCAACCCACTGC 
-506 ATIIAI-IIIITIIIIIGGIGGCTIIIIIITGIIIIIIIIIGCIIGIIIGIAIIIIIIICTACI 

-654 CACCT--GTCCTGAGTGGA-GCAGCGCC-AGA-CTGTCAGGGAAGTTCCATCCTTAGTCCCAGC 
-443 ITAIICGIIIIIIIIITIIAIIIIICIITIIGGIIIIIIIAIIIIICTI--IIII-IAIAGCII 

-595 CC-TGAGAGCCTCAAGCCAGTAGCCTTCGCGCAACACTCCATGTCCGAAGACGTAGTCTGATGA 
-382 GTACCI I I I------TI I I IACTGIGITITI I ICI I I I I IC-------I I I ICIGIGTCCIGIC 

-532 TCGAGGCAGAGTCTTCCCATCATAGCGTGAAGAGGCGGCTG-GTCAGGGT-CGCCTGTGTGTTA 
-331 C----IIIIIIIICIITGIITCCGIIAIIGIIIIIICAIIITIITGIIIIAIIIIIC-IIAIII 

-470 G-CTGCGCCTGTGAGGGTCTGCTCTGCTGTTGTGCGCATGTCTGTCCTCGATCTGCGAGTCGGG 
-272 IAIAAIITIIIIAGIIIIIIIIAIIIIICGIIIITIIIGIIIIIITIITIGITIAAITIIICII 

-407 CTGTGTGT--GCCTGGGCGGAGTCTGCCTTTGTCGGTCTGTCTGTGCTATTTCTGTGTGGGGGT 
-208 TIICIIIICTITTIIIIIAIGIIIIITTIIGIIGIIIIIIIIIIIITGTGIIIII-IIITAAIG 

-345 CTCTATCTGGGGTGGGGGATGCTTTTGTCTGAGAGGAGAGCCTGCCTCTTGCCGCA-GTC-CTA 
-145 A I I I I AAG I I I I G I A I I I I I I TC I I I I I I I I G I I I I I I T I T I I I I I I I I GCTT I I I T I I I T I I I 

-283 A--GCATCCTCAGGTCTGCCATCAGGATTGTCCCAAGTCTGTAGCACCCCACCTCTGCTCCCCA 
-81 --IACI I I I I ICI I lAI I 1--------1 ICI I IIGCAIAIT-----------------------

-221 CCCCATAGTGCCAGCAGGAATGGGATGGTAACAGAAAGGGAAGTCCTGCAGTGAATAATGATCC 
-50 IITIIIIAIIIIIIACTIGIIIAI-III-IITITIIIAIAGGIAIICIIIIIJ,ITCIICAIAIA 

-157 CAGTTATTGTTTCTTATTATTATTTTGAAAGATGGTGTAGCAGGGTTTGAGACTGGCCTGGATG 
13 GGTIIIIIACI-GIIIIIIIIIICGICI--------IIIATIIIIIIIIIICIIICIIIAIICI 

-93 GTGGGGAGAGGAGGGCAGCGAGCAGAGACTTCCTCAGACCCAACCCTCTCCAGGATTCAGCAGC 
68 I I I I 1------------1 A I G I I I C I I I T I I A I C II I I I TG I I I I I I I C I I I I I GC I I TC I I IA 

-29 AGCACCCCAAGGCTGGAATAATGGGGTT~GGAAGTGCCTAGGTGACTGGGAAATGCTGAGCTA 

120 CI C I G I I - I G I I I I I I G I A I I A I I I I I I I I I I G I I I I I GG- I I - I I A I A I I G I I G I I I I G I I I G 

36 GGGGCAGGAGGCATGGGCGGGACAGTGTTCTGTGCCCCCTTCTAGAGCCTAAATT-TGTTGCC-
181 A I I I I I TI - I I I I CCA I I I A I GG I I I I I I I I I CA I I I I I I I I I CCG I I I I GG I I I C I I A I I I I T 

98 -----------CGAGTTCCTCCGGGAAGCGCTCCGGGTAGATTCTGGGGGCCGGGAGGCTGAGA 
244 TTGCGAGACGTIIIICIIIIIIIIIIIIICGIIAICIGGIGAI--IIIIIIIIIIIIII-IGIG 

151 TCCCT-----------GGGCGGGGAGCGGGGGAAGGGATGGGGCTGAGGACAGCGAAGAAGAGG 
305 IIIIGAAGGCAGAGGGITIIIIIIIAIIIAIIITIIAGAIIIAGAIIIIT-IIGIGTIGGICTI 

204 GGGCTTGGGGGAGGGGGGAAA!GGAAGAGAGAGGAGGGAGGAGGTACAAGAGGAAGGAGAGAAG 
368 IIIGA---IIIIII----IIIAIIIIIIAIIGIIIIIIIIIIIIAIIIGIIIIIIAIIIGIGII 

268 TG--C-GGC-CAGCTTGCTTTCTC-CAGTCGG--GT--GGCCGCGGGGACCCGGGCGACGTCGG 
425 GI AA I T I I I GIG I I CGT I I C I I I I G I I I C I A I TC I CAA I I I I T I I I I I I I I I I I - I I I I I I I I I 

323 AGGCCCTGCCGGGAACCC-AGGCTGCAGCCCCCACCCCCGCGCTGC-GACACGCCCCCC-AC-C 
488 I I I I T I I A I I -TC I I G I AG I I I GA I I I I I I I I T I I I I I - I I A I I I I T I I TG I I I I I I I I G I AT I 

( continued) 
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382 CCTTCCGGCTCACACCCCCGCCCACACTCCTGAGTGGTGCGGTGCAGCGTCGGCCGAGGCAGCA 
550 I I I I I I I I I I I 11 I TT I TA I I I I CT I G I T I I I CT I I I I I T I I I I I I I I I G 111 I I 11 I 111 I I I 

447 GAGCCGAGGAGAGCAG // 2.0 kB INTRON 1 //GTCCACACCTCTGCATCCCTGCACCA 
614 IIIIICIIIIIIIIII //2.0 kB INTRON 1 //IIITGIITIIIIIITIIIIC-AITII 

489 GGACTCACCAAGACGCCCATCCTGGAAAAGGTCCCCCGTAAGATGGCAGCAAAAACTCCCAGCA 
655 I I I G I I I T I I I I.LU I I I I T I I I I I I I I I AACT I I I I C I I I I I I I I I I I I I I I I I G I I I I I I I I 

553 GTGAGGAG //INTRON 2 
719 I I I I I I I I //INTRON 2 

Figure 2. (Continued) 

The transcriptional start site in the porcine ChA T gene was detennined by primer 

extension analysis using polyA+ mRNA derived from porcine spinal cord and 

oligonucleotides corresponding to nucleotides 229-243 and 566-595. The transcriptional 

start site was tbus defined as that position assigned nucleotide #1 in figure 2. Similarly, tbe 

transcriptional start site in the human ChAT gene was mapped using polyA+RNA from the 

human cholinergic cellline CHP134 and oligonucleotides corresponding to nucleotides 285 

to 301 and nucleotides 91 to 105. The transcriptional start site tentatively identified by this 

analysis is also indicated in figure 2. Although a "TATA" boxis located approximately 20 

bases upstream of the transcriptional start site of the porcine gene no such element is 

present at a corresponding position in the human ChA T gene. 

Aseries of fragments derived from the 5' flanking region of the ChA T gene was 

subcloned into a promoterless plasmid, pXP (19) which contains luciferase as areporter 

gene. These constructs were then assayed for luciferase activity following their transient 

transfeetion into either PC-12 or NS20-Y cells. As shown in Table 1 basal promoter 

activity is observed within the region of + 100 to -675. However, as the 5' flanking region 

is extended beyond nucleotide -933 to nucleotide -1198 basal expression increases 6109 

fold indicating the presence of an enhancer like element in this region of the gene. In order 

to further localize this regulatory element a deletion was made from -1198 to -1015. This 

construct retained activity defining the regulatory element between -943 and -1015. This 

was confirmed by deletion of nucleotides -933 to -1025 which abolished the activity of the 

regulatory element. 

Transfeetion of the mouse neuroblastoma cellline NS20-Y witb the pXP vector 

containing varlous ChAT gene fragments showed that the element between -933 to -1013 

in the human gene is active in this cellline, but does not provide as large a stimulation as 

observed in PC-12 cells. Treatment of the transfected NS20-Y cells with 8-bromo-cAMP 

resulted in a 2 fold increase in transcriptional activity. 
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Table 1. Analysis of ChAT Gene Promoter Activity in PC-12 Cells 
Construct 

Vector Alone 

+81 to -675 

+81 to -943 

+81 to -1198 

+81 to -1015 

+81 to -1198 (A-I025 to -933) 

Luciferase Activity 
Relative Activity Fold Stimulation by 

NGF 

(1.0) 2.5 

0.6 8.4 

0.4 9.0 

16.8 3.2 

12.2 6.3 

1.9 6.2 

Table 2. Analysis of ChA T Gene Promoter Activity in NS20-Y Cells 

Construct 

Vector alone 

+81 to ·1198 

+81 to ·650 

+81 to -436 

DISCUSSION 

Luciferase Activity 
Relative Activity Fold Stimulation 

by 8-Bromo-cAMP 

( 1.0) 

12.4 

7.6 

5.2 

2.1 

2.1 

2.5 

Cloning of a portion of the human and porcine choline acetyltransferase genes was 

accomplished by screening genomic libraries with oligonucleotides synthesized on the basis 

of the porcine cDNA sequence and human protein sequence data. Comparison of the 

human and porcine ChA T genes reveals a conservation of both intronlexon structure as 

weH as nuc1eotide sequence. Exon 1 of both genes is comprised of approximately 600 

nuc1eotides which are 66% identical in sequence, followed by a 92 base pair exon 2 which 

is 84% identical, these exons being interrupted by a 2.0 Kb intron. Furthermore 

comparison of more than 1 Kb in the 5' flanking region of the two genes shows an overall 

63% conservation of sequence. 

In spite of the conservation of nuc1eotide sequence between the human and porcine 

genes there are significant differences between them. The porcine gene contains a "TATA" 

box positioned approximately 20 nuc1eotides upstream from the transcriptional start site, 

while no such element is found in the human gene. Secondly the methionine codon (ATG) 

marking the translation al start site for the porcine gene is changed to a threonine coding 

141 



sequence (ACG) in the human gene. Therefore a different translational start site exists 

between the porcine and human proteins. In the human gene a methionine codon is located 

30 nuc1eotides downstream from the ACG codon which would give a protein 10 amino 

acids smaller than the porcine enzyme. However, there is also a methionine located 324 

base pairs upstream as part of a continuous open reading frame in the 5' direction. Thus it 

is possible that a form of the human enzyme that is 108 amino acids larger than the porcine 

enzyme is synthesized. Although a 68 kDa form of the human enzyme is commonly 

observed, consistent with the more 3' methionine being used to initiate protein synthesis, 

there is areport of a molecular weight form of the enzyme over 70 kDa (25). Thus the 

human enzyme, like the Drosophila enzyme (26), could be synthesized as a higher 

molecular weight form which is c1eaved either in vivo or during isolation to the more 

commonly observed 68 kDa fOlm. 

An interesting feature of the human and porcine gene is the placement of an 

abundance of unmethylated "CG" dinuc1eotides on both the 5' and 3' side of the putative 

transcriptional start site. Such "CG" dinuc1eotides are generally found in very low 

frequency in DNA presumably because of their susceptibility to methylation and 

consequent transition to a TG pair. An exception appears to be the presence of "CG 

islands" flanking the promoter region of genes where they might playa role in 

transcriptional regulation (27). 

Analysis of the promoter activity of the 5' flanking region of the ChA T gene in PC-

12 cells has led to the finding of two transcriptional elements. The first of these is a basal 

response element while the second is an enhancer-like element. This enhancer-like element 

is located approximately 1 Kb from the transcriptional start site. Nerve growth factor 

significantly stimulated the transcriptional activity of the ChA T promoter in PC12 cells. 

Wehave also found that the transcriptional activity of the ChA T gene is increased by 

treatment of NS20-Y cells with a cAMP analog, consistent with the observation that 

treatment of NS20-Y cells with cAMP results in an increase in ChA T specific activity (28). 

Thus these findings represent the first step toward understanding the transcriptional 

regulation of the choline acetyltransferase gene and may lead to methods by which this gene 

can be regulated through pharmacological agents in such disease states as Alzheimer's 

disease. 

This work was supported in part by grants AG05893 and AG08013 and a grant 

from Bristol-Myers-Squibb to LBH. 
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RECOMBINANT HUMAN NERVE GROWTH FACTOR INCREASES 
PRESYNAPTIC CHOLINERGIC FUNCTION FOLLOWING NEURONAL DAMAGE: 
IMPLICATIONS FOR THE TREATMENT OF Al2HEIMER'S DISEASE 

Paul A. Lapchak and Franz Hefti 
Andrus Gerontology Center, University of Southern 
California, Los Angeles, CA 90089-0191 

INTRODUCTION 
Nerve growth factor (NGF) promotes the maintenance of function and survival of 

adult cholinergic neurons of the septo-hippocampal pathway and attenuates lesion-induced 

deficits in neurochemical and behavioral measures related to cholinergic septo-hippocampal 

functions (Hefti et al., 1984; Will and Hefti, 1985; Williams et a1., 1986, 1989; Will et al., 

1988, 1990; Lapchak and Hefti, 1991). 

The hypothesis that changes in cholinergic function underlie the behavioral 

improvements elicited by NGF treatment is supported by recent studies showing that NGF 

is important for maintaining the expression of cholinergic markers such as choline 

acetyltransferase (ChAT) and acetylcholinesterase (AChE) in the septo-hippocampal 

pathway of animals with experimentallesions. For instance, NGF treatment is effective in 

preventing the lesion-induced loss of ChAT activity in the medial septal nucleus/diagonal 

band of Broca and at the level of cholinergic projection fibers in the hippocampal formation 

(Hefti et al., 1984; Will and Hefti, 1985; Hefti, 1986; Williams et al., 1986; Hagg et al., 

1989; Williams et al., 1989; Lapchak et al., 1991), possibly by stimulating ChAT 

expression at the level of septal cell bodies (Cavicchioli et al., 1991). 

The majority of results are compatible with the view that NGF enhances cholinergic 

function in the CNS following experimentallesions. However, the principal finding 

remains that NDF stimulates ChA Texpression by septal neurons and increases ChAT 

activity in the hippocampal formation. It is not known whether these increases are of 

consequence to cholinergic transmission in the hippocampus. 

Therefore, this study was designed to investigate whether NGF treatment alters 

presynaptic function of septo-hippocampal cholinergic neurons. In the present study we 

investigated the effects of chronic recombinant human NGF (rhNGF) administration on 

presynaptic cholinergic function measured in vitro following unilateral partial fimbrial 
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transections. The effects of rhNGF treatment on the levels and release of both newly 

synthesized [3H]ACh and endogenous ACh in hippocampal slices were measured in vitro. 

In addition, we determined the effects of chronic rhNGF treatment on hippocampal ChA T 

activity. Lastly, we determined the time course required to observe rhNGF-induced 

elevations of presynaptic cholinergic function. 

The study indicates that chronic administration of rhNGF increases presynaptic 

cholinergic markers in the hippocampus as determined by measuring ChA T activity and the 

tissue content and release of both newly synthesized and endogenous pools of ACh. 

Moreover, administration of rhNGF during ongoing neurodegenerative processes is 

essential for the stimulation of presynaptic cholinergic function in the hippocampus of adult 

rats following nerve damage. 

MATERIAL AND METHODS 
Adult female Wistar rats (185-220g) purchased from Charles River Breeding Farms 

were used for these studies. 

Unilateral Partial Transections of the Fimbria and Nerve Growth 
Factor Treatment 

Unilateral, partial transections of the fimbria were performed as described 

previously (Hefti et al., 1984; Lapchak and Hefti, 1991). Briefly female Wistar rats were 

anesthetized with equitensin (pentobarbital) and placed in a stereotaxic apparatus. A small 

slit was cut into the skull on the left side and 2.0 mm posterior to bregma. A specially 

designed knife (8 mm long, 0.7 mm wide) was lowered 5 mm below the dura into the 

brain 1.5 mm lateral to the midline and at 2.0 mm posterior to bregma (corresponding to 

level A6100 according to the atlas of Koenig and Klippel, 1963). The knife was then 

moved laterally to 5.0 mm lateral to the midline and retrieved at this position. After 

performing the lesion, a 22 gauge cannula (inner diameter 0.3 mm) was inserted on the 

lesioned side of the brain into the lateral ventricle (3.0 mm below dura, 1.9 mm lateral to 

the midline and 2.0 mm posterior to bregma) and permanently fixed with dental cement to 

two metal screws which were anchored to the skull. For intraventricular injections, a 

hypodermic needle attached to a Hamilton syringe was inserted through the cannula into the 

ventricle. Guiding, intemal and dummy internal cannulas were purchased from Plastics 

One Inc. (Roanoke, VA). Animals were injected with either rhNGF (lflg/3fll) or 

cytochrome c (lflg/3fll) dissolved in phosphate buffered saline (pR 7.0) contairiing 

gentamycin (15 flg/fll). Cytochrome c (cc) served as control protein because it has 

comparable biochemical properties as NGF but is ineffective in stimulating NGF receptors. 

Assay for Choline Acetyltransferase Activity 
ChA T activity was determined as described previously by Araujo et al. (1988) and 

Lapchak and Hefti (1991). 
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Measurement of Endogenous Acetylcholine and [3H]Acetylcholine: 
Tissue Content and Release fram Hjppocampal Slices 

Brain slices were prepared as previously described by Lapchak: and Collier (1988) 

and Lapchak and Hefti (1991). [3H]ACh and endogenous ACh levels were measured as 

described previously by Lapchak: and Hefti (1991) and Jenden et al. (1973). 

Protein Assays 
Protein was measured using the Bio Rad protein assay according to the method of 

Bradford (1976) and using gamma-globulin as standard. 

Statistical Analyses 
Data points given correspond to values from hippocampus of individual animals. 

Results are typically expressed as means ± SEM of the number of experiments or animals 

as indicated. Statistical significance was assessed using analysis of variance (ANOVA) 

followed by the Scheff)'s test. 

RESULTS 
Effect of Chranic Recombinant Human Nerve Grawth Factor 
Treatment on Hippocampal Choline Acetyltransferase Actjvity 

Recombinant human NGF (rhNGF) has recently been shown to be effective in 

preventing the loss of septal cholinergic cell bodies with partial fimbrial transections 

(Koliatsos et al., 1990). Therefore, we tested whether rhNGF is able to stimulate ChA T 

activity in the hippocampus of rats with partial fimbrial transections as earlier shown for 

Table 1. Effect of Chronic rhNGF Treatment on Hippocampal ChAT 
Activity Following Partial Fimbrial Lesions. 

------------------------------------------------------
ChAT activity 

(nmoie [3H]ACh formed/mg prot./hr) 

septal medial temporal 

cc 37.1±1.6 30.6±4.1 15.7±3.4 

rhNGF 40.1±4.0 38.1±3.2 30.9±1.0* 

% control 106% 124% 197% 

(rhNGF/cc) 

ChAT activities are expressed as the mean _± SEM from 6-10 
determinations per graup. Results on the lesioned side are shown 
above. Chronic rhNGF treatment did not alter ChAT activity on the 
unlesioned intact side and ranged from 104-113% of that measured 
in cc-treated controls. (*p<0.05). 
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rnNGF (Hefti et al., 1984). In cc-treated animals with partial fimbrial transections, ChAT 

activities in entire hippocampi of lesioned and control sides were 31.4±4.0 and 47.6±3.9 

nmole/mg protein/hr, respectively (mean ± SEM, n=10) (TABLE 1). In animals treated for 

3 weeks with rhNGF, ChA T activities on lesioned and unlesioned sides were 38.l±2.7 

and 47.2±3.1, respectively (n= 10), indicating that rhNGF treatment elevated ChA T activity 

by 21 % (p<0.05) when analyzing the entire hippocampus. In addition, in a separate set of 

animals, the hippocampus was subdivided along its septo-temporal axis and it was found 

that unilateral partial fimbrial transections produce reductions of ChA T activity in the 

ipsilateral hippocampus with increasing severity form the septal to the temporal pole (Table 

1). In animals that received rhNGF (icv, Illg every second day for 3 weeks), there was a 

significant increase in ChA T activity in the ventral hippocampus on the lesioned side, 

compared to cc-treated animals (Table 1). Chronic rhNGF treatment did not alter ChAT 

activity on the unlesioned side. 

Effects of Chronjc Becombjnant Human Nerve Growth Eactor 
Treatment on the Levels of Endogenous Acetylcholine in Hippocampal 
Slices and Synthesis of [3H]Acetylcholine by Hippocampal Slices 
Following Partial Eimbrial Transections 

These experiments were designed to determine whether chronic rhNGF treatment 

altered the capacity of hippocampal cholinergic neurons to synthesize [3H]ACh from the 

precursor moleeule [3H]choline in vitro or increase the content of endogenous ACh in the 

hippocampus. For these experiments, slices were prepared from entire hippocampi of 

individual animals to obtain highly reliable measurements. To compare changes in 

[3H]ACh synthesis or endogenous ACh content and [3H]ACh/endogenous ACh release 

with those of ChA T activity, we measured the effect of chronic rhNGF treatment on ChA T 

activity in entire hippocampi. 

Table 2. Effect of rhNGE Treatment on the Hippocampal Content of 
Endogenous Acetylcholine or Synthesis of [3H]Acetylcholine by 
Hippocampal Slices in vitro. 

Endogenous ACh [3H]ACh synthesis 

(percent of contralateral unlesioned values) 

cc-treated 
rhNGF-treated 

47% 
111 %.* 

51.7% 
77.8%* 

Results are expressed as mean percent of contralateral unlesioned 
control values for 6-11 animals per group. Significantly different 
from cc-treated animals (*p<O.05, **p<O.01). 
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Partial fimbrial transections significantly reduced [3H]ACh synthesis (by 48%) in the 

hippocampus ipsilateral to the lesion (Table 2). Following chronic intraventricular 

treatment of rhNGF for 3 weeks [3H]ACh synthesis on the lesioned side was only reduced 

by 22% compared to control values, indicating a significant elevation over values in 

lesioned hippocampi of cc-treated animals. The chronic treatment with rhNGF did not alter 

[3H]ACh synthesis by hippocampal slices of the unlesioned side (98% of control). 

Partial fimbrial transections significantly reduced the content of endogenous ACh in 

the hippocampus ipsilateral to the lesion by 47% as measured in cc-treated control animals 

(Table 2). Chronic treatment with rhNGF increased the hippocampal content of 

endogenous ACh to 111 % of unlesioned controllevels. Chronic treatment with rhNGF did 

not significantly alter the tissue content of endogenous ACh on the contralateral unlesioned 

side (88% of control). 

Release of [3H]Acetylcholine and Endogenous Acetylcholine fram 
Hjppocampal Sljces in vitra 

This series of experiments determined wh ether the increased tissue content of 

endogenous ACh or [3H]ACh observed in chronically rhNGF-treated animals was 

releasable during incubation in non-depolarizing (basal release) or depolarizing (veratridine

evoked release) conditions. The spontaneous release of endogenous ACh or [3H]ACh from 

hippocampal slices of the lesioned side of cc-treated control animals was decreased by 

35% and 32%, respectively, of values measured on the unlesioned control sides (Table 3). 

Evoked endogenous ACh and [3H]ACh release from hippocampal slices of the lesioned 

side of cc-treated animals was also decreased by 61 % and 46%, respectively, when 

compared to the unlesioned side (Table 3). In animals chronically treated with rhNGF for 

3 weeks, the basal release of endogenous ACh and [3H]ACh release from hippocampal 

slices of the lesioned side were significantly increased (Table 3). Chronic rhNGF treatment 

resulted in an elevation of basal endogenous ACh and [3H]ACh release compared to 

lesioned hippocampi of cc-treated rats. Evoked endogenous ACh and [3H]ACh release 

from hippocampi of the lesioned side were increased to 90% and 73%, respectively of 

values measured in hippocampi of the control side. There were no significant changes in 

the levels of basal or evoked endogenous ACh or [3H]ACh released from hippocampal 

slices of the unlesioned side of animals with chronic rhNGF treatment. 

Tjme Course Regujred to Observe rhNGE-jnduced Inc(eases jn 
Hippocampa! [3H]Acetylcholine Synthesis 

The experiments described above show stimulatory effects of chronic rhNGF 

treatment on cholinergic presynaptic function in lesioned hippocampi whereas such 

treatment failed to affect cholinergic function in an intact hippocampal system. Additional 

experiments were performed to test whether rhNGF administration was required during the 

period of degeneration of cholinergic neurons to stimulate presynaptic cholinergic function. 
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We also detennined whether the 3 week treatment results in maximal effects or whether 

longer periods of treatment further elevate [3H]ACh synthesis. This parameter was used 

since it best reflected rhNGF-induced upregulation of cholinergic function. 

Table 3. Effect of Chronic rhNGF Treatment on the Release of 
Endogenous Acetylcholine and Newly Synthesized [3H] Acetylcholine 

from Hippocampal Slices Following Axotomy. 

ACh Release 
(percent of contralateral unlesioned control) 

cc-treated 

a) Spontaneous Release 

[3H]ACh 

ACh 

b) Evoked Release 

[3H]ACh 

ACh 

64.7% 

68.2% 

39.2% 

54.6% 

rh NG F-treated 

94.0%* 

89.9%** 

72.9%** 

90.1%** 

Results represent the mean percent on contralateral unlesioned 
control values and of 6-11 animals per group. Significantly 
different from cytochrome c (cc)-treated animals (**p<0.01, 
*p<0.05). 

These experiments confrrmed that chronic 3 week rhNGF treatment significantly 

increased [3H]ACh synthesis. Prolongation of the chronic treatment (9 weeks) resulted in 

further elevations of [3H]ACh synthesis (Table 4). When 3 weeks of rhNGF treatment 

were followed by a 3 week period without treatment the rate of [3H]ACh synthesis 

remained elevated at a level approximately similar to that ofrats analyzed immediately after 

termination of the 3 week rhNGF treatment. When the 3 week period of rhNGF treatment 

was preceded by a 3 or 9 week period without treatment, rhNGF failed to elevate [3H]ACh 

synthesis significantly (Table 4). 

DISCUSSION 

The present study indicates that chronic treatment with rhNGF increases the 

capacity of hippocampal cholinergic neurons surviving a partial fimbrial transection to 

synthesize, store and release endogenous ACh and newly synthesized [3H]ACh. The 

rhNGF-induced response was only observed if rhNGF treatment was initiated during the 
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period immediately following the lesion. rhNGF treatment failed to stimulate measures of 

cholinergic function in intact hippocampal cholinergic systems or in dirninished cholinergic 

systems surviving partiallesioning and not treated with NGF during the time period of 

lesion-induced degenerative changes. The study indicates that chronic or repeated 

administration of 

Table 4. Treatment Schedules Required to Observe rhNGF-induced 
Elevations of Presynaptic Hippoc:ampal Cholinergic Function: 
Measures of [3H]Acetylcholine Syntllesized From [3H]Choline. 

treatment [3H]ACh synthesis 
(percent of contralateral control) 

cc-treated rhNGF-treated 

3 week 50.2% 70.8%* 

9 week 27.3% 56.4%** 

3 week followed 
by 3 week delay 30.1% 51.1 %* 

3 week delay before 
3 week treatment 33.9% 45.2% 

9 week delay before 
3 week treatment 34.3% 42.2% 

Results are expressed as the mean percent of contralateral 
unlesioned control measures for 58 animals per group. Significantly 
different from cc-treated lesioned animals (*p<0.05, **p<0.01). All 
other val ues are not statistically different. 

rhNGF is necessary for the stimulation of presynaptic cholinergic function in hippocampal 

cholinergic neurons surviving partiallesioning of their projection system. 

Chronic rhNGF treatment increased hippocampal ChA T activity after partial 

fimbrial transeetions, an observation which is consistent with previous results obtained 

with mNGF (Hefti et al., 1984; Williams et al., 1986, 1989). The increase in hippocampal 

ChA T activity may be the result of rhNGF-induced stimulation of ChAT transcription at the 

level of the septal cholinergic cell bodies, followed by anterograde transport of newly 

synthesized ChAT moleeules to cholinergic terminals in the hippocampus. This hypothesis 

is in agreement with the findings of Cavicchioli et al. (1991) which showed that NGF 
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treatment increased the levels of ChA T mRNA in the septum following intraventricular 

NGF treatment. 

Chronjc rhNGE Treatment Enhances Hippocampal Cholinergic Eunction 
Chronic rhNGF treatment significantly increased the ability of hippocampal neurons 

surviving partial fimbrial transections to synthesize [3H]ACh from its precursor molecule 

[3H]choline as indicated by an increased tissue content of [3H]ACh and to synthesize 

endogenous ACh. The effect of chronic rhNGF to increase the functional activity of 

surviving hippocampal cholinergic neurons was further demonstrated by showing that 

hippocampal slices of the lesioned side from animals chronically treated with rhNGF 

released significantly higher amounts of [3H] ACh and endogenous ACh spontaneously 

and during depolarization. These findings suggest that the observed increases of newly

synthesized [3H]ACh pools and endogenous ACh pools is stored in a functionally 

significant releasable pool. 

Therefore, in addition to an increased capacity to synthesize and store higher levels 

of transmitter, hippocampal neurons remain sensitive to veratridine-induced depolarization 

and respond with a greater output of transmitter, thus suggesting that rhNGF maintains 

calcium dependent stimulus-secretion coupling mechanisms intact in surviving cholinergic 

neurons. 

Treatment Regimen Reguired to Increase Presynaptic Cholinergic 
Eunction 

Chronic rhNGF treatment during the period immediately following fimbrial 

transection produced significant elevations of hippocampal cholinergic function, whereas 

chronic NGF treatment after a time delay of 3 or 9 weeks resulted in no or only marginal 

elevations of ACh synthesis. These observations suggest that rhNGF treatment is required 

during ongoing degenerative events induced by fimbrial transections. The neuronal 

degeneration induced in cholinergic neurons is complete 3 weeks after lesioning (Hagg et 

al., 1988; Montero and Hefti, 1988). The present study indicates that following alesions, 

a stable reduced cholinergic input remains which does not respond to rhNGF treatment. 

This rest population, similar to an intact population, does not respond to NGF treatment 

with an elevation in ChAT activity or ACh synthesis. The findings therefore suggest that 

NGF treatment is effective by preventing degenerative changes induced by fimbrial 

transections or by stimulating compensatory processes during that time. 

Recombinant Human Nerve Growth Eactor: Implications for Therapy 
of Alzhejmer's Djsease 

The results of the present study are relevant in view of evidence that indicates that 

the cognitive deficits apparent in Alzheimer's disease (AD) are correlated with decreases in 

cholinergic function and cholinergic markers in the septo-hippocampal and basalo-cortical 

pathways (Bartus et al., 1982; Whitehouse et al., 1982; Collerton, 1986; Araujo et al., 

1988). In AD there is a loss of cholinergic cell bodies in the basal forebrain and deficits in 
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presynaptic cholinergic function in the cerebral cortex and hippocampal fonnation including 

decreased ChA T activity, eholine uptake, and ACh synthesis (Perry et al., 1978; Sims et 

al., 1980; Arendt et al., 1983; Rylett et al., 1983; Candyet al., 1986; Araujo et al., 1988; 

Slotkin et al., 1990). NGF receptors and ChA T are eolocalized in the nueleus basalis of 

normal human brain and in the remaining eholinergic neurons in AD suggesting that in AD, 

basal forebrain neurons may still be responsive to the beneficial effects of NGF (Hefti and 

Mash, 1989; Kordower et al., 1989; Mufson et al., 1989). The neurodegenerative 

processes occurring in cholinergic neurons in AD seem to be slowly progressive and is 

comparable to the more rapidly progressing neurodegenerative events which oceur in 

lesioned experimental animals, when NGF treatment was found to enhance presynaptie 

cholinergie function. The present study suggests that chronie NGF treatment may be 

effective in inereasing the functional capacity of basal forebrain cholinergie neurons at their 

terminal fields in the hippocampal formation and cerebral cortex whieh undergo 

degenerative changes due to the disease process. 
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Delayed neuronal death of hippocampus 
Specific regions of brain are known to be especially vulnerable to various insults 

such as ischemia [Spielmeyer,1925; Brown and Brierley,1968]. Patients resuscitated from 

cardiac arrest often suff er from memory impairment. Even a short cessation of cerebral 

circulation causes damage to the hippocampus, which is critical to memory function 

[Brierly and Graham,1984; Petito,1984]. Delayed neuronal death ofthe hippocampus was 

originally described in rodents model of transient global ischemia [Ito et al.1975; Kirino, 

1982; Pulsinelli et al.1982]. In gerbils, only 5 minutes of bilateral carotid artery occlusion 

causes selective neuronal death ofthe hippocampal CAI sector [Kirino,1982]. 

Interestingly, it requires more than 2 days to detect the necrosis of CA 1 pyramidal cells 

morphologically. The vulnerability of the hippocampus has also been thought to underlie 

the pathophysiology of cerebrovascular dementia. 

The crucial trigger to delayed neuronal death of the hippocampus has been 

postulated to be neuronal hyperexcitability caused by glutamate and subsequent calcium 

influx into the cell [Nadler et al.1978; Siejö,1981; Gill et al.1987; Bames,1988a; Choi and 

Rothman, 1990]. However, this mechanism cannot fully explain why the onset of the 

neuronal death is delayed. The theory ofhyperexcitability may explain why the 

hippocampus is vulnerable to a certain degree of ischemia. But, why does it require a few 
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days for necrosis to "mature"? Brain cells other than those in the vulnerable area became 

necrotic a few hours after threshold ischemia. 

As for the phenomenon of delayed neuronal death, we should consider two factors; 

(1) a passive process - vulnerability of the hippocampus (e.g., high distribution density of 

glutamate receptors), and (2) an active process - ability to recover from ischemic damage. 

We hypothesize that the CA 1 sector of hippocampus fails in those recovery 

processes necessary to remedy ischemic damage. All neurons suffer from a similar degree 

of ischemia, but some neurons retain the capacity to recover while others do not (i.e. those 

in hippocampal CA1). We have focused on NGF (nerve growth factor), as one ofthe 

possible factors for neuronal survival and repair [Marx,1986; Levi-Monta1cini,1987]. 

Neuronal cellioss can be caused by a lack of neurotrophic factors such as NGF [Hefti et 

a1.1984; Hefti and Weiner,1986; Fisher et a1.1987; Kromer, 1987; Rosenberg et al.1988; 

Montero and Hefti,1989]. Data that NGF prevents the damage ofhippocampus caused by 

glutamate agonists [Aloe,1987], support the above hypothesis. 

For the purpose of increasing the repair ability of the hippocampus, we 

administered NGF intraventricularly in the experimental model of delayed neuronal death. 

Experimental methods of transient global ischemia 
We used the standard experimental protocol to produce delayed neuronal death of 

the hippocampus in gerbils [Kirino et a1.1982]. Adult male Mongolian gerbils weighing 70 

g (9-12 birth weeks) were anesthetized with 2-3% halothane. Transient forebrain ischemia 

was produced by occ1uding both carotid arteries for 5 minutes. Rectal temperature was 

maintained at 38°C during and up to 1 hour after ischemia, with the aid of a heating blanket 

and overhead lamp. The animals were allowed to survive for 1 week, and subjected to 

transcardiac perfusion fixation with 40% formaldehyde, glacial acetic acid, and methanol in 

a volume ratio of 1: 8: 8. Neuropathological studies were undertaken in 5 groups of 

animals: (1) no treatment (n=12), (2) intraventricular injection of 10 111 of artificial CSF 

(cerebrospinal fluid) [in mM: Na+ 145, K+ 3.0, Cl- 132, Ca2+ 2.4, Mg2+ 1.2, HCQ3- 26, 

H2P04- 1.2, S042- 1.2, glucose 10; pH 7.3] (n=12), (3) intraventricular injection of NGF 

just before ischemia [Sigma 7S type; 10 Ilg in 10 111 of artificial CSF] (n=12), (4) 

intraventricular injection of NGF 15 minutes after ischemia (n=12), and (5) normal gerbils, 

i.e., no ischemia (n=7). 

Treatment of NGF was given via a needle inserted into the right lateral ventric1e. 

Ten-micron thick sections of the dorsal hippocampus were stained with hematoxylin-eosin 

and cresyl violet. The number of neurons in the bilateral CA 1 subfield was counted on one 

histological section from each animal and expressed as neuronal cell density per millimeter 

linear length. For statistical analysis of multiple independent groups, we utilized both the 

analysis ofvariance (ANOVA) and the nonparametric Kruskal-Wallis test, and later 

compared the groups with Wilcoxon's analysis. 
NGF treatment 

NGF significantly ameliorated the development of delayed neuronal death of the 
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hippocampal CAI sector (Fig.l, Fig.2). Either preischemic or postischemic NGF treatment 

was effective. Unsuspectedly, intraventricular injection of artificial CSF showed a slight 

but significant proteetion as compared to the nontreated group. However, even compared to 

this artificial CSF group, either preischemic NGF treatment (p< 0.01) or postischemic 

treatment (p<0.05) showed a significant amelioration. As we will describe later, we 

speculate that the protective effect of artificial CSF may be due to some neurotrophic factors 

derived from brain tissue damaged by a needle insertion. 

CSF pre NGF JXISt NGF Normal 

• Severe Damage m MOderate C No Damage 

Fig. 1 Distribution percentage of the hippocampus-damaged animals in each treatment. 
Every gerbil in each treatment was divided into the three grades, according to the severity 
ofhippocampal CA1 necrosis: (1) severe damage, (2) moderate damage, (3) no damage. 
Note that most of animals were divided into either sever damage or no damage, as if it had 
been all-or-nothing response. NGF treatment significantly prevented delayed neuronal 
death, while artificial CSF showed a slight protection. 
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Fig.2 The data derives from the same experiment as Fig.1. The hippocampal neuronal cell 
density of all gerbils in each treatment was averaged: mean ± SD. Significant amelioration 
of delayed neuronal death was found in the NGF treatment either before ischemia 
(p<0.01), or after ischemia (p<0.05), even when compared to the artificial CSF group that 
showed a slight protective effect (p<0.05: as compared to the nontreated group). [Shigeno 
et a1.1991] 
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Golgi staining: destruction of dendrites 
To focus on postischemic morphological changes in dendrites and synapses (3 hrs, 

1 day, 2 days, and 7 days after transient ischemia), we used the Golgi staining technique in 

aseparate series ofthe experiments: (1) no treatment, (2) preischemic treatment with NGF; 

(n=3 per each series). 

In the nontreated group, destructive changes appeared in dendrites and synaptic 

spines as early as 3 hrs after ischemia, while the cell soma remained normal in structures 

more than 2 days (Fig.3). On day 1 and 2, there was progressive disappearance of both 

basal and apical dendrites. Seven days after ischemia, dendritic structures disappeared 

completely, replaced by reactive astroglias. In the NGF treated group, these dendritic 

changes were reduced with a slight astroglial reaction. 

NGF 
( - ) 

NGF 
( + ) 

3 hrs Day 1 Day 2 Day 7 

Fig.3 The Golgi staining indicates chronological changes of dendritic structures of 
hippocampus. Top, no NGF treatment; bottom, preischemic NGF treatment. In the 
nontreated group (top), as early as 3 hours after ischemia, slight deformation appeared in 
both basal and apical dendrites. The destruction progressed on day 1 and 2, even though 
the cell soma was still present. On day 7, dendritic structures disappeared completely and 
were replaced by reactive astrocytes. In the NGF treated group (bottom), NGF attenuated 
the early deformation of dendrites. On day 7, the dendritic structures remained to some 
extent. [Shigeno et a1.l99l] 

NGF content 
We also investigated sequential changes in NGF content ofthe hippocampus, the 

septal nucleus, and the frontal cortex. Thirty-one gerbils were subjected to the measurement 

as follows: before ischemia, 3 hrs, 1 day, 2 days, and 7 days after ischemia. We utilized 

the two-site enzyme immunoassay (EIA) system [Furukawa et a1.1983] with a slight 

modification [Matsui et aJ.1990]. 

There was a significant decrease in NGF content of the hippocampus 2 days after 

ischemia, with subsequent recovery to the controllevel after 7 days (Fig.4). In the septal 

nucleus and the cortex, there was no significant change. 
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Fig.4 Changes in NGF content in the hippocampus after ischemia. Values are mean ± SD. 
There was a significant reduction in NGF conte nt 2 days after ischemia. On day 7, the 
NGF content recovered to the controllevel. [Shigeno et al.1991] 

NGF inducer: 4-methylcatechol 
Furukawa and coworkers have found that catecholamines and their analogues have 

stimulatory effects on NGF synthesis [Furukawa et a1.l986b], and from the results of a 

strucure-activity relationship, alky1catechol compounds with an alkyl group at position 4 of 

the catechol ring show a potent stimulatory activity [Furukawa, 1990; Furukawa and 

Furukawa, 1990]. 

NGF cannot pass through the blood-brain barrier because of its large molecular 

weight, therefore, the NGF treatment should be conducted via a direct administration into 

the brain. It requires an invasive procedure as a lumbar puncture, or a neurosurgical 

procedure of intubation into a ventricle. If the systemic injection of NGF inducer is 

substituted for direct NGF administration, it will save patients' torment and offer a 

clinically practical and useful method for the future. 

With one of the most potent NGF inducers, 4-methy1catechol [Furukawa and 

Furukawa,1990] (Fig.5), we tested whether this agent shows the same efficacy of NGF to 

prevent delayed neuronal death. 

4-methy1catechol (4-MC) was injected intraperitonially once a day, from 2 days 

before ischemia through 2 days after ischemia (n=7). Compared to controls injected with 

vehicle (n=5), the drug showed a tendency to attenuate CAI neuronal death, but this failed 

to reach statistical significance (Fig.6). 

NGF vs "killer proteins" 
There has been a suggestion that, without NGF, cells produce "killer proteins" that 

cause cell death [Barnes, 1988b; Martin et a1.l988; Oppenheim et al,1988]. In experiments 

with neuronal cultures, protein synthesis inhibitors prevent cell death caused by NGF 

deprivation [Martin et al, 1988]. This result was interpreted that a lack of NGF induces 
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NGF Inducer: 4-Methylcatechol 

HO 

HO 

Fig.5 Chemical structure of 4-methy1catechol (4-MC), which is composed of a catechol 
ring with a methyl group as a side chain at position 4. The catechol structure is essential for 
the stimulatory activity on NGF synthesis. The methyl group is advantageous for 4-MC to 
interact with the cellular membrane by penetrating into cells and activating a certain signal 
transduction cascade. [Furukawa and Furukawa,l990] 
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Fig.6 NGF inducer, 4-methy1catechol (4-MC), showed a tendency to reduce hippocampal 
CAl necrosis, but no statistical significance. 
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"killer proteins" which kill the neurons via a programmed cell-death because protein 

synthesis inhibitors prevent the production of"killer proteins". 

We tested the "killer protein" hypothesis in delayed neuronal death. NGF saved the 

CAI neurons. Would a protein synthesis inhibitor achieve as much? 

The reversible protein synthesis inhibitor, anisomycin, was injected intraperitonially 

at a dose of 50 mg/kg, 1 hour before ischemia. The same dose was subsequently injected 

on day I and 2 after ischemia (n=7). In control animals, only saline was injected (n=7). 

Anisomycin attenuated delayed neuronal death (p<0.05). Five of 7 animals showed 

complete preservation of CA 1 neurons, and remaining 2 animals showed moderate degree 

of neuronal death (Fig.7). 
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Fig. 7 Anisomycin ameliorated delayed neuronal death (p<0.05): nearly normal cell 
density in 5 of7 gerbils, and moderate damage in 2 of7 gerbils. [Shigeno et al.1990] 

Discussion 
The present study indicates a new finding that NGF may be required for the 

survival of hippocampal neurons when damaged by transient global ischemia. Yoshimine et 

al [1990] have independentl y repeated a similar experiment and obtained the same results. 

They have also examined the optimal timing of NGF injection, and found that NGF was 

effective only in the earlier period, within I day after ischemia. 

NGF is synthesized in the hippocampus and is transported retrogradely to the basal 

forebrain [Korshing et al,1985; Large et al. 1986], where NGF is essential for the survival 

of cholinergic neurons [Hefti et a1.1984; Hefti and Weiner,1986; Marx,1986; Fisher et al. 

1987; Kromer,1987; Levi-Montalcini, 1987; Rosenberg et a1.1988; Montero and Hefti, 

1989]. However, there has been no concrete evidence that hippocampal neurons require 

NGF fortheir survival. NGF receptors were reported to be absent or very scanty in the 

hippocampus [Richardson et a1.1986; Raivich and Kreutzberg, 1987], although Buck et al. 
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[1988] have recently identified temporary expression of NGF receptor mRNA in the 

hippocampus during development. The fact that NGF and its receptor mRNA are 

coexpressed and correlated developmentally in the hippocampus, indicates that NGF may 

serve not only as a target-derived factor acting on long-projecting neurons, but also as a 

locally derived factor acting on intrinsic neurons in a paracrine or autocrine fashion [Lu et 

al,1989]. Therefore, one possibility is that exogeneously administered NGF may act via 

aberrant NGF receptors which expressed after ischemia. 

Why did artificial CSF show a slight protective effect? It has been known that 

several types of brain tissue trauma or hypoxia induce NGF, FGF (fibroblast growth 

factor), and other unknown trophic factors [Nieto-Sampedro et al,1982 & 1988; Lorez et 

al.1989; Ishikawa et a1.1991]. After a cavity lesioning, cortical NGF content increased 

rapidly as early as 16 hours later, in contrast to FGF, which increased more than 10 days 

later [Ishikawa et a1.1991]. Yoshimine et al [1990] found a slight but significant reduction 

of delayed neuronal death, even after a needle puncture into the hippocampus. Therefore, 

we speculate that some trophic factors derived from brain tissue, traumatized by a needle 

puncture, could partly ameliorate neuronal death. 

The Golgi staining detected dendritic destruction as early as 3 hours after ischemia. 

NGF also attenuated the destructive change of dendrites in the early period after ischemia, 

but could not maintain completely normal structures. Further study is required to clarify 

whether NGF treatment ultimately saves CAI neurons, or just prolong the time to death. 

NGF content in the hippocampus decreased on day 2, and recovered to anormal 

range by 7 days after ischemia. The decrease in NGF conte nt occurred approximately 1 

day earlier than cell death. It is possible that the decrease in NGF content is a cause of cell 

death, or coincidental with the necrosis of CA 1 neurons (wh ich mayaiso synthesize NGF). 

The recovery in NGF content on day 7, may be attributed by reactive astrocytes which 

showed marked appearance in the Golgi study, because glial cells could secrete NGF in 

culture [Furukawa et a1.l986a]. 

The NGF inducer, 4-methylcatechol (4-MC) fails to attenuate delayed neuronal 

death statistically. The optimal range of dosage and injecting schedule should be determined 

in this experimental model. The innovation of potent NGF inducers, we believe, will 

facilitate the clinical application of NGF treatment in the future. 

The "killer protein" hypothesis remains speculative, as specific "killer proteins" 

have not been identified. Data compatible with the hypothesis also comes from Goto et al. 

[1990] who independently found that cycloheximide protects against delayed neuronal 

death in rats. Although a protein synthesis inhibitor may cause hypothermia 

[Kiessling,1991] that offsets CAI necrosis [Busto et a1.1987], we maintained normothemia 

during and up to 1 hr after ischemia, and the postischemic hypothermia isreported to be 

ineffective when brain cooling is initiated 30 minutes after recirculation [Busto et al.1990]. 

The "killer protein" hypothesis contradicts to the hypothesis that delayed neuronal 

death is due to ischemia-mediated disruption of protein synthesis [Thilman et a1.1986]. 
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After global ischemia, protein synthesis remains transiently depressed and recovers 

[Dienel,1980], except in the vulnerable CAI neurons where neuronal necrosis occurs 

[Thilman et al.I986]. However, synthesis of some proteins and their mRNAs (ubiquitin, 

heat shock proteins) are known to increase in the early hours after transient ischemia 

[Nowak et a1.1985; Dienel et a1.1986; Vass et a1.1988; Magnusson and Wieloch,1989; 

Nowak et al.1990]. In the hippocampus, these translation products are pronounced in 

dentate granule cells and CA3 neurons, while they are minimal in CAI neurons [Vass et 

al.1988]. Even in CA1, several protooncogenes such as c-fos has been reported to be 

expressed as early as 24 hours after transient global ischemia [J~rgensen et a1.1989]. Some 

protooncogenes and heat shock proteins are known to be translated via novel transcription 

mechanisms [Yost and Lindquist,l988], therefore, the possibility cannot be excluded that a 

small amount of "killer proteins" are undetected by a conventional autoradiographic 

techniques. 

"Safety fuse" hypothesis 
Thousands of studies have been directed at saving the hippocampal CAl neurons 

from ischemia. If we suppose that delayed neuronal death is an active process under the 

direction of some suicide program in the central nervous system, it gives us an alternative 

perspective. The death of CA 1 neurons might be "good" for cutting off the harmful 

excitatory neurotransmission at the exit zone of the hippocampus. CA 1 sector might work 

as if it were "safety fuse", which is burnt out according to overflowed "electricity", for 

protecting other important parts to maintain the whole system (Fig.8). 

EFFERENT~~~~~~ ______ ___ .. 

Per'. 
CA3 

Dentate gyrus 

Fig. 8 "Safety Fuse" hypothesis: delayed neuronal death might be an active process to cut 
offthe harmful excitatory neurotransmission at the exit zone (CA1) ofthe hippocampus. 
CAI neurons might work as ifit were "safety fuse", which is bumt out according to 
overflowed "electricity", for protecting more important parts to integrate the whole system. 
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INlRODUCTION 

Brain derived neurotrophic factor (BDNF) is a 13.5 kD polypeptide related to nerve 

growth factor (NGF), neurotrophin-3 (NT3) and neurotrophin-4 (NT4), (for review see 

Lapchak et al., this volume), and which has been shown to promote the survival and 

differentiation of in vitro neuronal populations (Davies et al., 1986; Johnson et al., 1986; 

Alderson et al., 1990; Hyman et al., 1990; Knusel et al. , 1990). Similar to NGF and NTI, 

BDNF mRNA is expressed in the target regions of the basal forebrain cholinergic system, 

with highest levels occurring in the hippocampal pyramidal, hilar and granule subregions 

(Hofer et al., 1990; Phillips et al., 1990; Wetmore et al., 1990; Dugich-Djordjevic et al., 

1991a). Moreover, the expression of BDNF mRNA is localized to neuronal cell 

populations in hippocampal subregions (Wetmore et al., 1990; Dugich-Djordjevic et al., 

1991a), and a possible localization to the neuropil in certain brain regions has been 

suggested (Dugich-Djordjevic et al., 1991b). 

A developmental regulation ofBDNF mRNA expression has been shown using 

Northern analyses of whole brain extracts of embryonie and postnatal day 0 (PO) rats 

(Maisonpierre et al., 1990) and by in situ hybridization in the pyramidal, hilar and granule 

cell subregions ofthe hippocampus (Dugich-Djordjevic et al., 1991b). 

Recent studies investigating the regulation and the function of BDNF in vivo have 

demonstrated that the expression of BDNF mRNA in hippocampal and cortical subregions 

ABBREVIATIONS: AMG, amygdaloid complex; CA1, regio superior; CA3, regio 
inferior; DG, granule celllayer; H, hilar region ENT, entorhinal cortex; PIR, piriform 
cortex; TH, thalamus. 
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is dramatically increased in response to seizure activity induced by systemic kainic acid 

(KA) administration (Zafra et al.,1990; Dugich-Djordjevic et al., 1991a,b), electrolytically 

induced limbic seizures (Isackson et al.,1991) and kindled epileptogenesis (Ernfors et al., 

1991). 

Furthennore, KA-induced seizure and certain fonns of kindling have been shown 

to result in various neuropathological reactions in the hippocampal fonnation, including 

both selective neuronal cell death (Lothman & Collins, 1981; Sloviter, 1986) andreactive 

sprouting (Ben-Ari & Represa,1990). 

The restricted localization of BDNF mRNA to hippocampal subregions, the 

developmental regulation of BDNF mRNA, and the increased expression of BDNF during 

neuronal insult implicate this factor in neuronal plasticity and regenerative phenomena. The 

hippocampus provides a convenient anatomicallocus for investigating the role of BDNF 

mRNA expression in neuropathological and regenerative states. 

Our initial studies focused on the spatio-temporal characterization of BDNF mRNA 

expression in the adult rat brain in response to sytemic KA-induced seizure activity 

(Dugich-Djordjevic et al., 1991a) in order to investigate the possibility that BDNF may be 

implicated in the pathology or recovery processes following neuronal insult. 

In this article, we describe both the nonnal developmental distribution of BDNF 

mRNA in the rat, and the expression of BDNF mRNA in response to KA-induced 

seizures. The results of our investigations are discussed with respect to the role of neuronal 

activation in the regulation of BDNF mRNA and the correlation of BDNF with differential 

vulnerability of certain neuronal elements to seizure-induced damage. Finally, we address 

the possibility that BDNF is involved in synaptic remodelling processes in the adult. 

DEVELOPMENTALL Y -DEPENDENT RESPONSES TO SYSTEMIC KA
INDUCED SEIZURE 
Behavioral and metabolie responses 

KA is a potent excitatory amino acid analogue that results in generalized limbic 

motor seizure induction when given parenterally in the adult rat (for review see: Ben-Ari et 

al, 1981). However, the regulation ofbehavioral, electrographic, and metabolie responses 

to KA-induced seizure activity in the rat is dependent upon development (Ben-Ari, 1981; 

Lothman & Collins, 1981; Tremblay et al., 1984). In contrast to the generalized limbic 

motor seizure activity induced by systernic KA in rats after the third week of development, 

KA induces tonico-clonic convulsions in animals less than 3 weeks of age (Tremblay et al., 

1984). These changes in the behavioral manifestations ofKA-induced seizure activity are 

paralleled by changes in the functional anatomy of the hippocampus. Electrographic and 

metabolie parameters in the brain following KA-induced seizure progress from a restricted 

activation of the hippocampus in animals prior to the second week of postnatal development 

to include increased activity parameters throughout various limbic and cortical structures by 

the fourth week postnatal (Tremblay et al., 1984). 
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Selective neuronal vulnerabily following seizure 

Vulnerability to neuronal damage consequent to KA-induced seizure activity differs 

between early postnatal and adult rats (Nitecka et al., 1984). Neuropathological changes 

following systemic KA are not evident in rats less than three weeks of age, while reversible 

neuronal and glial abnonnalities have been demonstrated following KA-induced seizure 

activity between the third and fourth week postnatally. In contrast, KA-induced seizure 

activity in the adult rat results in irreversible necrotic changes, notably in CA3, pirifonn 

cortex and CA1, resulting in eventual neuronalloss (Nitecka et al., 1984; Ben-Ari, 1985). 

MElHODS 
Experimental treatment 

Early postnatal rat pups with the day of birth designated as PO, and adult male 

Sprague-Dawley rats (P6O) received either kainate (P8, 2 mg/kg; P13, 3 mg/kg; P21, 6 

mg/kg; P25, 8 mg/kg; P6O, 10-12 mg/kg), or saline. Some ofthe animals in each group 

received sodium pentobarbital (25 mg/kg, i.p.) 30 min prior to kainate or saline 

administration. Animals were observed for the onset and duration of behavioral seizure 

activity. Kainate and saline treated rats were sacrificed 1 h or 16 h following seizure onset in 

the developmental KA group, and 0.5 h, 4 h, 8 h, 16 h, 4 d and 7 d following seizure onset 

in the adult group (P6O). 

In situ hybridization histochemistry 

BDNF cDNA probes were transcribed in the presence of either [32p]UTP for 

northem blot analysis (800 Ci/mmol) or [35S]UTP for in situ hybridization (1300 

Ci/mmol) from a 460 bp template of rat BDNF cDNA. No specific labeling was observed 

in adjacent sections in each group that were hybridized with [35S] labelIed sense strand of 

BDNF or pretreated with 20 J.1g/rnl RNase prior to probe hybridization. In addition, the 

specificity of the probe was verified by Northem blot analysis of tissue total RNA and 

comparison with hybridization of adjacent tissue seetions to [35S]NGF cRNA. 

For in situ hybridization studies, animals were sacrificed and the brains were 

removed and frozen at -15 0 C in isopentane. In situ hybridization on brain sections was 

carried out following a procedure described previously (Dugich-Djordjevic et al., 1991a) in 

detail elsewhere. Following dry film autoradiography, sections were processed for 

emulsion autoradiography. Slides were dipped in Kodak NTB-2 emulsion (diluted 1:1 with 

600 mM ammonium acetate) and exposed in the dark at 22 0 C for 7-14 days. Slides were 

then developed in D-19 (Kodak) at 15 0 C for 2-3 minutes, fixed for 4 min in fixer 

(Kodak) and counterstained with cresyl violet 

RESULTS 
BDNF mRN A expression in rat brain during normal development 

Figure 1 is a representative autoradiograph of the normal distribution of BDNF 

mRNA in the adult rat. Hybridization of [35S]BDNF cRNA was localized to hippocampal 

subregions, various neocortical areas, and specific target regions of the olfactory system. 
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Fig. 1. BDNF mRNA expression in the adult rat brain. 
Representative autoradiograph of a coronal brain seetion through the dorsal 
hippocampus of an adult rat hybridized with a [35S1labelled BDNF cRNA probe. 

As shown in Figure 2, the developmental distribution of [35S]BDNF cRNA 

hybridization signal was restricted to hippocampal subregions and various neocortical 

areas. Densitometric quantitation of fJlm autoradiographs revealed that BDNF mRNA 

expression in untreated rats was quantitatively similar at P8, PB and P25; however, a 

significant increase in hybridization signal was apparent in the CA3 pyramidal region, the 

dentate granule celllayer, and the piriform cortex at P2I. Elevations were also evident in 

CAI, superficial corticallayers, cortex, amygdala and thalamus, but these increases were 

not statistically significant. 

Detailed examination of hybridization patterns in emulsion autoradiographs revealed 

a qualitatively different pattern of expression among hippocampal subregions. Generally, 

hybridization was either uniform and diffusely scattered or was localized over cell bodies. 

In some instances, both patterns were observed in the same region. Diffuse hybridization 

patterns within the hippocampus at select developmental stages suggested localization to the 

neuropil. The appearence of punctate labeling was observed over both the large pyramidal 

cells and the dentate granule cells in the hippocampus, and in cells of corticallayers. 

Figure 3 demonstrates the variations in [35S] BDNF cRNA hybridization patterns 

within the granule cell region of the control hippocampus. At postnatal day 8, diffuse 

hybridization is evident across the entire granule celllayer of the dentate gyros (Fig. 3A). 

At P21, diffuse labeling was evident and appeared more dense, while punctate areas were 

apparent in the somatodendritic region (Fig. 3B). This punctate pattern remained evident at 

P25, with greatly increased numbers ofvery densely hybridizing puncta. The diffuse label 

across the celllayer had disappeared at P25 (Fig. 3C). 
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Fig. 2. Deve!opmental expression of BDNF mRNA in untreated rats. 
Levels of [35S1 BDNF cRNA hybridization in hippocampal and cortical subregions at ages P8 
to p60. Optical density values are expressed as the mean ± sem and were based on calibrated 
grey scale standards exposed to the film • p < 0.01 = P21 versus P8 and p60. 
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Fig. 3. Basal expression of BDNF mRNA in the dentate gyrus. 
Darkfie!d emulsion autoradiographs of [35S1 BDNF cRNA hybridization in the 
dentate gyrus granule celllayer (mag. x 10) control (A) rats at P8, P21 and P25 days. 
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BDNF mRNA expression following seizure acttvlty 

Following systemic KA-induced seizure, [35S]BDNF cRNA hybridization was 

increased in all areas of the limbic system and cortex that demonstrated [35S]BDNF 

labeling in untreated animals. The temporal pattern of increases in hybridization density 

differed for hippocampal and cortical regions (Fig. 4). 

At 1/2 hour following the onset ofKA-induced behavioral seizures, increases in 

hybridization of [35S]BDNF cRNA were localized to hippocampal and cortical regions. 

Increased probe hybridization was evident in all hippocampal pyramidallayers and the 

dentate granule celllayer, in addition to posterolateral and posteromedial amygdaloid 

nuc1ei, and the piriform cortex. The perirhinal area of cortex demonstrated increases in 

hybridization density in layer 11 and in deeper layers. 

Four hours following seizure onset an increase of probe hybridization was 

observed in the deep and superficial entorhinal regions and increases in [35S]BDNF 

mRNA hybridization extended throughout layers 11 and VI of the parietal and retrosplenial 

areas. Within the deep and superficiallayers of the parietal and retrosplenial cortices, the 

[35S]BDNF cRNA hybridization signal recovered to basal levels by 8 hours. 

By 16 hours following seizure onset, the extent of [35S]BDNF cRNA 

hybridization had dec1ined to basal levels in all cortical areas with the exception of the 

deeper layers of the perirhinal, entorhinal and piriform cortices. In addition, the 

hippocampal pyramidallayers and granule celllayer still displayed increased [35S]BDNF 

cRNA hybridization. 

Maximal levels of hybridization signal densities in the hippocampus were achieved 

1 to 4 hours following seizure on set, while maximum corticallevels were attained 4 to 8 

hours post-seizure. While the dentate granule celllayer and the CA3'pyramidal region had 

attained maximum levels of [35S]BDNF cRNA hybridization 1 hour following seizure 

onset, the populations in CA1 and in the hilar region did not reach maximal levels unti14 h 

post-seizure. Furthermore, the entorhinal, perirhinal and piriform layers demonstrated 

highest hybridization levels at 8 hours. 

Systemic KA administration resulted in seizure activity at all developmental stages 

studied. While in the adult hippocampus, systemic KA increases in BDNF mRNA 

expression in all hippocampal subregions at 1 hour following the onset of seizure activity, 

BDNF mRNA levels remained unchanged from control following seizure activity at P8 

(Figure 5). The developmental on set of the adult pattern of BDNF mRNA expression 

differed among the hippocampal subregions, but in general reached adult patterns of 

expression by P2I. In the dentate granule celllayer and the CA1 pyramidal region, small, 

but statistically significant increases in hybridization signal were observed at 1 hour 

following seizure onset at P13, while within the CA3 and the hilar regions, KA-induced 

increases in the expression of BDNF mRNA were not apparent until P21. The superficial 

corticallayers, the amygdala and the piriform region showed no increases in response to 

seizure activity until P25. 
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Fig. 4. Time course of BDNF mRNA expression following seizure in the adult rat. 
Values [mean ± SEM; n (untreated) - 3-4, and n (treated) = 4-5l. Quantitation of optical 
densities were based on calibrated grey scale densities. Densities were measured over the 
entire area of each subregion. Abscissa = time following onset of seizure; ordinate = optical 
density. 
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Fig. 5. Temporal distribution of BDNF mRNA in coronal sections of rat brain foJlowing KA-induced 
seizure. 
Representative autoradiographs of [35S1 BDNF cRNA hybridization to coronal brain sections 
through the dorsal hippocampus of rats at 13, 21, 25 days postnatal and in adult at 1 hour 
foJlowing seizure onset. Photographs were printed directly from the autoradiographic film 
used for quantitation of optical densities. 

NEURONAL AcnVA nON IN THE REGULA nON OF BDNF mRNA 
It has been previously suggested that the regulation of BDNF mRNA is related to 

neuronal activation states (Zafra et al., 1991), and a number of observations in the present 

study support this conclusion. Since neuronal damage does not become manifest until 

several hours after seizure onset (Lothman & Collins, 1981), the early BDNF mRNA 

response suggests that increased BDNF mRNA expression is activity related and not 

caused by the direct neurotoxic action of KA. Pentobarbitol administration, which inhibits 

behavioral seizure manifestations (Ben-Ari et al., 1981), can inhibit the increases in 

[35S]BDNF cRNA signal (Dugich-Djordjevic et al., 1991a), thus supporting this 

conclusion. Furthermore, the time course of maximal BDNF mRNA expression in various 

regions also implicates an activity mediated mechanism. Maximal responses to KA-induced 

seizure activity were observed at 1 hour in the dentate granule layer and the CA3 pyramidal 

region, and were followed by maximal increases in the CAI and the hilar region at 4 hours. 

In the cortical areas, an even more delayed response was evident with maximum 

hybridization levels observed 4 to 8 hours following seizure. This delay in maximum 

[35S]BDNF cRNA hybridization follows in parallel with the temporal neuronal activation 

patterns measured both electrophysiolgically and metabolically following parenteral 

administration of KA (Ben-Ari et al., 1981). Finally, it has been demonstrated that 

potassium-mediated depolarization can increase [35S]BDNF cRNA hybridization in 

hippocampal cultures by three-fold over basal levels and that the effect is Ca+2-dependent 

(Zafra et al., 1990), thus suggesting a direct activity regulated BDNF mRNA expression in 

vitro. 

Dur data, however, suggest that neuronal activity alone is not a sufficient stimulus 

to increase BDNF mRNA expression. The dorsal thalamic nuclei demonstrate a substantial 

rise in metabolic activity within 2 to 5 hours following systemic KA-induced seizures 
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(Ben-Ari et al., 1981), but do not exhibit increased [35S]BDNF eRNA hybridization, even 

though it has been reported that low, basal levels of BDNF mRNA are present in these 

areas (Hof er etal., 1990). In addition, although the spatial distribution of [35S]BDNF 

eRNA hybridization increases oceur in parallel with metabolie and electrographie 

parameters following seizure, and the onset patterns generally eorrelate with sueeessively 

depolarized regions within the limbic cireuitry, the duration of these ehanges in BDNF 

rnRNA expression is more diffieult to explain on the basis of increased neuronal aetivation 

or metabolism alone. In the dentate granule eells and the hilar regions BDNF mRNA 

expression remains signifieantly elevated to at least 4 days following seizure onset. 

Nevertheless, the CA1 and CA3 regions exhibit eontrollevels by 16 hours post-seizure. 

Metabolie 2-deoxyglueose (2-DG) mapping studies of hippocampal pyramidal 

fields and dentate granule eelllayer during the first postnatal week of development in the rat 

have demonstrated high levels of 2DG labeling; however, by P14, the density of 2DG 

labeling in CA1 and CA3 is increased, but labeling over the granule eell population is 

deereased (Niteeka et al., 1984). In this ease, the basal expression of BDNF rnRNA 

observed in our study dosely paralleis the 2-DG maps. With the exeeption of inereased 

metabolie aetivity appearing in the amygdala at P25, this pattern of 2-DG eonsumption 

remains qualitatively sirnilar to adulthood, again in dose agreement with the distribution of 

BDNF mRNA expression. 

The eorrelative evidenee involving 2DG eonsumption and BDNF rnRNA 

expression suggests that basal metabolie aetivity may be an important faetor in the 

developmental expression ofBDNF rnRNA. However, following systemic KA-indueed 

seizure aetivity, the 2DG eonsumption maps do not eorrespond as closely to the expression 

of BDNF mRNA indueed by seizure activity. Inereases in 2DG eonsumption are first 

evident in the CA3 region at P7, with subsequent inereases in pyramidallayers and the 

dentate granule eeHlayer in rats until2 weeks of age (Tremblay et al., 1984); however, we 

did not observe an increase in BDNF mRNA expression in any of the hippocampal areas at 

P8. Small increases were apparent in the dentate granule eelilayer and the CA1 population 

at P13, but no inereased BDNF mRNA expression was evident in the hilus and CA3. 

Although the reported inereases in metabolie activity (Nitecka et al., 1984) eorrelate 

with the inereased BDNF mRNA expression in the amygdala, piriform eortex and inner 

eortieallayers observed in the adult rat, no ehanges in BDNF mRNA levels were observed 

in the thalamus. Sirnilarly, in early postnatal rats, the anteromedial thalarnie struetures did 

not exhibit increased BDNF mRNA expression following KA-indueed seizure aetivity, 

even though these areas undergo intense neuronal aetivation in the developing rat foHowing 

seizure. Thus, our data do not fuHy support the view that BDNF mRNA expression is 

regulated by neuronal aetivation alone. 

THE RELATIONS HIP OF BDNF mRNA EXPRESSION TO THE SELECTIVE 
VULNERABILITY OF NEURONS 

Hippocampal neuronal populations displaya selective vulnerability in response to 
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KA seizure activity (Sloviter, 1986). We speculated that alterations of expression of BDNF 

mRNA might be associated with the neuropathological consequences of KA-induced 

seizure activity; however,the extent and time of onset of [35S]BDNF cRNA hybridization 

increases not do not c1early correlate with the vulnerability to KA damage in the 

hippocampus and the cortex. 

KA-induced seizure damage is not evident in animals prior to postnatal day 18 

(Nitecka et al., 1984). Thus, the pattern of BDNF expression prior to P21 cannot be 

correlated with neuronalloss. However, this observation indicates that increased BDNF 

mRNA expression is not a cause of neuronal damage, nor is its upregulation strictly a 

nonspecific response to neuronal damage induced by KA administration. 

In the adult, the DG and the CA3 regions showed similar proftles ofBDNF mRNA 

expression following administration of systemic KA; however, these subregions differ in 

the extent of cellular damage incurred in response to seizure activity (Lothman & Collins, 

1981). Additionally, the amygdala and the piriforrn cortex, which are very sensitive to 

seizure-induced damage (Schwob et al., 1980) exhibit long-terrn increases in BDNF 

mRNA levels. 

BDNF AS A FACTOR IN SYNAPTIC REMODELLING 

The three presently characterized neurotrophins, NGF, BDNF, and NT3 are 

expressed in specific but overlapping areas within the hippocampus (Phillips et al., 1990). 

BDNF and NGF are expressed in both the pyramidal and granule celllayers, while NT3 is 

restricted to the dentate granule celllayer and the CA2 region of hippocampus (Phillips et 

al. , 1990). 

Systemic KA-induced seizure dependent induction of both NGF mRNA (Gall et 

al., 1991) and BDNF mRNA (Zafra et al., 1990; Dugich-Djordjevic 1991a) is specific for 

the particular neurotrophin. In the hippocampus, NGF mRNA is increased in the dentate 

granule cell population, but not the CA1 region (Gall et al., 1991; Dugich-Djordjevic 

1991a); while BDNF mRNA is increased in all pyrarnidallayers, the hilar region, and most 

dramatically in the dentate granule celllayer (Dugich-Djordjevic 1991a). Fmtherrnore, the 

temporal characteristics of the activity-invoked increases in mRNA differ within 

hippocampal and cortical subregion, indicating a regionally-dependent regulation of the 

factors. Increases in BDNF mRNA and NGF mRNA, but not NT3 mRNA have been 

reported following kindling in the rat (Ernfors et al., 1991). 

The increased expression of BDNF mRNA during seizure activation and kindling 

activation described above suggests a role for BDNF in plasticity responses following 

neuronal insult, if subsequent production of the neurotrophin protein is also increased. 

Synaptic rearrangements, notably sprouting of collateral mossy fibeTS, occur following 

systemic KA-induced seizure activity and have been well characterized (Nadler et al., 

1981). Moreover, there appears to be a coincidence of the spatio-temporal distribution of 

[35S]BDNF cRNA hybridization increases we describe and reported neuronal and glial 

swelling following systemic KA (Petit et al., 1989). This suggests that the activation of 
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early plasticity responses by BDNF might represent a eontinually operative mechanism of 

neuronal plasticity in response to injury in the adult. 

We have proposed a role for neurotrophie faetors in the brain as possible mediators 

of synaptie reorganization (Hefti et al., 1990). The KA-induced BDNF mRNA response 

may set the stage for synaptie reorganization in permissive neurons. 
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SECTION III 

PHOSPHOLIPIDS IN ALZHEIMER'S TREATMENT 

Age dependent changes in membrane lipids have prompted membrane hypotheses of 

aging and Alzheimer's Disease. The older hypotheses suggest that changes in membrane 

fluidity might alter the function of membrane proteins leading to neuronal dysfunction during 

senescence. These hypotheses tend to be impossible to test and are only supported by correlative 

data. Recent studies have established that in addition to providing a hydrophobic milieu for 

membrane proteins, membrane phospholipids are also involved in a variety of signal processes 

including the generation of both intracellular second messengers and extracellular signal factors. 

Changes in cholinergic receptor stimulated phosphoinositide hydrolysis during aging is 

discussed elsewhere in this book. Phosphatidylcholine (lecithin) has been studied as a potential 

phospholipid therapy for Alzheimer's disease with the rational that phosphatidylcholine depletion 

in forebrain cholinergic neurons underlies the loss of these neurons in Alzheimer's disease. 

Lecithin has undergone many trials without clear success and therefore is not a subject discussed 

within this section. 

Phosphatidylserine is a minor membrane membrane phospholipid compared to 

phosphatidylcholine. Three chapters on phosphatidylserine progress from cellular, to animal 

experiments to human clinical trails of apreparation of phosphatidylserine, ego BC-PS. The 

fIrst chapter describes phosphatidylserine stimulation of protein secretion by macrophages 

treated with phosphatidylserine. 1t is hypothesized that phosphatidylserine stimulates the 

secretion of growth and trophic factors by macrophages. The second chapter contains behavioral 

and anatomical studies on the effects ofBC-PS on old rats. BC-PS is found to enhance the 

performance of old impaired rats on cognitive tests and to reverse the decline in cholinergic 

neurons. The third chapter describes clinical trials with BC-PS on Age Associated Memory 

Impairment and Alzheimer's disease. Improvement is noted in several cognitive tests in patients 

at the lower range of normal cognitive function and in certain Alzheimer's patients. 1t is 

suggested that BC-PS is an excellent candidate forpropylactic treatment of early Alzheimer's 

disease. Taken together these studies suggest that phosphatidylserine may enhance growth factor 

formation such that improvement is most pronounced when central nervous system cognitive 

function is beginning to decline during senescence. Phosphatidylserine represents one of the 

most interesting potential therapies for Alzheimer's disease. 
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Physiological Functions of Macrophages and Monocytes: 
Mononuclear phagocytes, and macrophages are mobile and long lived cells that play 

an important role as effector cells in numerous tissue and body functions. These cells 

originate from stern cells within the bone marrow which differentiate into circulating blood 

monocytes and tissue macrophages. Macrophages adapt to their environment and express 

important and unique tissue functions related to the various anatomical sites and organs (eg. 

Kupffer cells in liver, pulmonary alveolar macrophages, osteoclasts in bone, rnicroglia in 

brain). Macrophages possess a large number of cell surface receptors which respond to a 

variety of different stimuli enhancing specific functions and secretory activity. 

Inflammation and cell mediated immune responses, wound healing, host defense against 

tumors, tissue destruction and removal of senescent erythrocytes represent established 

areas of macrophage function. Macrophage will be used within this review to refer to all 

cells of mononuclear phagocyte lineage, inc1uding monocytes. This will simplify 

discussion of the different functions expressed by these cells of common lineage. 

The role of the macrophage in the immune response includes both the acute-phase 

response and the specific cellular response. Macrophages activated by foreign antigens 

release interleukin-l and tissue necrosis factors which are in part responsible for the fever, 

skeletal muscle catabolism and other endocrine and metabolic changes associated with 

inflammation (Wan, I.M. et al. 1989). The macrophage is also responsible for processing 

and presenting antigen to T-Iymphocytes. The macrophage carries major 

histocompatibility complex class 11 surface antigens which in the presence of cytokines 

released by macrophages activates T-helper lymphocytes initiating further steps in the 

immune response. Thus, the macrophage can be activated in one manner to initiate the 

immune response. 

TreaJmenl 0/ Dementias, Edited by Edwin M. Meyer 
el al., Plenum Press, New York, 1992 187 



W ound healing represents an additional important area of rnacrophage function. 

Although the initial wound response involves neutrophils, macrophages predominate at 

later stages of healing and remain present until the wound heals (Hunt, IS. 1990; 

Knighton, D.R. and Fiegel, V.D. 1989). Macrophages serve a dual role in wound healing, 

they assist neutrophils in phagocytosis and host defense, and produce locally acting growth 

factors that stimulate mesenchymal cell proliferation, migration, and extracellular matrix 

synthesis. The end result is granulation tissue which fills the wound space. Experimental 

removal of macrophages significantly impairs the repair response (Leibovich, S.J. and 

Ross, R. 1976). Growth factor secretion represents a significant aspect of the repair 

function of macrophages. Angiogenesis factors are produced to stimulate new capillary 

formation. Furthermore, mitogenic factors, originally called rnacrophage derived growth 

factors have been discovered to include platelet-derived growth factors (Shimokado, K. et 

al. 1985) as weIl as several other growth factors and important proteins. For example, 

following a cut or crush of the sciatic nerve macrophages enter the injury and secrete not 

only growth factors,but other important proteins such as apolipoprotein E (apo-E). Apo-E 

is a protein that serves as a ligand for the low density lipoprotein (LDL) receptor and 

through interaction with these receptors participates in the transfer of lipids among various 

cells (Breslow, J.L. 1985). Macrophages activated by phagocytized lipids secrete growth 

factors stimulating regeneration of the nerve and apo-E to allow uptake of the lipids by 

various non-phagocytic cells. The regenerating nerve begins with the proximal stump 

sending out neuritic sprouts one of which becomes the regenerating axon (Mahley, R.W. 

1988). The tips of the neurites express high levels of LDL receptors which likely 

participate in lipid uptake allowing membrane regeneration. Remyelination of the axons by 

Schwann cells begins within 1-2 weeks. The lipids in the Schwann cells are depleted by 

injury and the expression ofLDL receptors mediates the uptake oflipids to allow final 

healing of the myelin sheath (Mahley 1988). Thus, rnacrophages secrete a variety of 

different proteins important in wound healing and cell growth. 

In addition to inflammatory and healing responses rnacrophages are likely to 

participate in the normal cycling of cells undergoing groWth and senescense within tissues. 

An example of this is the macrophages of the spleen which appear to playa key role in the 

removal of senescent erythrocytes (Tanaka, Y. and Schroit, AJ. 1983). Phagocytie 

macrophages remove senescent, damaged eells from tissues and stimulate growth by 

secreting agents maintaining tissue integrity. Macrophages also secrete more than 100 

substances from small bioactive lipids and peptides to extremely large proteins whieh vary 

in biologie activity from induction of cell growth to eell death (Nathan, C.P. 1987). This 

wide range of cellular functions make the macrophage a principle eell in maintaining the 

vitality of the organism. 

Macrophages and the Phosphatidylserine-Scavenger 
Receptor 

Phosphatidylserine (PS) is a unique negatively eharged phospholipid. It is a 
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relatively minor membrane phospholipid synthesized only through base-exchange 

pathways and is almost exclusively localized to the inner layer of the phospholipid bilayer 

of cellular plasma membranes (Rothman, J.E. and Lenard, J. 1977; Etemadi, A-H. 1980) 

The mechanisms maintaining membrane bilayer phospholipid asymmetry are poorly 

understood. Studies of exogenous PS have found that it is rapidly and specifically 

translocated from its site of insertion in the outer leaflet to the inner leaflet by an A TP

dependent stereospecific enzyme (Martin, O.C. and Pagano, R.E. 1987; Connor, J. and 

Schroit, A.J. 1989; Connor, J. and Schroit, AJ. 1990). Other lipids such as 

phosphatidylcholine and sphingomyelin can be inserted into the phospholipid bilayer but do 

not undergo translocation to the inner leaflet (Martin and Pagano 1987). Two mechanisms 

are responsible for the maintenance of PS membrane asymmetry. The first involves the 

A TP-dependent translocase responsible for outside to inside movement of any PS in the 

outer leaflet. This 32 kDa enzyme is sensitive to oxidation, has been found in numerous 

species and cell types and is stereospecific for PS and phosphatidylethanolamine. The 

second mechanism responsible for the maintenance ofPS membrane asymmetry is 

stabilization of inner leaflet PS by endofacial membrane cytoskeletal proteins such as 

spectrin (Connor and Schroit 1989; Connor and Schroit 1990). The significance of 

maintaining plasma membrane PS asymmetry is uncertain, however, studies have 

suggested that PS on the outer surface of the membrane can serve as a signal for the in-vivo 

recognition and clearance of senescent erythrocytes from circulation (Schroit, AJ. et al. 

1985). It is possible that PS serves as a signal for the removal of damaged and senescent 

ceHs in a variety of tissues. 

Macrophages have been shown to take up various ligands by scavenger receptors. 

Acidic phospholipids, particularly PS, are recognized by these scavenger receptors and 

result in the uptake of lipids and proteins. Several scavenger receptors apparently unique to 

macrophages recognize oxidized or acetylated proteins as weH as acidic phospholipids 

(Nishikawa, K. et al. 1990). Macrophages actively incorporate and metabolize 

phosphatidylcholine/cholesterol vesicles when smaH amounts of acidic phospholipids are 

included within the vesicle. Furthennore, PS has been shown to bind to and stirnulate 

growth of macrophages. Bruni and colleagues have found that PS is intemalized not only 

by macrophages (eg. adherent monocytes), but also by rat lymphocyte enriched non

adherent ceHs (Mietto, L. er al. 1989). Taken together these studies suggest that a PS

scavenger receptor may be involved in macrophage phagocytosis of lipid vesicles and 

macrophage activation. These receptors could provide a mechanism for macrophages to 

respond to pathological changes in ceH viability initiating healing processes as weH as the 

more generally recognized responses to trauma and infection. Furthennore, they may play 

a role in cell removal and growth within tissues or organs. 

Uptake of PS by Macrophages 
To investigate the specificity of incorporation of phospholipids, adherent mouse 

peritoneal macrophages in culture were incubated with vesicles prepared from various types 
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Figure 1: Liposome Uptake by mouse peritoneal macrophages. Mouse macrophages were 
elicited with 2.4% thioglycollate broth 3 days before harvesting by peritoneallavage. Cells 
obtained by peritoneallavage were plated at 5 xl()6 cells per 35mm weH, incubated for 2 
hours and non-adherent ceHs removed by washing. Liposomes were made by dissolving 
various lipids in chloroform including trace amounts of [3H]-OPPC (2uCi/mg lipid
represents < 0.002% of total lipid). The chloroform containing lipids was dried under 
nitrogen, and then sonicated to form liposomes. Shown are the mean ± s.e.m. cellular 
contents (n= 6) of the various lipids after 1 hour of incubation with liposomes (100ug/ml). 
PS = phosphatidylserine; pe = phosphatidylcholine; SM = sphingomyelin; PE = 
phosphatidylethanolamine; GM] = GMI gangioside. 

of phospholipids. PS vesicles were internalized to a greater extent than any of the other 

lipids studied (Fig.l). PS has been shown to promote the endocytosis of liposomes in rat 

macrophages (Mietto, etal. 1989), human monocytes (Mehta, K. et al. 1982), rat Kupffer 

ceHs (Dijkstra, J. et al. 1985) and insect monocytes (Ratner, S. et al. 1986). Natural 

phosphatidyl-L-serine has a greater affinity than phosphatidyl-O-serine (Mietto, et al. 

1989). This uptake process is not entirely related to the negative charge of 

phosphatidylserine since GMI ganglioside is strongly negatively charged and is not taken 

up by the macrophages. 

PS intemalized by macrophages forms large intraceHular vacuoles enriched with the 

lipid. Using fluorescent probes specific for lipids(Greenspan, P. and Fowler, S.O. 1985; 

Greenspan, P. et al. 1985), treatment ofmacrophages in culture with PS vesicles results in 

the formation of large lipid vacuoles which appear 10 surround the nucleus (Fig. 2). In 

addition, the macrophages are observed to show membrane blebs, surface spreading and 

possibly ruffling of membranes which are signs of macrophage activation (Fels, A.O. and 

Cohn, Z.A. 1986). The large lipid containing vacuoles are likely to contain primarily PS 

recently phagocytized. Mietto etal 1989 found that PS vesicles phagocytized by rat 
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Figure. 2. Mouse Macrophage containing phosphatidylserine liposomes. Macrophages 
were prepared as described above, incubated with PS (lhr.-l00ug/ml) and stained with nile 
red, a fluorescent die specific for intracellular lipid drop lets (Greenspan and Fowler 
1985)(Greenspan et al. 1985) White arrows point to PS droplets within macrophages. 
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macrophages was 90% intact after 60 minutes. These studies also noted the formation of 

lyso-PS (3%) which is know to have bioactive properties on macrophages. The uptake of 

PS was reduced by treatment of macrophages with trypsin suggesting that certain specific 

cell surface proteins were involved in the uptake process. 

These studies suggest that macrophages have cell surface proteins, ego PS

scavenger receptors, involved in the recognition and uptake of PS. The PS containing 

vacuoles are slowly metabolized, appear to localize near the nucleus, and morphologically 

appear to activate the macrophage. 

PS and Macrophage Protein Secretion 
Macrophages secrete a large variety of factors in various sizes with diverse 

functions (N athan 1987). To investigate the effects of PS on macrophage secretion we 

studied the incorporation of [35S]-containing amino acids into proteins secreted into the 

medium of cultured adherent rnacrophages. Macrophages were treated with PS for 8 

hours, a time point previously found to allow maximal uptake of PS vesicles by 

macrophages. During this time period the secretion of newly synthesized, ie. [35S]

proteins was more than doubled. The increased secretion of proteins suggests that the 

rnacrophage secretory process is activated as weIl as its protein synthetic processes forming 

secreted proteins. It is possible that the localization of PS vacuoles near the nucleus results 

in the activation of secretory protein synthetic mechanisms. PS is an important lipid in the 

activation of protein kinase C an enzyme known to modify rates of gene transcription in a 

variety of cell types. Recent studies have suggested that PKC may participate in the 

actions of PS. (Calderini, G. et al. 1986; CREWS, F.T. et al. 1988) 

5 

o 

** Figure 3. Secretion 0/ [35 SJ-labeled proteins by 
Macrophages. Shown is the total [35S]-labeled 
proteins isolated from the supematant of mouse 
peritoneal rnacrophages. Cells obtained by 
peritoneallavage were plated at 5 xl06 cells per 
35mm weIl, incubated for 2 hours and non
adherent cells removed by washing. Adherent 
rnacrophages were incubated an additional 16 
hrs. in DMEM-5%FBS, changed to DMEM for 
16 hours and then an additional 8 hours in 
methione depleted DMEM. Macrophages were 
then treated with or without PS (l00ug/ml) in 
methionine deficient DMEM containing [35S]_ 
methionine (l00uCi/ml) for 8 hours. Shown is 
the total radioactivity of proteins secreted into the 

Control PS treated supernatant and isolated by gel permeation 
chromatography and washed 6 times in Arnicon centriprep and centricon concentrators. 
Values are the mean and S.E.M. of 6 wells. PS treated cells secreted significantly more 
radiolabeled proteins P<O.Ol. Total cellular proteins for control and PS treated wells were 
868±19 and 890±14 ug/well respectively. Sirnilar results were obtained with an additional 
experiment of sirnilar design. 
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To detennine if the increased secretion of proteins and polypeptides by 

macrophages was due to the secretion of a specific subset of proteins, secreted proteins 

were concentrated and separated by molecularweight using SDS-PAGE electrophoresis. 

Separation and autoradiography of the gel indicated that the synthesis and secretion of a 

large variety ofproteins is increased by PS (Fig. 4). Particularly apparent are proteins of 

molecular weights 30,000 to 45,000. A variety of important macrophage secretory 

products are within this range of molecular weights including apolipoprotein B (30,000), 

apo-E (33-35,000), Beta-endorphin (35,0000), fibroblast activating factors (25-40,000), 

plasminogen activators (28-48,000). These proteins would be beneficial in tissue healing 

processes. Proteins of molecular weights greater that 45,000 show only slight increases. 

These larger proteins may not be stimulated or may require Ion ger times for the activation to 

be expressed. The most marked difference appears to be in the low molecular weight 

proteins less that 14,000 m.w. 
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14 ---. _.--~ 

STD PS Control PS Control 
Fig. 4. Effects of Phosphatidylserine on protein secretion by Macrophages. Mouse 
peritoneal macrophages were treated with or with phosphatidylserine (IOOug/ml) and 
supematant proteins concentrated as described in the legend of figure 3. Shown is an 
autoradiograph of an 12%SDS-PAGE gel containing [l4C]-labeled molecular weight 
standards (STD) and total [35S]-secreted proteins from two PS and two control weHs. 
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To quantitate the differences in macrophage secreted proteins between PS and 

control cells the radioactivity of each of the areas on the gel was quantitated (Fig. 5). 

Several prominent peaks are clearly observed ranging from molecular weights around 

70,000 to less than 14,000. The peaks at 33-35,000 M.W. could include apo-E. The 

greatest increase in 35S-labelled proteins is observed in molecular weights less than 

14,000. Radioactivity in this molecular weight range increased approximately 6 fold with 

PS treatment. These smaIl molecular weight polypeptides are likely to include the 

polypeptide hormones, mitogens and growth factors which are known to be secreted by 

macrophages (Nathan 1987). Additional studies will be needed to determine the exact 

nature of the proteins that are secreted in the presence of PS. 
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Fig. 5. Radioactivity of [35 S J-secreted proteins from Phosphatidylserine (PS) and control 
macrophages. Mouse peritoneal macrophages were treated with or without 
phosphatidylserine (PS-l00ug/ml), supematant proteins concentrated and run on 12%SDS
PAGE gels as described in the legends of figures 2 and 3. Shown is a sean of the lane 
obtained using a Betascope analyzer. Values shown are radioactivity in OAmm increments 
ofthe respective lanes scanned for approximately 3 hours. The position of [14C]-labeled 
molecular weight standards is indicated at the top of the figure. 
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Figure 6. Schematic diagram 0/ secretory products and potential role 0/ macrophages in 
wound healing. Activation of macrophages could occur through exposure of PS from 
damaged andlor senescent cells that release membrane fragments exposing PS or through 
loss of translocase and cytoskeletal processes maintaining PS localization to the intracellular 
leaflet of the phospholipid bilayer. Pharmacologically PS may activate macrophages 
stimulating cellular growth processes directly. 

Activation of macrophages by PS clearly induces the synthesis and secretion of a 

variety of proteins. Macrophages are activated to carry out a variety of functions. PS 

treatment of macrophages does not stimulate the production of superoxide ion (Mietto, et 

al. 1989) suggesting that the type of activation of macrophages by PS is not comparable to 

that used to defend against foreign substances. PS does not affect the process of antigen 

degradation and presentation to lymphocytes (Ponzin, D. et al. 1989), although it has been 

shown to reduce the microbicidal activity of macrophages towards leichmanias (Gilbreath, 

MJ. et al. 1986). PS treatment of rats has been shown to blunt certain aspects of the 

immune response (Bruni, A. et al. 1991; Bruni 1991). Furthermore, PS treatment of mice 

reduces the primary humeral immune response and lipopolysaccharide-induced serum 

increases in tumor necrosis factor (Bruni et al. 1991; Bruni 1991). Thus, it is possible 

that PS may activate macrophages to secrete proteins important in growth and healing and 

reduce their ability to be activated as inflammatory cells. 

The mechanism of PS stimulated secretion of proteins by macrophages is not dear. 

Lyso-PS is formed upon PS treatment of macrophages and is a bioactive lipid which could 
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contribute to macrophage activation (Mietto et al. 1989; Bruni et al. 1991; Bruni, A 

1991). In-vivo PS vesicles are rapidly cleared from the blood with large amounts 

sequestered in the liver and spleen (Toffano, G. et al. 1982; Palatini, P. et al. 1991). 

These tissues contain macrophages which recognize the PS containing vesicles through the 

PS-scavenger receptor and are likely activated to secrete proteins. Activated macrophages 

and/or the secreted proteins could circulate throughout the body. Macrophages containing 

PS could slowly release small amounts of lyso-PS stimulating cellular responses (Bruni et 

al. 1991). Activated macrophages may also migrate to many organs including the central 

nervous system and continue to release proteins and lipids inducing biological actions. 

Additional experiments will be required to determine the role of macrophage activation and 

secretion in the diverse pharmacological actions of PS treatment. 

Summary 
Macrophages have a surface PS-scavenger receptor which recognizes PS and 

stimulates uptake into the cello Uptake of PS by macrophages greatly increases the 

synthesis and secretion of a variety of proteins, particularly low molecular weight proteins. 

These secretory products could contribute to the pharmacological actions of PS. 
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IN1RODUCI10N 
Age-dependent changes in neuronal membrane composition and function have been 

described, and a widely accepted "membrane hypothesis of aging" has been proposed to 

explain the decay of cerebral performance in old age (Sun and Sun, 1979). Among the age

dependent changes which affect the composition and function of the neuronal membrane is 

an increased cholesterol-to-phospholipid molar ratio, a reduction of enzymatic activities and 

decreased efficiency of signal transduction mechanisms (Schroeder, 1984). 

Aging is accompanied by a decay of learning and memory functions and a decrease, 

among others, of cholinergic and monoaminergic neurotransmission. In particular, 

evidence has been provided, in both man and experimental animals, that age-associated 

derangement of basal forebrain cholinergic nuclei (Whitehouse et al., 1982; Fisher et al., 

1989) and synaptic loss in the cerebral cortex (De Kosky and Scheff, 1990; Geinisman et 

al., 1986) correlate with the degree of cognitive impairment. Across a wide range of 

behavioral testing procedures, aged animal consistently demonstrate impaired performance 

relative to that of young animals. Indeed, one of the most consistent findings in studies 

using rodents is that aged rats are impaired in tasks that young animals solve using spatial 

information, including the 8-arm radial maze (Wallace et al., 1980), the Barnes hole-board 

(Barnes, 1979), and the Morris water maze (Gage et al., 1984). Although many brain areas 

have been implicated in spatial memory processes, recent studies have focused on the 

hippocampal formation and its afferent systems, e.g. the cholinergic septo-hippocampal 

and glutamatergic entorhinodentate pathways (Fisher et al., 1989; Geinisman et al., 1986). 

Phosphatidylserine represents the major acidie phospholipid in the brain. When 

administered to aged rats phosphatidylserine, extracted and purified from bovine brain 

(BC-PS), normalizes the cholesterol-to-phospholipid molar ratio (Calderini et al., 1985), 

thus restoring proper membrane fluidity and composition. Restoration of membrane 

structura1 properties by PS is further evidenced by the phospholipid-induced enhancement 
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of Na+, K+-ATPase activity (Calderini et al., 1985), nonnalization of Ca++ entry into 

cortical synaptosomes (Pepeu et al., 1986) and balance between the cytosolic and 

particulate fonns of protein-kinase C (PKC) in cerebral cortex of aged rats (Calderini et al, 

1986). These effects may account for the maintenance of neuronal excitability and message 

transfer within the cells during old age. Consistently, BC-PS treatment attenuates the 

decrease in electrically-stimulated acetylcholine (ACh) release from the cerebral cortex of 

old rats (Pedata et al., 1985). The maintenance of membrane structure and the 

nonnalization of the cortical distribution of PKC and of Ca++ influx may increase the 

capability of aged cortical neurons to fonn and release ACh (Vannucchi et al., 1987; 

Casamenti et al., 1991). 

Treatments with BC-PS increase leaming and memory functions in aged rodents 

(Corwin et al., 1985; Drago et al., 1981) and prevent the age-associated decay in avoidance 

behavior (Zanotti et al., 1987). In this chapter we report that chronic oral BC-PS 

administration restores, in aged rodents, both spatial memory deficits and the underlying 

neuroanatomical pathways affected by the aging process. 

MATERIALS AND METHODS 
Male Sprague-Dawley rats (Charies River, Italy) were maintained on a 12hr light: 

12hr dark cyc1e, with free access to water and food (Standard Diet No. 4RF18, Italiana 

Mangirni, Milano). An aqueous suspension ofBC-PS replaced normal drinking water. The 

concentration of the phospholipid was adjusted throughout the course of the treatment to 

ensure an average daily intake of 50 mg/kg ofBC-PS per rat (Nunzi et al., 1987). In the 

behavioral study, BC-PS administration started 1 week after the screening test and lasted 

until the end of behavioral testing. 

Young-adult (5 months) and aged (21-24 months) rats were tested in the Morris 

water maze for spatial reference memory. The swim path and latency to reach the hidden 

platfonn were automatically recorded. Aged rats were selected as impaired when their mean 

escape latencies were above the 99% confidence limit of the young-adult group. The 

remaining rats constituted the old nonimpaired group. Rats were trained in 2 blocks of 4 

trials each day of each test week (7th and 12th weeks). Mter the last trial of test week 7, the 

platfonn was removed and rats were given a single "spatial probe" trial for evaluation of 

searching behavior. 

After behavioral testing, animals were perfused and the brains processed for either 

irnmunocytochernistry or electron microscopy. Vibratome sections through the septa! 

complex were immunostained using monoclonal antibodies to either choline 

acetyltransferase (ChA T) or nerve growth factor receptor (NGFr). Morphometric analysis 

was carried out with a computerized image analysis system. Counting ofaxospinous 

synapses was perfonned in the middle molecular layer of the dentate gyrus according to the 

unbiased serial section technique (Cruz-Orive, 1980). 
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RESULTS 
In the Morris water maze, mean escape latencies to reach the hidden platform during 

the screening test indicated that a subpopulation of aged rats was impaired in spatial task 

acquisition. Mean escape latencies of young-adult, aged nonimpaired, aged impaired and 

aged impaired BC-PS-treated rats are shown in Fig. 1. The performance of old impaired 

control rats did not change at both retesting weeks compared to the screening period, and 

continued to be significantly different from that of both young-adult and aged nonimpaired 

animals. In contrast, BC-PS treatment improved spatial behavior of aged impaired rats at 

both retesting weeks, as shown by the significant decrease in escape latencies when 

compared to the screening period. The ability of rats to use spatial cues to locate the 

platform in the pool was evaluated in a "spatial probe" trial. Old impaired control rats did 

not show any spatial bias for the target quadrant, suggesting that higher escape latencies in 

this group were due to impaired ability to use spatial information. In BC-PS-treated rats the 

searching behavior was focused on the previous platform location, suggesting an improved 

retention of spatial information. 

In order to relate BC-PS effects on spatial behavior with structural correlates of 

spatiallearning and memory, the effects of PS administration on hippocampal synaptic 

plasticity and morpho-functional properties of basal forebrain cholinergic neurons were 

evaluated in behaviorally characterized rats. A quantitative analysis ofaxospinous synapses 

was carried out in the middle molecular layer of the dentate gyros, which represents the 

main terminal field of entorhinal afferents to the hippocampal formation. 
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Fig. 1 Effect of oral phosphatidylserine (Be-PS) treatment (50 mglkglday) on place navigation in 
the Moms water maze. Before screening tes~ week 7 and week 12 = after 7 and 12 weeks of 
treatment, respectively. • p < 0.01 vs before treatment, by Dunnett's test. 
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One of the most prominent features of a synapse is its postsynaptic density (PSD), 

for which a role has been proposed in long-Iasting effects in the central nervous system 

(CNS) (Siekevitz, 1985). Evidence is accumulating that the so-called perforated synapse, 

characterized by discontinuous PSD, may be involved in augmentation of synaptic efficacy, 

considered as a mechanism underlying leaming and memory processes (De Toledo-Morrell 

et al., 1988). Aged impaired and nonimpaired rats showed a statistically significant 

decrement in the number ofaxospinous synapses on granule cell dendrites, relative to 

young-adult animaIs. However, a decreased percentage of perforated synapses was 

observed only in aged memory deficient rats. In these animals, BC-PS treatment restored 

the number ofaxospinous synapses and the incidence of perforated ones to values similar 

to those ofyoung-adult animals. 

Quantitative estimation of morpho-functional properties of cholinergic neurons in 

the medial septum and diagonal band of Broca indicated that degenerative changes occurred 

in aged rats with spatial memory deficits. In particular, in aged impaired animals the 

number of ChA T -positive cell bodies was markedly reduced relative to young-adult and 

aged nonimpaired rats (p<.01; Tukey's test) (Fig. 2). Similarly, NGFr immunolabelling 

was significantly decreased in both nuclei in the memory impaired group, compared to both 

young-adult and aged nonimpaired animals. However, in aged impaired rats treated with 

BC-PS, non-significant reductions both in cholinergic cell number and NGFr 

immunoreactivity were observed in these areas. 
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Fig. 2. Number of ChAT-positive cells in the diagonal band measured by image analysis in 1.5 mm30f 
tissue volume. • p<O.Ol; Tukey's test. 
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DISCUSSION 

Chronic oral administration of BC-PS significantly improves spatial behavior in 

aged memory-impaired rats, further confrrming previous observations indicating 

amelioration by BC-PS of memory deficits in aged rats tested in a radial maze (Bartus and 

Dean, 1985). 

In agreement with a previous study (Geinisman et al., 1986), we report that aged 

rats with impaired spatial memory showed a statistically significant decrement in the 

incidence of perforated axospinous synapses relative to young adult or age-matched 

nonirnpaired anirnals. Aged-impaired rats treated with BC-PS, however exhibited a 

percentage of perforated synapses sirnilar to that of young adult anirnals. The ability of 

long-term BC-PS administration to increase the incidence ofperforated synapses, while 

significantly improving spatial memory, strongly supports a role for BC-PS on synaptic 

plasticity and remodeling in the aging brain. This effect rnight represent per se a structural 

correlate of the irnprovement of spatial memory impairment by BC-PS administration. 

Degenerative changes in cholinergic neurons of basal forebrain nuclei in aged rats also 

correlate with spatial memory deficits (Koh et al., 1989). 

Recent observations implicate NGF in the maintenance and survival of septal 

cholinergic neurons (for a review see Springer et al., 1987). Furthermore, NGF appears to 

induce ChAT activity in the CNS (Gnahn et al., 1983; Vantini et al., 1989). NGF levels are 

markedly reduced in the hippocampus of the aged rat (Larkfors et al., 1987). Age-related 

loss of NGFr in cholinergic neurons of basal forebrain nuclei projecting to the 

hippocampus may further impair retrograde trophic support of NGF, thus promoting 

degenerative changes in cholinergic neurons and contributing to irnpairment of cognitive 

function in senescence. Recovery by BC-PS ofNGFr density rnight be causally related to 

increased ChA T levels in cholinergic cell bodies, as suggested by recovery of ChAT

positive cell number in basal forebrain nuclei of aged impaired treated rats. Within this 

framework, the positive effect of chronic BC-PS treatment on NGFr density may be related 

to restoration of ChA T levels, cholinergic neurotransmission and memory function. 

Whether the morpho-functional and behavioral effects exerted by BC-PS 

administration depend upon a direct or indirect action of the phospholipid on brain function 

is at present under investigation. Although most of the BC-PS given orally route is 

metabolized in the mucosal intestinal cells, a small fraction reaches the systernic circulation, 

thereby suggesting the possibility of effects of BC-PS per se, or its metabolites, either 

directly in the CNS or via mooulation of immune-endocrine functions. Alternatively, orally 

administered PS, through activation of PKC in mucosal intestinal cells, rnight modulate 

absorption of ions andlor nu trients affecting brain function. Stimulation of transport 

processes has been reported to result from PKC activation (Kikkawa and Nishizuka, 1986; 

Homma et al., 1990). 

In summary, long-term oral BC-PS administration restores biochemical properties 

of cholinergic neurons in the septo-hippocampal system, enhances hippocampal synaptic 
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plasticity and improves cognitive functions in aged memory-impaired rats. Since BC-PS 

treatment prevents or restores biological and behavioral deficits associated with the aging 

process in experimental animals, this phospholipid represents a legitimate therapeutic agent 

for memory dysfunctions in the elderly (Delwaide et al., 1986; Crook et al., 1991). 
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Multiple neurotransmitter deficits have been implicated in "normal" age-related 

memory loss, or AAMI,l and in Alzheimer's disease:2 For example, cognitive deficits 
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seen in these conditions have been related to changes in cholinergic, noradrenergic, and 

serotonergic function.3-5 Age-related changes in cellular metabolism may play an important 

role as weIl.6 

Many age-related neurochemical changes can be traced to structural and functional 

alterations in neuronal membranes. 7 Membrane changes, in turn, have been related to 

changes in lipid composition or content in the aging brain. 8 This has led to the proposal 

that administration of endogenously occurring phospholipids may prevent or reverse age

related neurochemical deficits.9 

Results from a number of open-label trials suggest a formulation of 

phosphatidylserine derived from bovine cortex (BCPS) is safe and may be efficacious in 

Alzheimer's disease, AAMI, and other late-life cognitive disorders.10-12 In addition to the 

open-label studies, which must always be interpreted with caution, several double-blind, 

placebo-controlled studies have been published.13-15 Delwaide, Gyselynck-Mambourg, 

Hurlet and Ylieff13 reported modest improvement on BC-PS relative to placebo on some 

self-care variables in a group of 42 patients with Alzheimer's disease. The treatment period 

was 6 weeks and the daily dosage 300 mg. A larger sampIe of 87 patients was included in a 

60 day, multicenter, placebo-controlled trial of 300 mg BC-PS.14 Patients were described 

as "mentally deteriorated," but selection criteria were similar to those employed in studies 

of early Alzheimer's disease. In this group, modest improvement on BC-PS relative to 

placebo was noted on a word recall test and on clinical ratings. Amaducci 15 also reported 

improvement on BC-PS relative to placebo in a subgroup of Alzheimer's patients in a 

multicenter trial, although within the entire sampIe differences between drug and placebo 

were minimal. 

Results of a multicenter, placebo-controlled trial reported by Villardita et al. 16 may 

be of particular relevance to the treatment of AAMI. BC-PS dosage was 300 mg daily, the 

treatment period was 3 months and patients were "intellectually deteriorated." Review of 

patient selection criteria and neuropsychological test scores suggests that patients 

functioned at a considerably higher level than those included in other BC-PS studies and 

few could be described as demented. Indeed, many patients scored above the cutoff scores 

established for AAMI on standard neuropsychological tests. In this study, improvement 

occurred on BC-PS relative to placebo on a number of neuropsychological tests within an 

extensive battery. 

On the basis of the neurochemical rationale and this clinical data, as weH as animal 

behavioral data reviewed elsewhere in this volume, we undertook a trial of BC-PS in 

AAMI and a second trial in AD. The objective in both cases was to establish the safety and 

efficacy of BC-PS. 

AGE-ASSOCIATED MEMORY IMPAIRMENT 
MEIHODS 
Subiects 

One hundred and forty-nine patients meeting AAMI inclusion and exclusion 

criteria 1 were included in the study. Study entrance criteria are outlined as follows: 
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Inclusion Criteria 
Patients eligible for enrollment were males or females between 50 and 75 years of 

age who met the following criteria for AAMI: 

(a) Complaints of memory loss in everyday life as reflected by a score of 25 or more on the 

Memory Complaint Questionnaire (MAC-Q).17 

(b) Memory test performance at least 1 standard deviation below the mean established for 

young adults on at least 1 of the following standard neuropsychological tests: Benton 

Visual Retention Test18 Wechsler Memory Scale19 

Logical Memory Subtest (Form A) 

Associative Learning Subtest (Form A) 

The specific scores on each test required for admission were 

as follows: 

Benton 

Logical Memory 

Paired Associates (Total) 

70rless 

6 or less 

13 or less 

(c) Adequate intellectual function as determined by a scaled score of at least 9 (raw score of 

at least 32) on the Vocabulary subtest of the Wechsler Adult Intelligence Scale 

(WAIS).20 

(d) Absence of dementia as determined by a score of 27 or higher on the Mini-Mental State 

Exarnination.21 

(e) All participants were also required to provide written informed consent and agreement 

to comply with study procedures. 

Exclusion Criteria 
Patients were ineligible for study participation if any of the following conditions 

existed: 

(a) A psychiatrie diagnosis (DSM-ill)22 of depression, mania, or any other psychiatrie 

disorder that could interfere with cognitive function or the completion of study tasks. 

(b) A score of 4 or more on the modified Hachinski Ischemia Scale.23 

(c) Concurrent use of any other drugs directly active on the central nervous system (CNS) 

except chloral hydrate. This includes all neuroleptics, antidepressants, anxiolytics, 

stimulants, sedative-hypnotics. 

(d) Any neurological disorder that could produce cognitive deterioration as shown by 

history and clinical examination. Exclusionary disorders included Alzheirner's disease, 

Parkinson's disease, stroke, intracranial hemorrhage, focal brain lesions including 
tumors, or normal pressure hydrocephalus. Patients with multiple sclerosis and 

epilepsy were excluded. 

(e) History of any infective or inflammatory brain disease including those ofviral, fungal, 

or syphilitic etiologies. 

(f) History of repeated head injury (e.g., boxing injuries) or a single injury resulting in a 

period of unconsciousness lasting 1 hour or longer. 

(g) History of a1cohol or drug abuse. 
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(h) History of malignancy not in remission for more than two years. 

(i) Clinically significant metabolie, hematologic, or endocrine disorders which inc1ude 

diabetes mellitus (unless well controlled by diet and/or oral hypoglycemics) or 

hypothyroidism (unless stabilized on replacement therapy for at least 6 months). 

G) Clinically significant lung, kidney, or liver disease. 

(k) Evidence of depression as defmed by a Hamilton Depression Rating Scale24 score of 13 

ormore. 

(1) Clinically significant cardiovascular disease, inc1uding myocardial infarction (within 6 

months), cardiae bypass surgery (within 6 months), eoronary artery disease requiring 

antianginal medieation (within 6 months), eongestive heart failure requiring digitalis 

(within last 6 months), eonduetion disturbanees, or hypertension (unless treatment was 

initiated and stabilized at least 3 months earlier). 

(m) U se of another investigational drug currently or within the last 30 days. 

(n) Any elinieally significant laboratory abnormality. 

Demographie Characteristics 

Approximately equal numbers of patients were enrolled and treated at study centers 

in Palo Alto, California; Bethesda, Maryland; and Nashville, Tennessee. One hundred and 

sixty-three patients were enrolled and 149 eompleted the study. Demographie 

eharaeteristics of study completers are presented in Table 1. It is apparent from the table 

that study subjeets averaged 64 years of age and were both well edueated and intellectually 

superior. The average scaled score on the Wechsler Adult Intelligenee Seale (WAlS) 

Vocabulary Subtest, for example, was 14.4 (equivalent to a verbal IQ of 144), compared to 

10 (equivalent to a verbal IQ of 100) in the general population. 

Outeome Measures 

Effieaey measures included a clinieal global rating scale, completed by a study 

psychologist or registered nurse based on an extended interview with the patient; the non

computerized neuropsyehological tests used as screening measures; and a computerized 

psychometrie battery designed to simulate critical cognitive tasks of daily life.17,25,26-30 

Normative data gathered from several thousand subjects show a c1ear decline in 

performance with age on each measure in the battery.17,25,28 However, the decline is not 

uniform across measures. Those variables with the c1earest pattern of dec1ine in AAMI 

were selected as the primary outcome measures in the study. Five primary outcome 

measures werl( seleeted to represent different leaming and memory faetors identified in 

earlier psychometrie studies in AAMI.27,28 

The tests are listed as folIows, as primary and seeondary measures. The 

designation of primary and secondary outeome measures was accomplished before the 

study was begun. 
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TABLE 1 

SAMPLE CHARACTERISTICS 

GROUP 

BC-PS (N=74) 

AGE Placebo (N=75) 

Total Group (N=149) 

GROUP 

BC-PS 

SEX Placebo 

Total Group 

GROUP 

BC-PS 
YEARS OF 
EDUCATION Placebo 

Total Group 

GROUP 

BC-PS 
WAlS 
VOCABULARY Placebo 
SCORE 

Total Group 

The computerized tests are listed as follows: 

Primary Measures: 

Name Face Association: Acquisition 

Name Face Association: Delayed Recall 

MEAN 

62.61 

64.88 

63.75 

% 

MEAN 

15.76 

15.34 

15.55 

MEAN 

14.34 

14.51 

14 .42 

STANDARD 
DEVIATION 

6.31 

6.81 

6.64 

FEMALE 

54.1 

62.7 

58.4 

STANDARD 
DEVIATION 

2.71 

2.79 

2.75 

STANDARD 
DEVIATION 

2.10 

2.15 

2.12 

Facial Recognition (Delayed Non-Matching to Sampie Paradigm) Telephone Number 

Recall (with Interference) 

Misplaced Objects Recall 

Secondary Measures: 

Selective Reminding: Acquisition 

Selective Reminding: Delayed Recall 

First-Last Names: Acquisition 

Divided Attention 
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Study Desi2n 

The study was designed as a double-blind, fully randomized, placebo-controlled 

comparison of a 300 mg daily dose of BC-PS (100 mg, t.i.d.) with a matched placebo. 

Duration of treatment was 12 weeks and a follow-up evaluation was performed 4 weeks 

after termination of study medication. Patients were evaluated for efficacy and side-effects 

at baseline and at 3 week intervals (weeks 3, 6, 9, and 12) during treatment. 

Data Analysis 

The primary efficacy analysis focused on the 149 subjects who completed the 

study. Univariate analysis of covariance (ANCOV A) procedures were employed to 

compare the drug and placebo groups on each dependent measure at each evaluation period. 

Baseline scores on each variable were entered as the covariate and the single main effect 

was treatment (drug v placebo). ANCOVA analyses were conducted using the Statistical 

Package for the Social Sciences (SPSS/PC+ ) . 31 

In two series of separate analyses, AAMI subtype and clinic were also entered in 

the model so that the interaction of these factors with treatment could be assessed. In the 

analyses of subtype by treatment differences, cluster analytic procedures used previously in 

AAMI32 were employed. In the cluster analyses, aKMEANS (KM) procedure33 was 

employed and all variables were standardized. 

The ANCOV A model was also applied in the analysis of the standard 

neuropsychological tests given at baseline and the conclusion of active treatment (week 12). 

As with the computerized measures, baseline performance on each measure was entered as 

the single covariate in the model. 

In the case of the clinical global rating scale, each of 10 items was intended as a 

global measure of a particular behavioral or cognitive domain and, thus, each was analyzed 

as a separate variable using the same ANCOV A procedures employed with the performance 

tests. Because ratings are of improvement since initiation of treatment, there is no baseline 

rating and, thus, age was the single covariate in these analyses. Two additional items on the 

scale were intended as measures of overall cognitive status, 1 was rated categorically and 1 

was rated on a visual analog scale. These 2 items were also analyzed as separate variables. 

RESULTS 
Study medication was weIl tolerated and no adverse events attributable to drug 

treatment were noted. Fourteen of the 163 patients who began treatment failed to complete 

the study and these patients were equally divided between the drug and placebo groups. 

Table 2 presents significant differences (p< .05) resulting from drug-placebo 

comparisons on the five primary outcome variables at each evaluation period. Significant 

differences were noted on 6 of the 20 comparisons (5 variables at 4 evaluation points) 

during active treatment and trends (p < .10) were noted in 5 other comparisons. All 

significant differences and trends favored BC-PS, and in no case was there a significant 

treatment x clinic interaction. Thus, fmdings were consistent across a number ofvariables 
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and across the three study sites. Consistent differences favoring BC-PS were seen as early 

as week 3 on 3 of the 5 variables and the trend on a fourth variable favored BC-PS as weIl. 

It is noteworthy that all trends or marginal differences on secondary variables favored the 

drug group as weIl. 

TABLE 2 

SIGNIFICANT DIFFERENCES BETWEEN THE BC-PS AND PLACEBO GROUPS 
ON PRIMARY OUTCOME VARIABLES - TOTAL SAMPLE 

TREATMENT 
VARIABLE BC-PS PLACEBO F SIGNIFICANCE FAVORS X CLINIC 

INTERACTION 

NAME FACE 
ACQUISITION 

WEEK 3 10.82 9.66 10.69 (.00) BC-PS NO 
6 10.91 9.68 9.61 ( .00) BC-PS NO 

NAME FACE 
DELAYED RECALL 

WEEK 3 10.08 9.36 4.23 (.04) BC-PS NO 
6 10.18 9.25 5.00 (.03) BC-PS NO 

FACIAL 
RECOGNITION 

WEEK 3 13.44 11.70 3.83 ( .05) BC-PS NO 
12 15.54 12.98 6.51 (.01) BC-PS NO 

As noted previously, cluster analyses were conducted to identify patient subgroups 

that might be differentially responsive to treatment As in previous studies, two separate 

subgroups were identified based on level of performance across all measures at baseline. 

One subgroup (Cluster #1) was composed of 92 subjects with relatively good memory 

function and the second (Cluster #2) was composed of 57 subjects with relatively poor 

performance. 

Demographic comparisons of patients in the 2 subgroups revealed that Cluster 2 

patients were slightly older than those in Cluster 1 (61.6 vs. 64.3 years) and scored nearly 

as weIl as Cluster 1 patients (14.05 vs. 14.52) on a measure of verbal intelligence (WAlS 

Vocabulary score). However, as noted previously, the memory performance ofpatients in 

the Cluster 2 subgroup was significantly poorer than that of patients in Cluster 1. 

Comparison of subjects assigned to drug or placebo within both Clusters revealed no 

significant baseline differences within either subgroup. 

Analyses conducted within the entire sample were repeated with Subgroup entered 

into the model as a main effect and Subgroup x Treatment entered as an interaction term. 

Significant (p < .05) differences were found at post-treatment (and before) on all 5 primary 

variables. Subgroup x treatment differences were found on 3 of the 4 secondary variables 

as weIl. In all cases, patients on placebo in the relatively severe subgroup (Cluster 2) were 

performing more poorly than BC-PS treated patients, whereas in the relatively mild patients 

(Cluster 1) this effect was not as consistently seen. One caution that must be introduced is 
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TABLE 3 

SIGNIFICANT DIFFERENCES BETWEEN THE BC-PS AND PLACEBO GROUPS 
ON PRIMARY OUTCOME VARIABLES - RELATIVELY IMPAIRED PATIENTS 

TREATMENT 
VARIABLE BC-PS PLACEBO F SIGNIFICANCE FAVORS X CLINIC 

INTERACTION 

NAME FACE 
ACQUISITION 

WEEK 3 8.36 6.41 8.14 ( . 01) BC-PS NO 
6 8.51 6.98 4.47 (.04) BC-PS NO 

12 9.69 7.87 7.75 (.01) BC-PS NO 

NAME FACE 
DELAYED RECALL 

WEEK 3 7.17 5.89 3.91 (.05) BC-PS NO 
12 8.84 7.58 4.59 (.04) BC-PS NO 

FACIAL 
RECOGNITION 

WEEK 3 12.37 9.32 5.22 ( .03) BC-PS NO 
6 12.20 9.38 5.50 (.02) BC-PS NO 

12 13.06 9.68 5.43 ( .02) BC-PS NO 
16 13.29 9.60 7.38 (.01) BC-PS NO 

TELEPHONE 
NUMBER RECALL 

WEEK 16 4.54 3.44 8.92 ( .00) BC-PS NO 

MISPLACED 
OBJECTS RECALL 

WEEK 6 14.60 12.53 9.29 ( .00) BC-PS NO 
16 15.38 13.45 5.30 (.03) BC-PS NO 
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TABLE 4 

SIGNIFICANT DIFFERENCES BETWEEN THE BC-PS AND PLACEBO GROUPS 
ON CLINICAL GLOBAL IMPROVEMENT ITEMS AT FINAL TREATMENT EVALUATION (WEEK 12) 

RELATIVELY IMPAIRED PATIENTS 

TREATMENT 
VARIABLE BC-PS PLACEBO F SIGNIFICANCE FAVORS X CLINIC 

INTERACTION 

MEMORY FOR NAKES 
OF PERSONS AFTER 
INTRODUCTION 

4.12 3.96 6.10 (.02) BC-PS NO 

ABILITY TO MAINTAIN 
CONCENTRATION WHEN 
READING, CONVERSING, 
OR PERFORMING TASKS 

4.32 3.97 5.63 (.02) BC-PS NO 

OVERALL GLOBAL CHANGE 
IN COGNITIVE STATUS 

:J 
4.25 4.00 4.11 (.05) BC-PS 

VISUAL ANALOG SCALE 
OF GLOBAL IMPROVEMENT 

4.26 3.99 4.18 (.05) BC-PS NO 

that ceiling effects existed on several variables among Cluster 1 patients and this factor 

diminished the chance of detecting drug effects. 

Because differential response to treatment was seen in the more severely impaired 

subgroup, the same analyses for drug effects conducted within the entire sampIe were 

repeated within that subgroup. Significant differences (p < .05) resuIting from comparisons 

of the drug and placebo groups on the primary measures among Cluster 2 patients only are 

presented in Table 3. It is apparent from the table that significant differences favoring BC

PS were seen during treatment on 4 of the 5 variables. Following treatment (weeks 12 and 

16) significant differences favoring BC-PS were seen on allS variables. On secondary 

variables, drug-placebo differences were significant (p < .05) on 4 of 25 comparisons and 

all favored BC-PS. 

As noted previously, the standard neuropsychological testsused as screening 

measures were also repeated at the conclusion of treatment. No differences between the 

drug and placebo groups were seen within the entire sampIe (trends favored Be-PS), but 

within the Cluster 2 subgroup, scores on one of the three measures were significantly (p < 
.05) higher within the BC-PS group and in another case the trend favored drug. Tbe 

significant difference was seen on the Logical Memory subtest of the Wechsler Memory 

Scale, a test of paragraph recall. Post-treatment ANCOVA means were 9.61 for Be-PS and 

8.27 for placebo (F = 5.38, p < .03). 

Finally, as noted previously, a clinical global rating scale was completed by a study 

psychologist or nurse on the basis of an extended clinical interview. There were 12 items 
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on the scale, 10 related to specific cognitive symptoms and 2 related to overall cognitive 

status. As with the standard neuropsychological tests, no significant differences emerged 

between the drug and placebo groups within the entire sampie. However, as shown in 

Table 4, among Cluster 2 patients significant (p < .05) differences were seen at the 

conclusion of treatment (week 12) on items related to specific symptoms and overall 

cognitive status. Trends (p < .10) favoring BC-PS were seen on other items as weIl. Each 

of the differences favoring BC-PS seen at the fmal treatment period (week 12) were lost 

one rnonth after termination of treatment (week 16). 

DISCUSSION 

Results of the study suggest that BC-PS may be a prornising compound for the 

treatment of AAMI. Effects were seen on a number of outcome variables related to such 

important tasks of daily life as leaming and recalling names, faces, and numbers. Drug 

effects may also generalize to other difficult tasks involving learning, memory, and 

concentration since improvement was also present on a standard neuropsychological test 

that measures the ability to remember details of a story after it is read. This fmding may be 

related to the common complaint in later adulthood of difficulty in remembering what one 

just read in a newspaper, book, or magazine article.34 

Persons most likely to respond to BC-PS treatment appear to be those who score 

above the range of cognitive performance associated with dementing disorders such as 

Alzheimer's disease, but who perform in the low range of normality for persons of the 

same age. We caution that ceiling effects on some variables among patients in the higher 

perforrning subgroup diminished the chance of detecting drug effects in that group. 

However, differential drug effects in the 2 subgroups were present on variables where 

ceiling effects did not occur and on clinical global ratings that were not influenced by such 

effects. 

Persons within the more impaired subgroup represent an AAMI subtype identified 

in earlier studies32 and appear similar to those initially described by Kral35,36 as patients 

with "Benign Senescent Forgetfulness". It may be argued, based on the work of Kral and 

subsequent studies37, that persons in this subgroup are at increased risk of developing a 

dementing disorder. Thus, results suggest that BC-PS may be effective acutely in AAMI 

and also suggest that the compound may merit study as a prophylactic treatment for AD and 

related dementing disorders. 

The clinical significance of acute BC-PS effects merits discussion. For example, on 

the 1st of 5 primary variables, nameface acquisition, the difference score between patients 

treated with BC-PS and those treated with placebo at the 1st evaluation (week 3) was 1.2 

points within the entire sampie and 2 points within the more forgetful subgroup. Clearly, 

this is a statistically significant difference in both instances, but what is the clinical 

significance of performance changes of this magnitude? One way to address the question is 

by referencing life-span normative data on the measure from several thousand 
subjects.25,38 The expected decline on the test between age 25 and 65 is approximately 7 
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points and the decline is generally linear. Thus, a change of 2 points may be translated into 

approximately 12 years of decline. Although drug treatment scarcely reversed the entire 

age-related deficit seen on the measure, the magnitude of effect may be considered 

significant by many patients and clinicians. 

Of interest were drug effects on psychometric performance tests observed at the 1 st 

evaluation period, 3 weeks after initiation of treatment, although clinical global ratings did 

not reflect improvement until 12 weeks of treatment had elapsed. Questions regarding 

onset of action merit further research. 

Although clinical effects were clearly present at the dosage level chosen for this 

study, 100 mg t.i.d., BC-PS studies at other dosage levels appear worthwhile. A 300 mg 

daily dose was employed in most clinieal studies reported previously, but it is not clear 

whether higher doses of the compound might be more effective. 

ALZHEIMER'S DISEASE 

In view of the positive findings in AAMI and the fmding that the more impaired 

subjects are most likely to respond to treatment, a carefully controlled trial of BC-PS was 

undertaken in AD. 

ME1HODS 
Patients 

The study sampie consisted of 51 patients between 55 and 85 years of age who met 

NINCDs-ADRDA39 criteria for probable AD and DSM-IIIR criteria for Primary 

Degenerative Dementia.22 All patients received comprehensive neuropsychiatric and 

medieal evaluations (including CT scan). Persons were excluded from the study if 

coexisting medical, psychiatric, or psychologie conditions were detected that could alter 

cognition or require treatment that might alter cognitive function. A complete list of study 

exclusion criteria is available from the first author. 

In order to limit the range of severity among study subjects the following inclusion 

criteria were also imposed. 

Patients were required to: 

1. Score between 12 and 23 on the Mini-Mental State Exarnination.21 

2. Score more than one standard deviation below the mean established for healthy elderly 

subjects and within one standard deviation of the mean reported for patients with 

dementia on standard neuropsychological tests of memory.40-41 Specific scores for 

entry were: 

Benton Visual Retention Test18 

(number correct) 

Wechsler Memory Scale19 

Logieal Memory Subtest (form A) 

Associate Leaming Subtest (form A) 

- 4 or less 

- 5 or less 

- 9 or less 
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3. Obtain an age-corrected score of 8 or higher on the Vocabulary subtest ofthe Wechsler 

Adult Intelligence Scale20 as an indicator of adequate premorbid intellectual 

competence. 

4. Score between 3 and 5 on the Global Deterioration Scale.42 

All patients resided in the community and had a family member available to assist 

with study procedures and report on the patient's condition during the course of the study. 

In a1l cases patients and the responsible family member provided informed consent. 

Study Design 

The study was designed as a double-blind, fully randomized, placebo-controlled 

comparison of a 300 mg daily dose of BC-PS (100 mg t.i.d.) with a matched placebo. 

Duration of treatment was 12 weeks and a follow-up evaluation was performed one week 

after termination of study medication. Patients were evaluated at baseline and at three week 

intervals (weeks 3,6,9, and 12) during treatment. 

Outcome Measures 

Efficacy measures inc1uded a 12-item clinical global improvement scale (CGI) and a 

25 item psychiatric rating scale completed by a study psychiatrist based on an extended 

interview with the patient.25 The psychiatric rating sc ale focused on problems related to 

both the core cognitive symptomatology in AD and such secondary neuropsychiatric 

symptoms as anxiety, agitation, and depression. A third behavioral rating sc ale was 

completed by the family member responsible for each patient. This scale, the Memory 

Assessment Clinics - Family Rating Scale (MAC_F),25,43 yields four factor scores related 

to cognitive symptomatology and a clinical global score. 

In addition to observational rating scales, an abbreviated version of a computerized 

psychometric test battery was employed to assess treatment effects.29 

Data Analysis 

The primary efficacy analysis focused on the 51 patients who completed the study. 

Two patients faHed to complete after being randomly assigned to drug or placebo. Both of 

these patients were dropped within the fIrst several days of treatment and both were 

assigned to placebo. An "intent-to-treat" analysis was performed in which the two subjects 

were inc1uded and results of that analysis are fully consistent with those reported herein. 

Univariate analysis of covariance (ANCOV A) procedures were employed to 

compare the drug and placebo groups on each dependent measure. The primary efficacy 

analyses was a comparison of drug and placebo groups at the conc1usion of treatment 

(week 12). In order to address issues related to on set of effect, secondary analyses were 

also conducted at a1l other evaluation periods. Baseline scores on each variable and age 

were entered as covariates, while the single main effect was treatment (drug vs. placebo). 

ANCOV A analyses were conducted using the Statistical Package for the Social Sciences 

(spss/pc+).31 
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The same analyses conducted within the entire sampie were repeated within a sub

sampie of patients with relatively mild cognitive impairment. These were persons with a 

score of 19 or higher on the Mini-Mental State Examination (MMSE). 

RESULTS 
Study medication was weIl tolerated and no adverse events attributable to drug 

treatment were noted. 

Inassessing efficacy, a baseline comparison between treatment groups was 

conducted to examine possible differences in age, gender, education, MMSE score, and 

WAlS Vocabulary score. No differences that approached significance were found between 

the two groups. Nevertheless, since age is highly predictive of cognitive perfonnance the 

variable was entered as a covariate in all drugplacebo comparisons. The mean age of study 

subjects was 71 years, 31 % were male, and mean level of education was 13.2 years. Mean 

scores on the MMSE and WAlS Vocabulary were 19.4 and 11.4 (scaled). Comparisons 

between treatment groups after 12 weeks revealed significant (p ~ .05) differences on 2 of 

the 12 CGI variables. The differences were on items measuring "Memory for names of 

familiar persons" and "Ability to recall the location of frequently misplaced objects." Both 

differences favored BC-PS. On the psychiatric rating scale, 3 significant differences 

emerged from 25 comparisons. These were items measuring "Difficulty recalling details of 

events that occurred within the past day", and "Difficulty recalling details of events that 

occurred within the past week." No significant differences between groups were seen on 

ratings by family members or on psychometric tests. 

The same analyses conducted within the entire AD sampie were repeated within the 

sub-sample of patients with relatively mild cognitive impairment (MMSE scores between 

19 and 24). There were 33 such patients (from the sampie of 51). As in the case ofthe 

entire sampie, baseline demographic, MMSE, and WAlS comparisons of the relatively mild 

patients assigned to BC-PS and placebo revealed no differences between the two treatment 

groups. 

Post-treatment differences on CGI items favored BC-PS over placebo on 3 of 12 

comparisons. These were "Ability to maintain concentration" and the two overall global 

items on the scale (one rated categorically and one on a visual analog scale). Of course, 

such differences were not seen among the more severely impaired patients. 

Post-treatment differences on psychiatric rating items are shown in Table 5. Five 

differences emerged from 25 comparisons and all favor BC-PS. It is noteworthy there is a 

highly significant difference favoring BC-PS at post-treatment on the single global item on 

the scale related to memory impairment. In considering the number of treatment group 

differences that emerged (5) and the total number of items on the scale (25), it is relevant to 

note that 14 of 25 items relate to neuropsychiatric symptoms such as depression, anxiety, 

sleep disturbance, paranoid ideation, and motoric retardation. Beyond that, there was no 

variance on several cognitive items reflecting more serious pathology. For example, 

patients indicated liule or no pathology at baseline on items such as: "Uses inappropriate 

words during the interview", " Appears inattentive", "Loses hislher train of thought during 
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TABLE 5 

POST-TREATMENT DIFFERENCES BETWEEN THE BC-PS AND PLACEBO GROlJPS ON 
PSYCHIATRIC RATING ITEMS - MMSE ~ 19 

ITEM F VALUE SIGN. FAVORS 

Complain during interview that hisj 5.73 .02 BC-PS 
her memory is deteriorating 

Have difficulty recalling the name 
of the interviewer or clinic staff 4.92 .04 BC-PS 
members 

Have difficulty recalling details of 
events that occurred within the past 6.36 .02 BC-PS 
day (for example, what hejshe wo re 
yesterday) 

Have difficulty recalling details of 
events that occurred within the past 9.76 .01 BC-PS 
week (for example, times and dates of 
appointments) 

Appear, on the basis of the clinical 
interview, to suffer from memory 13.21 .00 BC-PS 
impairment 

the interview", and "Has difficulty communicating thoughts." Thus, post-treatment drug

placebo differences were seen on 5 of 7 cognitive items on which pathology was noted at 

baseline. It is noteworthy that on all five items, significant drug-placebo differences were 

seen at earlier evaluation periods as well as at post-treatment. These differences were 

significant as early as week 3 on 4 of the 5 variables. 

On tbe single global item completed by family members, "In general, as compared 

to the average individual, how would you describe hislher memory", drug-placebo 

differences between treatment groups were not significant at post-treatment, but were 

significant at earlier evaluation periods (week 6, F = 6.97, P < .01; Week 9, F = 6.14, P < 

.03). 
On the computerized tests, a single difference emerged at post-treatment and that 

favored BC-PS (First-Last Names Test, F = 12.29, P < .00). All three differences tbat 

emerged during tbe course oftreatment (Name-Face Association, week 9, F = 6.12, p < 
.02; Facial Recognition, week 6, F = 8.38, p < .01; Verbal Selective Reminding, week 6, 

F = 4.36, P < .05) favored BC-PS as well. Of course, these four differences on 

performance tests emerged from a total of 40 comparisons (10 variables at four periods) 

and must be viewed with considerable caution. In general, "floor" effects posed problems 

on many tests, even witbin tbe relatively mild subgroup. 
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DISCUSSION 
Results of the AAMI study suggested that patients who showed the clearest 

response to BC-PS treatment were those at the lower range of nonnal function and that 

such persons might be at increased risk of developing dementia. The objective of this 

study was to detennine whether persons who have already developed dementia could 

benefit from treatment with BC-PS. Results suggest that a 300 mg daily dose of BC-PS 

taken for aperiod of 12 weeks may exert a mild therapeutic effect in AD patients who have 

not progressed to the middle and later stages of the disorder. It must be noted that any 

effect appears to be subtle and questions must be raised about duration, dosage, and many 

other issues. Of course the first step is to replicate these findings in another sampie. 

In considering the development of a drug for AD, it may not be reasonable to expect 

that any compound will restore cognitive function in the middle and later stages of the 

disorder, after extensive neuronal damage has occurred. Certainly, in no drug study to date 

has evidence been produced that would argue to the contrary. Results in this study and the 

earlier AAMI study suggest that BC-PS may be a candidate for study in the early, and 

perhaps prophylactic, treatment of AD. 
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SECTION IV 

ION CHANNEL MODULATORS IN ALZHEIMER'S DISEASE 

This section includes 4 chapters which investigate the effects of ion channel modulating 

drugs, specifically L-type voltage dependent calcium channels, glutamate receptor operated ion 

channels and GABA receptor operated channels. The chapters provide a review of the relevant 

literature with new information on the various compounds studied. In each of the chapters 

neurochemical and/or electrophysiological data is nicely integrated with behavioral tests of 

learning function. The first 2 chapters are from a group at Northwestern University that are 

investigating the effects of nimodipine on hippocampal cell frring and associative learning tasks. 

Associative learning appears to involve a decrease in hippocampal pyramidal cell after 

hyperpolarization (AHP) which sensitizes neurons to excitatory inputs and increases pyramidal 

cell firing. During aging there is a decline in associative learning ability and an increase and 

prolongation of the AHP. Nimodipine is a dihydropyridine which penetrates the blood brain 

barrier and inhibits L-type voltage dependent calcium channels. These chapters review the 

literature and present new data on nimodipines ability to reverse age related changes in pyramidal 

cell firing (Thompson et.al.) and associative learning (Disterhoft et.a!.). The third chapter 

focuses on glutamate receptor operated ion channels. Glutamate is a major neurotransmitter in 

brain strongly implicated in learning and memory function. The literature on changes in 

glutamate neurotransmission during aging is reviewed. Various indices of glutamate receptor 

responses, ego N-methyl-D-aspartate (NMDA), kianate and quisqualate are evaluated in aged rat 

brain and new data is summarized suggesting decreases in the function of the NMDA-glutamate 

receptor during aging. In addition, experiments with D-cycloserine, an agent with partial agonist 

activity at the glycine site enhancing NMDA receptor function, on learning tasks in young and 

old rats is presented. The final chapter investigates modulators of the inhibitory GABAA 

receptor. It is hypothesized that declines in age related memory are secondary to decreased 

activity of cholinergic afferents and the release of acetylcholine. Forebrain cholinergic nuclei are 

strongly inhibited by GABA. This chapter investigates the actions of a beta-carboline acting as 

an inverse agonist at the benzodiazapine site on the GABA-benzodiazepine receptor chloride 

channel. Changes in acetylcholine release and behavioral measures oflearning are evaluated and 

presented conceming this interesting approach to reverse age related decreases in learning tasks. 

In total this section includes a number of novel approaches to reverse age associated memory 

impairments through modulators of neuronal ion channels. 
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NIMODIPINE IMPROVES LEARNING AND SENSORIMOTOR 

BEHAVIORS IN AGING MAMMALS 

Introduction 

John F. Disterhoft, ** Richard A. Deyo* and Lucien T. Thompson 

Department of Cell, Molecular, and Structural Biology 
Northwestem University Medical School 
Chicago, IL 60611 

*Present Address: Dept. of Psychology, 

Winona State University, Winona, MN 55987 

Two troubling concornitants of aging for many individuals are areduction in 

sensorimotor capacity and an impairment of learning and memory, which often occur even 

in "normal" aging. An important common factor associated with both age-related 

physiological deficits and with learning and memory deficits is the perturbation of calcium 

metabolism in neurons and other cells throughout the body (Khachaturian, 1984; 
Landfield,1987). We have used nimodipine, a dihydropyridine calcium channel blocker, 

to modulate calcium action in aging rabbits, and have observed marked facilitation of 

associative learning (Deyo et al., 1989a) and alterations in open field behaviors, 

interpretable as an improvement of sensorimotor responsivity (Deyo et al., 1989b). In our 

experiments, aging rabbits given nimodipine behave more like young controls than their 

age-rnatched cohort group. Studies using other species and behavioral tasks also indicate 

that nimodipine facilitates leaming tasks and sensorimotor tests which rnay have good face 

validity when generalized to humans. In general, learning tasks used are mediated by 

hippocampus, a structure known to be especially affected by Alzheimer' s disease (Van 

Hoesen and Damasio, 1987) as weIl as by aging (Geinisman et al.,1986; Barnes, 1988). 
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EyebIink Conditioning as a Model for Studying Learning Deficits in Aging 
Eyeblink or nictitating membrane conditioning has been adapted as a "model 

behavioral system" for use in the analysis of the neural substrates of learning by several 

laboratories (Disterhoft et a1., 1977; Thompson et a1., 1976). Among its advantages are the 

relative simplicity of the behavioral paradigm, the excellent control procedures available, 

the fact that associative learning is analyzed, the ease of conditioned and unconditioned 

stimulus application and control, the ease of precise behavioral and neurophysiological 

measurement, and the extensive body of behavioral data which are available for this 

preparation (Gormezano et a1., 1987). 

Eyeblink conditioning appears to have many advantages for the study of the 

neurobiological causes of learning deficits which occur in some aged humans and animals 

(Woodruff-Pak & Thompson, 1985; Thompson, 1988). Eyeblink conditioning is impaired 

in both older humans and animals (Braun and Geiselhart, 1959; Graves & Solomon, 1985; 

Solomon et a1., 1989; Woodruff-Pak & Thompson, 1988). In particular, the appearance of 

age-related impairments in eyeblink conditioning in rabbits parallels that in humans: in both 

species these impairments begin in middle age (30 months for rabbits; 40 years for 

humans). Unlike many other tests of learning and memory, eyeblink conditioning does not 

depend upon nonrnnemonic cognitive capacities that are also at some risk in aging, such as 

language, problem-solving, and visuospatial abilities. Therefore, eye-blink conditioning 

may provide a relatively pure measure of a specific learning capacity. Another 

consideration is that eyeblink conditioning is impaired in subjects with temporal lobe 

dysfunction (Daum et al., 1991) and in Alzheimer's patients, a group with known 

hippocampal degeneration (Finkbiner and Woodruff-Pak, 1991). Hence, eyeblink 

conditioning in rabbits would appear to be an excellent animal model with which to evaluate 

the mechanisms of, and therapeutic interventions for, leaming deficits in the aging human 

population as weIl as in Alzheimer' s patients. 

Nimodipine FaciIitates Hippocampally-Medicated Learning in Aging 
Mammals 

Nimodipine is a dihydropyridine which is a potent calcium channel blocker 

(Scriabine et a1., 1985; Janis et al, 1987). Its positive effects on learning were first noted 

in a preliminary study in older persons with chronic cerebrovascular disorders (Bono et al., 

1985). For the theoretical reasons noted in the accompanying chapter (Thompson et al., 

1991) we tested the effect of intravenous nimodipine on trace eyeblink conditioning in a 

group of young (3 months) and aging (36+ months) rabbits. Age-matched control rabbits 

received the vehicle solution intravenously. The paradigm we used employed a short 6 

kHz tone as a conditioned stimulus (CS) followed with presentation of a mild corneal air 

puff sufficient to elicit an eyeblink as unconditioned stimulus (US). A 500 msec interval 

intervened between the tone and air puff. This interstimulus interval is termed a "trace" 

interval, since the task of the rabbit is to retain astimulus trace of the tone CS in order to 
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successfully predict the time of onset of the corneal air puff and blink: at the appropriate 

time. Rabbits begin to give eyeblink: conditioned responses (CRs) during the trace interval, 

just before the onset of the air puff, as learning proceeds. The conditioned eyeblink: 

responses tend to reduce the impact of the air puff on the cornea as the rabbits leam to give 

larger and shorter latecy conditioned eyeblinks on a large percentage of trials. 80 training 

trials were given daily for a maximum of 15 training sessions. 

We found that intravenous infusion of nimodipine at 1 Ilg/kg/min markedly 

facilitated acquisition of the trace eyeblink: conditioned response in aging rabbits (Deyo et 

al., 1989a; see Figure 1). In fact, they reached a criterion of 8 CRs in 10 trials slightly 

faster than did young animals receiving the same nimodipine dose or than young animals 

receiving vehicle. As was anticipated, aging control rabbits took much longer to reach 

criterion than did the young control rabbits. Training was terminated for many of the aging 

control rabbits that did not reach criterion within 15 training days. Pseudoconditioning 

control animals, for whom the tone CS and air puff US were given randomly in time in an 

explicitly unpaired fashion, showed no tendency to give eyeblink CRs to the tone, i.e., 

nimodipine did not cause nonspecific sensitization to the presentation of the stimuli. There 

was also no difference in the size of the eyeblink: responses to the tone (conditioned 

responses) or to the air puffs (unconditioned responses) between the nimodipine and 

control groups. All of these behavioral features suggest that nimodipine was acting by 

enhancing neural function involved in forming the association between the tone and air 

puff, rather than altering responsivity to the tone or air puff stimuli themselves. Long 

interval trace eyeblink: conditioning is known to be dependent upon the hippocampus for its 

successful acquisition (Solomon et al., 1986; Moyer et al., 1990). As is explained below 

and in our companion chapter (Thompson et al., 1991), our working hypothesis is that 

nimodipine acts by increasing the excitability of neurons in the hippocampus. Since we 

have adrninistered nimodipine systemically in our experiments thus far, brain regions other 

than hippocampus could also be involved. 

In a follow-up study, we showed that nimodipine added to the food supply of aging 

rabbits (860 ppm for one month) also enhanced the acquisition rate in the trace eyeblink: 

paradigm (Straube et al., 1990). The leaming rate enhancement was not as drarnatic in the 

oral nimodipine study, possibly because the serum and brain nimodipine levels were not 

elevated to the same degree as in our previous intravenous application study. A 

dose/response study using intravenous drug administration in rabbits is currently being 

carried out in our laboratory to determine the optimal levels of serum and brain nimodipine 

for leaming facilitation. Preliminary evidence suggests that there may be an inverted U

shaped dose/response curve with levels of nimodipine higher than 5 Ilg/kg/min inhibiting 

rather than enhancing leaming rate. We are also observing that nimodipine enhances 

acquisition using a more stringent 80% CRs per 80 trial training session criterion, in 

addition to our earlier 8 of 10 CRs criterion. 
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Figure 1. Nimodipine enhances trace eyeblink conditioning in aging rabbits. Summary 

of mean trials to criterion (8 CRs in any block of 10 trials). Subjects received 1.0 

Ilg/kg/min nimodipine or vehicle injections. Trace conditioning consisted of a 100 ms tone 

conditioned stimulus (CS) followed by a 500 ms trace period during which no stimulus 

was presented, followed by a corneal air puff (DCS: 150 ms, 2.5 psi). An unconditioned 

response (DCR) was an eye-blink occurring in response to the UCS. A conditioned 

response (CR) was any response occurring after CS onset but prior to UCS onset. 

Nimodipine significantly facilitated eyeblink conditioning of aging animals (F(1,20)= 

10.51, p < .005), without affecting amplitude of CRs or UCRs. Bars: mean ± SEM (n=6 

for each group). (Deyo et al, 1989a) 

Nimodipine also appears to facilitate learning tasks in aging species other than 

rabbits. Water maze leaming is facilitated in aging rats maintained for 49 days on food 

containing only 275 ppm nimodipine (Schuurman and Traber, 1989). Similarly, delayed 

matching to sampie performance is enhanced in aging monkeys given oral nimodipine 

before the training session (Sandin and LeVere, 1990). Since the hippocampus plays such 

a central role in the learning deficits seen in Alzheimer' s disease and in the Age Associated 

Memory Impairment (AAMI; Crook et al., 1986) syndrome, it is of particular interest that 

the behavioral tasks used in these two studies are likely to be hippocampally-dependent. 

These tasks, like trace eyeblink conditioning in rabbits (Moyer et al., 1990), depend upon 
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hippocampus for their successful acquisition (Squire, 1986). As described in the 

accompanying paper (Thompson et al, 1991), hippocampus has a high concentration of 

dihydropyridine binding sites. So the specific target of nirnodipine's actions in an three 

research lines could weIl be the hippocampus. 

Mechanisms for Nimodipine's Learning Enhancement 
There are two obvious candidate rnechanisms for the enhancement of leaming by 

nirnodipine. First, nirnodipine may enhance cerebral blood flow by inducing cerebral 

vasodilation through blockade of calcium channels in vascular smooth muscle. Several of 

the substances which enhance leaming in old animals are thought to act by this mechanism 

(Hock, 1987). And the concentrations ofnimodipine we used are known to increase 

cerebral blood flow in unanesthetized rabbits (Haws et al., 1983). Flunarizine, a 

piperazine calcium channel blocker which is a potent vasodilator (Sugita et al., 1987), had 

no effect in old rats leaming the water maze task described above (Traber, personal 

communication). This would argue against vasodilation per se as the major cause of the 

leaming facilitation we observed. In addition, as discussed in our companion paper in this 

volume (Thompson et al., 1991), nimodipine increased hippocampal single neuron firing 

rate in an aging- and dose-dependent fashion in conscious, unanesthetized rabbits. 

Flunarizine, at doses quite sufficient to enhance cerebral blood flow, had no effect 

(Thompson et al., 1990). 

The second possible mechanism for nimodipine's action in learning, and the one 

which motivated our initial interest in studying this compound, is direct blockade of 

neuronal calcium channels. The afterhyperpolarization (AHP) which follows a burst of 

action potentials is reduced in hippocampal pyramidal neurons in a conditioning-specific 

fashion (Disterhoft et al., 1986; Coulter et al., 1989). This reduction is correlated with 

behavioral acquisition of the eyeblink conditioned response in rabbits (Disterhoft et al., 

1988b); occurs after trace eyeblink conditioning in hippocampal CAI pyramidal cells but 

not dentate granule cells (deJonge et al., 1990); and is associated with an alteration in 

NMDA mediated synaptic transmission (LoTurco et al., 1988). We have argued that this 

alteration is localized to the hippocampus, as it occurs in hippocampal slices separated from 

their normal afferent and efferent connections (Disterhoft et al. , 1988a). The reduction also 

appears to be postsynaptic, as we have demonstrated it with intracellular current injection 

and in the absence of sodium spike-dependent synaptic transmission (Coulter et al., 1989). 

The AHP is known to reflect a calcium-dependent outward potassium current 

(Lancaster & Adams, 1986) and is presumed to control frring rate in hippocampal and 

neocortical pyramidal cells in which it is prominent (Hotson & Prince, 1980). The 

functional consequence of a reduced AHP after conditioning would be to increase the 

excitability of hippocampal neurons. In vivo studies of single hippocampal pyramidal 

neurons have demonstrated that large percentages of these neurons show increased 
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excitability, i.e., increased frring rate to the tone CS, after conditioning (Berger et al., 

1983; Akase et al., 1988). The AHP reduction is likely to be one cellular substrate for this 

increased excitability (Disterhoft et al., 1986). 

The relevance of AHP reductions during learning in young adult to learning deficits 

in aging subjects may be rather direct. Landfield and Pitler (1984) have demonstrated that 

the AHP is prolongedin hippocampal CA1 neurons from aged rats. We have replicated 

this observation in CAl of Ihe aging rabbit (Moyer et al., 1991). Landfield's group has 

also shown that elevation of plasma magnesium (a competitive inhibitor of calcium) 

improves reversallearning in both aged and young rats (Landfield et al., 1986). It is 

conceivable that one factor in the learning deficits in aging animals is a relative inability to 

reduce the AHP at the cellular level. As discussed in the accompanying chapter (Thompson 

et al., 1991), we have demonstrated that nimodipine reduces the AHP and accomodation, 

two indices of cellular excitability, in CA1 neurons in hippocampal slices prepared from 

aging rabbits; and that nimodipine blocks high-threshold, non-inactivating calcium currents 

in acutely dissociated hippocampal neurons from guinea pig hippocampus. Thus it seems 

likely that nirnodipine could be acting to enhance learning rate in aging subjects by directly 

reducing the AHP which is abnormally large in neurons in aging brain. 

Nimodipine Alters Sensorimotor Performance in Aging Rabbits and Rats 

Aging rabbits that received oral nimodipine and were tested for eyeblink 

conditioning (Straube et al, 1990) were also evaluated for their performance in an "open 

field" (Deyo et al., 1989b). In our studies, the open field was a flat space divided into 

squares with walls on two sides. The experirnenter, blind to the treatment condition of the 

aging rabbits, placed the rabbits onto the open field at the same position for five successive 

days. Recall that rabbits are prey animals. Thus it is not suprising that young rabbits, 

when placed on the open field, tend to stay to the border of the open field next to the walls, 

not move around too much, and spend considerable time sitting, grooming and observing 

their environment (Figure 2). Aging control rabbits, on the other hand, wander somewhat 

aimlessly around the open field. Their tendency to expose themselves to the center of the 

open space, as well as to move around a lot, would have made them easy prey in the wild 

(Figure 2). Aging rabbits who received nirnodipine, on the other hand, behaved very much 

like young control rabbits (Figure 2). The open field test is somewhat difficult to classify, 

as it certainly appears to have components of general cognitive functioning. But it also 

appears to be a test of sensorimotor skill and level of alertness. Wehave chosen to 

interpret our data more simply as a test of sensorimotor skill. 

A more extensive evaluation of the effects of oral nirnodipine on a variety of 

sensorimotor tasks, as wen as open field behavior, was done in aging rats by Schuurman, 

Traber and their associates (Schuurman and Traber, 1989). In general, they found that 

aging rats maintained on a diet inc1uding nirnodipine were considerably better than their 

age-matched controls on tasks such as crossing a small horizontal rod, crossing a wide 
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bridge, and pole climbing. An ingenious and objective evaluation of stepping pattern was 

used in which rats' feet were dipped in developing fluid and then allowed to walle in an 

alley in which undeveloped photographic paper had been placed. The aging nimodipine 

rats showed a markedly younger looking walking pattem than their age-matched control 

cohorts when the photographic paper was developed. The behavior of rats, a foraging 

species, is the opposite of rabbits when placed in the open field, Le., young rats tend to 

explore and move around a lot while aging animals tend to sit passively. Nimodipine 

caused the aging animals to behave more like young controls. Finally, in a collaborative 

study with Gispen's laboratory, it was shown that aging rats receiving oral nimodipine 

(860 ppm) had improved gait pattems, enhanced sensory and motor conduction velocities 

YOUNG-CONTROL AGING-CONTROL AGING-NIMODIPINE 

Figure 2. Examples of activity patterns shown on one testing day for a rabbit in each of 

the three groups. The rabbit symbol denotes the square where the test animal was placed 

on each of the five successive days on which observations were made. All observations 

were made double blind. (Deyo et al., 1989b) 

in their sciatic nerves, and increased fiber density in the sciatic nerve as compared to 

controls (Gerritsen van der Hoop et al., 1989). The experimental and control rats in this 

study werre chosen to exhibit impaired walking pattems when the study began. This 

observation provides one physiological substrate for the improved behavioral performance 

of the animals which received nimodipine. 

Do Our Studies in Aging Rabbits Generalize to Humans? 

We have extensively investigated the cellular mechanisms of leaming and of aging

related deficits in learning in the rabbit. Because the hippocampus is c1early implicated in 

the learning deficits which are a prominent symptom of Alzheimer's disease (van Hoesen et 
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al. 1986; van Hoesen and Damasio, 1987) and of Age Associated Memory Impairment 

(Crook et al., 1986), we have used a hippocampaHy-dependent task, trace eyeblink 

conditioning, in our studies. But an obviously unanswered question is whether our animal 

studies generalize to the aging human population. This is a difficult and important issue 

which is difficult to resolve definitively because we are quite limited in the kinds of 

experimental questions we can pose in the human (Zola-Morgan and Squire, 1985). We 

have begun to address this question with an ongoing c1inical trial of the effects of 

nimodipine on eyeblink conditioning as weH as other cognitive tasks using normal young 

and aging human subjects. We are using the same 500 msec trace eyeblink conditioning 

task with the same computerized behavioral training and analysis routines for human 

training that we use with rabbits. At this point, we have documented that there is a 

remarkably similar leaming deficit in the trace eyeblink conditioning task: in aging humans 

as in aging rabbits (Figure 3; Disterhoft et al., 1991). These data confrrm those reported by 

other laboratories, although our training parameters were slightly different than those used 

in the previous studies (Finkbiner and Woodruff-Pak, 1991; Solomon et al., 1991). We 

do not know what the effect of nimodipine on eyeblink conditioning or other tasks is at this 

point in our double-blind study. However, there is c1early a precedent for a positive effect 

on learning and general cognitive function in patients with mild or moderate diffuse organic 

brain syndrome (Kanowski et al., 1989), in patients with primary degenerative and multi

infarct dementias (Fischhof et al., 1989), and in patients with vascular dementia (Tobares et 

al., 1989). We are screening both our aging and young subjects on a number of measures 

so that we will be able to observe nimodipine's effects on relatively normal individuals with 

a wide range of learning abilities. 

We have used our animal model, trace eyeblink conditioning in the rabbit, in an 

anempt to better understand the ceHular mechanisms of the learning deficits which occur as 

part of the aging process. We have chosen trace conditioning because, in the rabbit at least, 

this behavioral variant is hippocampally-dependent. One hypothesis concerning the cause 

of learning and other deficits during aging postulates that altered intracel1ular calcium levels 

cause disrupted information transfer in regions such as the hippocampus, which are critical 

for the learning and memory process (Khachaturian, 1986; Landfield, 1987). As explained 

in this and the companion chapter (Thompson et al., 1991), we have observed that 

nimodipine causes marked enhancement of associative learning rates in the aging rabbit. 

We have also shown with in vivo and in vitro neurophysiological techniques that 

nimodipine enhances the excitability ofhippocampal CAI neurons in an age- and dose

dependent fashion. These CAI hippocampal neurons are especially interesting because 

they show dramatic excitability increases during eyeblink conditioning in young rabbits and 

demonstrate characteristic changes during aging which result in reduced excitability and 

reduced capacity for information processing. Thus, we are currently attempting a direct test 

of our hypothesis that nimodipine enhances learning rate, specifically in eyeblink 
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Figure 3. Acquisition curves for trace eyeblink conditioning in a group of young (mean 

age, 24.9 yr) and aging (mean age, 66.8 yr) human subjects. There were 12 subjects in 

each group. The young subjects learned the eyeblink conditioning task significantly better 

than the aging subjects (p < .04). The training parameters were the same as those used in 

the Deyo et al. (1989a) study in which intravenous nimodipine was administered to aging 

and young rabbits. 

conditioning, in aging humans whose hippocampi are likely to be less excitable than those 

in younger humans. 

Our goal is to use insights gained from our preclinical research to define 

compounds which may be used clinically to help ameliorate aging-related deficits in 

cognition and especiaily learning. We are weIl aware of the pitfaIls of attempting to 

generalize from animal models to the human. But we feel that our multi-level analyses, 

comparing data from several preparations within one species as weil as from one learning 

task across species, is of great utility and has good face validity. The approach we are 

using to evaluate nimodipine mayaiso be used with other compounds. It should allow us 

to make progress, for example, toward defining how nootropic drugs work in the aging 

brain. Understanding mechanism of action is a major positive step toward the design of 

compounds which are more effective in dealing with learning deficits seen in "normal" 

aging and in Alzheimer' s disease. 
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CELLULAR MECHANISMS FOR NIMODIPINE'S REDUCTION OF AGING

RELATED LEARNING DEFICITS 

L.T. Thompson, J.R. Moyer, Jr., J. Blaek and J. F. Disterhoft 

Department of Cell, Moleeular, & Struetural Biology 

Northwestern University Medieal Sehool 

303 E. Chicago Ave., Chicago, IL 60611 

Systemie administration of nimodipine, a 1,4-dihydropyridine Ca2+ ehannel 

antagonist, reverses aging-related behavioral deficits in rabbits, including impaired open

field behavior and slowed acquisition of associative eyeblink conditioning. The eellular 

meehanisms for these effects are the foeus of eurrent neurophysiologieal research in our 

laboratory, summarized here. Our working hypothesis is that regulation of intracellular 

Ca2+ in the hippocampal system is impaired by aging, and nimodipine reduees this 

impairrnent by blocking calcium entry through voltage-dependent calcium channels. In 

effect, nimodipine restores irnportant biophysical properties in aging hippocampal neurons 

so as to mimic those observed in neurons from young animals. 

This hypothesis is not new, nor ours alone. For example, Khachaturian (1984, 

1989) has proposed that the aging brain loses the ability to regulate homeostatically 

intracellular calcium, leading to a cascade of problems, dependent upon the neuronal cell 

type and the degree of disregulation involved. Cellular irnpairments consequent to this loss 

of intracellular calcium regulation include changes in phospholipid metabolism, alterations 

in many other cytosolic second and third messenger systems, chronic changes in synaptic 

transmitter release, and in a number of different model systems of necrotic events and cell 

death (Feig & Lipton, 1990). We have concentrated our efforts on the hippocamus, since 

neurons in this region exhibit profound functional changes following relatively small 

perturbations in intracellular calcium levels (see diseussion below). They are among the 

first neurons to undergo degenerative changes after brief ischemic episodes (Johansen et 

al., 1990; Onodera et al., 1990), and are severely impaeted in aging associated brain 
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disorders including but not limited to Alzheimer's disease (Mani et al., 1986; see also other 

papers in this volume). Although much attention has been given to aging-related deficits in 

cholinergic systems that provide major afferents to the hippocampus and neocortex, our 

data and that of others suggests that other biophysical alterations result in impaired 

intracellular calcium regulation and contribute to the learning impairments observed in aging 

subjects. The hippocampal region has long been studied as a region critically involved in 

learning and memory (Olton, 1988; Squire et al., 1989). Since learning is impaired in 

many aging subjects (see Disterhoft et al., this volume), and since the neuroanatomy 

(Geinisman et al., 1986; Landfield et al., 1977), the neurochemistry (Eldridge et al., 1989) 

and the neurophysiology (Barnes, 1988; Lamour et al., 1989) of the hippocampal region 

are profoundly affected by aging, it follows that ameliomtion of dysfunctional 

physiological changes in the region may lead to reductions in some of the behavioral and 

psychological dysfunctions commonly associated with aging. 

The hippocampus plays a key role in associative leaming 

The hippocampal region exhibits the highest binding affinities and greatest density 

of dihydropyridine binding sites in the brain (Skatteb!1ll & Triggle, 1987; van den 

Kerckhoff & Drewes, 1989), making it a prime target for calcium channel antagonist 

actions. Three lines of evidence derived from work in our laboratory (as weH as that of 

others) relating behavior, in vivo physiology, and in vitro biophysics, suggest that the 

hippocampus is a key mediator of nimodipine' s beneficial effects on age-related learning 

deficits. This is not to suggest that other brain areas are not impacted both by aging or by 

nimodipine, nor that other areas are not involved in learning. Instead, it has allowed us to 

investigate rigorously the cellular and subcellular mechanisms underlying both learning and 

aging-related impainnents in learning, within the context of a weH defined biological 

system, using classical neurophysiological approaches, coupled to the refined behavioral 

tools discussed in the preceding paper (Disterhoft et al., this volume). 

First, behavioral studies indicate that functional integrity of the hippocampus is 

required for many forms of leaming in young animals, and that functional declines 

associated with aging also impair learning (see fuH discussion in Disterhoft et al., this 

volume). Complete ablative lesions of the hippocampus result in learning deficits in tmce 

eyeblink conditioning tasks similar to, although more severe than, those seen in aging 

rabbits (Moyer et al., 1990b; Solomon et al., 1986; Solomon & Graves, 1985). 

Pharmacological blockade of cholinergic or glutaminergic synapses, together the major 

afferent neurotransmitter systems to the hippocampus, produce profound deficits in a wide 

range of learning tasks, mimicking the effects of hippocampallesions (Paylor & Rudy, 
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1990; Robinson et al., 1989; Thompson & Disterhoft, 1991). Seneseent animals exhibit 

defieits in many leaming tasks similar to those observed in young animals after lesions or 

pharmacologieal blockade of hippocampal activity (Caprioli et al., 1991; see also other 

papers, this volume). 

Seeond, firing rates of hippocampal pyramidal eells model the eonditioned eyeblink 

response in young rabbits. Investigations using extraeellular reeording teehniques in intaet 

behaving animals have shown that inereases in single-neuron aetivity in the intact 

hippocampus are highly eorrelated with leaming. Inereased frequeney and reliability of 

frring are observed as learning progresses, reaehing asymptote shortly prior to behavioral 

asymptote (Berger & Thompson, 1977). The aetivity ofhippocampal pyramidal eells 

inereases above spontaneous baseline frring rates slightly in advance of the onset of a 

conditioned response, and continues above baseline until after the paired unconditioned 

stimulus is presented. Berger and Thompson deseribed this dramatic eorrelation between 

the frring of hippocampal pyramidal neurons and the conditioned behavioral response as 

"neural modelling." W ork in our own laboratory has shown that almost all identified 

pyramidal neurons isolated in the CA1 and CA3 subfields of the hippocampus in trace 

eonditioned rabbits are functionally modulated during eyeblink conditioning (Akase et al., 

1988). Cells followed during 300 msee trace eonditioning trials show clear modelling of 

the behavioral response, similar to that deseribed by Berger and eolleagues, but with a 

novel additional burst of firing shortly after onset of the CS, an apparent priming response 

to the tone CS that may be important for setting up a memory trace aeross the relatively 

long interstimulus trace interval. This non-habituating response to the CS (i.e. the 

response persists in overtrained animals) is almost certainly unique to trace conditioning, as 

it has not previously been reported. It may be a further indication of the critical 

involvement of the hippocampal cireuitry in this relatively complex (compared to delay 

conditioning) associative leaming task. 

Third, the ealcium-dependent afterhyperpolarization (AHP) responses of 

hippocampal CA1 pyramidal ceIls are reduced in animals that have been eyeblink 

conditioned (Disterhoft et a/., 1986; Coulter et a/., 1989; de Jonge et al. , 1990). 

Interestingly, this reduetion in the AHP is not dependent solelyon training, sinee animals 

that have begun training but not yet successfully leamed the task exhibit no AHP reduction; 

only animals that suecessfully leam the task show the biophysical effeets (Disterhoft et al., 

1988). The eonverse experiment, demonstrating that AHP reduetions are neeessary and 

sufficient for leaming to oeeur, and that specific manipulations of the AHP result in highly 

correlated changes in learning, is not eurrently technically feasible in our rabbit eyeblink 

preparation, since in vivo AHP measurements (as weIl as manipulations via current 
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injection) during the course of leaming are difficult to achieve and open to multiple 

interpretations (see Woody et al., 1991, as an example). 

The firing rates of CAI (and other) neurons are regulated by slow AHPs, that act to 

"clamp" the cell membrane potential at a hyperpolarized level incompatible with recurrent 

flring (Madison & Nicoll, 1984). Reductions in the AHP make cells more excitable; the in 

vitro data on AHP reductions is thus congruent with the in vivo data indicating increased 

conditioning-specific firing activity. The AHP has been shown to be Ca2+-sensitive, as 

intracelIular buffering with EGTA or BAPTA or removal of ea2+ from the extracellular 

media in in vitro hippocampal slice preparations abolishes or severely reduces the amplitude 

and duration of the AHP (Lancaster & Adams, 1986). These findings suggest that agents 

which alter calcium influx should alter the afterhyperpolarizing responses of hippocampal 

neurons. Further, direct or indirect pharmacological manipulation of the AHP may have a 

significant impact on leaming. 

Since hippocampal neurons from aged animals exhibit larger AHPs than those from 

young animals (see discussion below), leaming deficits in aging animals and in aged 

humans may be partly attributable to greater difficulty in regulating calcium-dependent 

AHPs. The calcium-sensitive AHP in hippocampal neurons is functionally quite similar to 

the cholinergic-sensitive M-current (another macroscopic potassium conductance blocked 

by muscarinic agonists), in that it serves to inhibit excitation of neurons, holding them to 

more hyperpolarized resting potentials at which they are less likely to fIre. It is interesting 

to note that both cholinergic and Ca2+ dependem systems in the same neurons show 

similar functional declines with aging. Whether a common subcellular mechanism links the 

two sets of changes is unknown, but is certainly open to further investigation. 

Chan~es in hippocampal calcium conductances with a~in~ 
The calcium-dependem AHP is increased in both peak amplitude and in duration in 

pyramidal cells recorded intracellularly in hippocampal slices taken from aging rats 

(Landfield & Pitler, 1984) and aging rabbits (Moyer et al., 1991; see Figure 1). The AHPs 

in aging neurons are of extremely large amplitude and long duration (i.e. more than 5 mV 

in amplitude and 800 msec in duration after a 4-spike burst), which effectively eliminates 

spontaneous or induced activity for the duration of the AHP. The larger AHP thus 

increases the interspike interval and decreases the observed frring rate in the whole anima!. 

In fact, the AHPs observed in aging neurons are remarkably similar to those seen in young 

neurons in the presence of high levels of extracellular calcium, which presumably increases 

calcium influx during depolarizing action potential generation (Landfield & Pitler, 1984). 

Sirnilarly, calcium potentials (slow onset potentials seen during depolarization with TTX 
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Figure 1. CAI pyramidal neurons in hippocampal slices taken from aging rabbits are less excitable than 
neurons in slices from young rabbits. Afterhyperpolarization (ARP) responses following a burst of 4 
spikes evoked by depolarizing intracellular current injections are significantly larger in neurons recorded 
intracellularly in slices from aging rather than young rabbits. Both ARP peak amplitude and ARP 
integrated area (a measure combining both amplitude and duration) are increased significantly in neurons 
from aging rabbits. Spike accommodation is also greater in aging neurons than in young ones, as young 
neurons elfe more spikes to a prolonged (800 msec) depolarizing current pulse before accommodating than 
do aging ones. All of these biophysical alterations may make major contributions to the aging-related 
learning deficits discussed. Calibration: 20 mV, 100 msec. 

blockade of sodium potentials; Wong & Prince, 1978) are increased in hippocampal 

neurons from aging rats (Pitler & Landfield, 1990) and aging rabbits (Moyer et al., 1990a). 

Potentiation of the Schaffer collateral synapse from CA3 to CA 1 pyramidal neurons is also 

impaired in aging rats (Landfield et al., 1978). Interestingly, high levels of magnesium, a 

non-specific competitive antagonist of calcium entry, reverses some learning deficits 

observed in aging rats and also reverses these and other aging-related biophysical changes 

(Landfield & Morgan, 1984). Although alterations in intracellular calcium buffering, 

changes in sequestering within organelles, or reduced A TP-dependent extrusion from the 

neuronal membrane cannot be mIed out, the data presented are consistent with the 

hypothesis that increased calcium entry via voltage-dependent calcium channels is a 

hallmark of neurons in aging, learning deficient anirnals (Landfield et al., 1989). 
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Nimodipine blocks L-type calcium currents in hippocampal neurons 

Nimodipine (see Figure 2) is a dihydropyridine calcium channel antagonist 

(Scriabine & van den Kerchkoff, 1988). It was originally tested in humans to reduce the 

consequences of ischemic stroke. Interestingly, a preliminary report suggested that 

nimodipine enhanced learning in aging humans after ischemic episodes, which led to 

further testing in normal aging populations (see discussion in Disterhoft et al., this 

volume). Nimodipine blocks L-type calcium channels in vascular smooth muscle, resulting 

in dose-dependent vasodilation. Nimodipine has high specificity for cerebrovascular 

smooth muscle, increasing cerebral blood flow in a dose-dependent fashion (Haws & 

Heistad, 1984). It appears to have utility in animal models of ischemia, reducing infarct 

size and edernic sequelre secondary to neuronal and glial necrosis (Mossakowski & 

Gadamski, 1990; Nuglisch et al., 1990), and is currently available for use in human 

patients for treatment of subarachnoid hemorrhage. Our interests in nimodipine's 

effectiveness, however, go beyond its abilities to improve cerebrovascular perfusion. 

Instead, we hypothesize that it directly blocks neuronal calcium channels in vivo, so as to 

reverse specifically the aging-related changes in neuronal excitability discussed above. 

Several studies (Hoffmeister et al., 1985; van den Kerckhoff & Drewes, 1989) have 

shown that nimodipine, which is extremely lipophilic, crosses the blood brain barrier to a 

greater extent than other dihydropyridines, making central dihydropyridine bin ding sites 

accessible to peripherally delivered nimodipine. The fact that the drug has access to central 

nervous system binding sites, however, is not sufficient to demonstrate that its effects are a 

result of ligand-receptor interactions at these sites (nor a result of achain of events initiated 

by these binding events). Thus, the following neurophysiological experiments were 

carried out to demonstrate nimodipine's actions on neuronal tissue, in several in vitro 

preparations, as well as in the awake intact rabbit preparation identical to that used for our 

behavioral studies. 

One study in our laboratory (Black et al., 1990) demonstrated that the 1,4-

dihydropyridine calcium channel antagonist nimodipine partially blocked high-threshold 

non-inactivating (L-type) calcium currents in acutely dissociated hippocampal pyramidal 

cells. The kinetic and pharmacologic properties of these currents were studied using patch 

electrodes to provide whole-cell voltage-c1amp recordings, with records obtained from cells 

for periods up to 4 hr after dissociation, allowing complex voltage command protocols to 

be carried out at several holding potentials in the presence of aseries of solutions. 

Nimodipine and BAY-K-8644, a dihydropyridine calcium channel agonist, were pressure

ejected from pipettes placed under microscopic control near the cel!. As in other studies of 

the effects of dihydropyridines on Ca2+ currents in hippocampal CAI and CA3 pyramidal 

cells in a number of preparations (Docherty & Brown 1986; Gähwiler & Brown 1987; 
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Figure 2. The 1,4-dihydropyridine high-voltage activated non-inactivating (L-type) calcium channel 
antagonists nifedipine, widely used as an antihypertensive vasodilator, and nimodipine, which exhibits 
greater specificity for cerebrovascular smooth muscle and for neuronal tissue, and the diphenylalkylamine 
calcium channel block.erjlunarizine, which blocks transient low-voltage activated transient (T-type) calcium 
currents. These three calcium channel antagonists were tested in the awake rabbit preparation described 
earlier (Disrerhoft et al., this volume), 10 see ifnimodipine's effects on neuronal activity differed from those 
of other drugs that had similar peripheral effects .. 

Mogul & Fox, 1991), 10 jlM nimodipine reduced the peak current by about 50% in 

dissociated neurons, while 10 J.1M BAY-K-8644 potentiated the current by an 

approximately equal amount. These effects were reversible after washing (see Figure 3). 

Thus, when applied directly to the soma of dissociated CAl neurons under good voltage 

control, nimodipine blocked L-type Ca2+ currents. The next question addressed, 

therefore, was whether it has similar effects in more intact preparations. 

Nimodipine's effects on hippocampal neuronal activity in vivo 
A chronic extracellular multiple-electrode assembly was used for simultaneous 

isolation of a large number of single-units in the awake, behaving rabbit before, during, 

and after infusion of different doses of nimodipine, the drug vehicle alone, or of other 

calcium channel antagonists. Nimodipine enhanced extracellular firing activity in an aging

and dose-dependent fashion in awake animals, with the greatest enhancement at the dose of 

nimodipine previously shown to reverse aging-related learning deficits (Tbompson et al., 

1990). Reliable rate increases were noted within 8 min after drug infusion began, and were 

stable within 20 min. Spontaneous firing activity retumed to baseline rates within 20 min 

after nimodipine infusion ended. Significantly greater enhancements in fuing rates were 

seen in cells recorded in aging subjects than in young ones (see Figure 4). 

247 



Current -

Voltage 
-20 mV 
-80 mV.--J 

L 10 IlM Nimodipine 

\. .C~ritrol 

Wash 

-80 
Membrane Potential (mV) 

o +60 

-2.2 

o Control 
.6 10 IlM Nimodipine 

• Wash 

Peak Current (nA) 

Figure 3. Nimdopine blocks non-inactivating high-voltage activated (L-type) calcium conductances in 
voltage-clamped acutely dissociated hippocampal pyramidal neurons from guinea-pigs. 10 J.LM nimodipine 
reduced the calcium conductance activated by a voltage step from -80 mV to -20 mV by approximately 
35%,. The effects of the dihydropyridine was almost fully reversible after abrief wash. 

dihydropyridine that has similar effects on cerebral blood flow but enters the brain to a 

much lesser extent; van den Kerckhoff, & Drewes, 1989) on hippocampal single-unit 

activity, specifically to address the issue of cerebral blood flow effects (Thompson et al., 

1990). The lack of effect of either of the other two calcium channel blockers (Figure 4C 

and 4D) and the dramatic effects of nimodipine on hippocampal neuronal activity in the 

awake rabbit strongly argues against cerebrovascular perfusion changes as a primary 

mechanism of its behavioral actions. 

The next step in our analyses of the effects of nimodipine on hippocampal 

physiology has been to define the specific cellular excitability changes nimodipine induces 

in neurons in hippocampal slices. Since aging neurons exhibit increased AHPs, and since 

learning reduces the AHP in young rabbits, AHP amplitude and duration were studied 

before and after nimodipine treatment. Intracellular current-clamp recordings were used to 

An important qualification that should be considered is that we have concentrated 

our hypotheses on nimodipine's blockade of neuronal calcium channels. Nimodipine and 

other dihydropyridines also block calcium channels in smooth muscle, thereby increasing 

cerebral blood flow in rabbits at the doses tested (Haws et al., 1983). It is possible that the 

behavioral effects we have noted in aging rabbits are primarily mediated by enhanced 

cerebral blood flow, rather than direct blockade of neuronal calcium channels. In reply, it 

should be noted that nimodipine readily crosses the blood-brain barrier (Hoffmeister et al., 

1985) and binds with high affinity to dihydropyridine receptor sites, which are most 

concentrated in the hippocampal region (Skatteb!iS1 & Triggle, 1987). Further, we direct1y 

compared the effects of nimodipine (which readily crosses the blood-brain barrier) with that 

ofjlunarizine (which blocks T-type rather than L-type calcium channels; Takahashi & 

Akaike, 1991; and thereby also alters cerebral blood flow) or nijedipine (another 
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examine the effects of bath applied nimodipine in the hippocampal slice (Moyer et al., 

1991). In cells held at similarresting membrane potentials, AHPs in pyramidal cells from 

aging animals were significantly larger than those from young animals. Nimodipine caused 

a dose-dependent reduction in the size and integrated area of the slow AHP of CA 1 

pyramidal neurons, with significantly greater AHP reductions in aging cells (see Figure 5). 

AHP reductions were seen in aging cells at concentrations of nimodipine as low as 100 

nM. Additionally, nimodipine produced a marked increase in the number of action 

potentials elicited by a long depolarizing pulse (i.e. decreased spike accommodation) in 

aging animals, at doses as low as 10 nM. These changes were not accompanied by 

alterations in input resistance. The current required for orthodromic synaptic activation was 

typically decreased by nimodipine in aging neurons (see also O'Regan et al., 1991). 

Reduced spike accommodation, coupled with the reductions in both the amplitude and the 

duration of calcium-sensitive AHPs, provides further evidence for nimodipine' s 

enhancement of hippocampal neuronal excitability. An increased number of spikes are 

fired by aging neurons treated with nimodipine, for any given depolarizing stimulus 

strength, as compared to age-matched controls. This is precisely the effect the earlier 

findings (discussed above) relating hippocampal neuronal activity to leaming would predict 

as a necessary condition for successful associative learning to occur. 

CONCLUSIONS 
Nimodipine acts to reverse aging-induced reductions in hippocampal neuronal 

excitability, presumably via its effects on hippocampal voltage-dependent calcium channels. 

We have demonstrated that the dihydropyridine calcium antagonist nimodipine markedly 

facilitates associative learning in aging rabbits. Further, we have demonstrated in young 

adult rabbits that one change induced by classical conditioning is areduction in the 

afterhyperpolarization (AHP) that follows a burst of action potentials in hippocampal CA 1 

neurons. This AHP is generated via one or more calcium-sensitive potassium 

conductances. Nimodipine blocks L-type calcium conductances and reduces AHPs in 

hippocampal neurons of aging rabbits, thereby giving them biophysical characteristics 

similar to those found in young adult hippocampal neurons. Pharmacologically-induced 

reductions of the AHP coupled with reductions in spike accommodation may in turn 

facilitate learning, by enhancing the ability of hippocampal neurons to increase their firing 

activity adaptively when associative stimuli are presented. Nimodipine's actions on 

hippocampal neurons in vivo are consistent with observations that these cells have 

increased spike activity during and after associative eyeblink conditioning, that learning is 

impaired in aging animals, and that nimodipine treatment reverses this impairment, perhaps 

via changes in hippocampal neuronal activity. 
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We are weH aware of some qualifications that must be considered when evaluating 

and interpreting the data discussed above. We have concentrated our discussion on the 

hippocampus, a brain region profoundly affected by aging. And, we have used trace 

eyeblink: conditioning, a hippocampally-dependent associative learning task, in our 

behavioral studies of aging rabbits and aging humans. But it is dear that the aging process 

affects all brain regions, not the hippocampus alone. Given the methods of nimodipine 

administration in our behavioral and in vivo single neuron recording studies, the drug 

reaches the entire brain, and could have positive behavioral effects mediated by brain 

regions other than the hippocampus. This is undoubtedly true, although further 

accumulation of evidence linking hippocampal changes in calcium regulation with learning 

will continue to strengthen our hypothesis that the hippocampus is critically involved in the 

leaming deficits associated with aging. As noted above, nimodipine has cerebrovascular 

effects, which may playa significant role in other brain areas than in the hippocarnpus. 

Although such effects could contribute to global measures of cognitive and attentional 

enhancement by nimodipine, by concentrating on hippocampaHy-dependent learning tasks 

such as trace eyeblink conditioning (Moyer et al., 1990b), we have reduced their 

contributions to a minimum in our measurements. We are beginning to more directly 

address this issue, utilizing a combined approach to examine nimodipine's effects after 

hippocampallesions. 

At this time, it appears that pharmacological blockade of neuronal calcium channels 

can have positive effects, reversing some forms of aging-related learning deficits. We have 

demonstrated specific examples, using the rabbit eyeblink conditioning paradigm, in which 

both oral and intravenous administration of a dihydropyridine calcium channel antagonist 

(nimodipine) facilitates learning in aging animals (see Disterhoft et al., this volume). We 

have presented evidence that indicates that the hippocampus is both profoundly affected by 

aging, and is critically involved in specific forms of leaming, induding trace eyeblink 

conditioning. We have seen that some physiological properties of hippocampal neurons are 

regulated by calcium-sensitive mechanisms, that hippocampal pyramidal neurons model 

associative eyeblink responses, and that nimodipine changes the activity of these neurons in 

vivo. Further, we have shown that learning and aging induce opposing changes in a 

calcium-dependent AHP response localized to hippocampal neurons. Nimodipine reverses 

the aging-related increase in the AHP, allowing leaming-dependent decreases in the AHP to 

occur more readily. Each line of evidence presented is convergent with the hypothesis that 

disturbances in neuronal calcium regulation, perhaps centered in the hippocampal region, 

underlie many ofthe deficits in leaming and memory which frequently accompany the 

process of aging. Thus, our rabbit model of associative leaming should be relevant to 

scientists and clinicians concemed with human age-related learning deficits andlor the 
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behavioral consequences of Alzheimer's disease. Our studies indicate that that nimodipine 

or other similar calcium channel blockers may have important applications in the treatments 

of such disorders. 
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INTRODUCTION 

Tbe search for the underlying neurochemie al causes of dementia due to Alzheimer's 

disease and aging has continued in eamest over the past few years. Although the 

cholinergic hypothesis has attracted much attention and experimental effort, another 

hypothesis is coming to the forefront due in large part to advances in our understanding of 

the neurochemical basis of leaming and memory. This new hypothesis, the glutamatergic 

hypothesis, does not necessarily exc1ude the cholinergic hypothesis or others, but may 

provide an additional perspective for experimental design and the development of potential 

therapies for cognitive disorders associated with aging or Alzheimer's disease. 

The glutamatergic hypothesis as enumerated by Greenamyre and Y oung (1989) 

suggests that alterations in excitatory amino acid neurotransmission in the brain may playa 

role in the etiology of Alzheimer's disease and may, in part, underlie the c1inical 

manifestations of the disease. Much of the support for this hypothesis has relied on data 

obtained from post-mortem human tissue. Many investigators are also using rodent models 

of aging to study the possible involvement of excitatory amino acids in cognitive 

dysfunction. Thus, the original glutamatergic hypothesis of Alzheimer's disease may be 

expanded to inc1ude age-dependent loss of cognitive function. In this chapter some of the 

recent evidence in favor of the glutamatergic hypothesis of age-dependent cognitive deficits 

will be presented inc1uding work in our laboratory on effects of aging on functional aspects 

of excitatory amino acid receptors. 

EXCITATORY AMINO ACID PHARMACOLOGY 

Tbe pharmacological c1assification of excitatory arnino acid receptors has been 

undergoing revision almost from their discovery. In the last few years there has been an 

explosion of knowledge conceming potential subtypes of glutamate receptors. In light of 
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the recent cloning of several subunits of glutamate receptors, the process of classification of 

excitatory arnino acid receptor is certain to change even more. Thus at this writing any 

classification scheme willlikely be outdated in a short time. However, abrief outline of 

current knowledge of glutamate receptors will serve as a basis for discussion of some of 

the therapeutic implications regarding the treatment of Alzheimer's disease or age

dependent cognitive disorders. 

At this point there appears to be three major classes of glutamate receptors, although two 

other classes have been proposed. Here they will be referred to as NMDA, AMPA, and 

trans-ACPD receptors in keeping with the narning of receptors for selective agonists. The 

AMPA subtype referred to here includes the previously suggested kainate and quisqualate 

receptors. The molecular transduction mechanisms for NMDA and AMPA receptors are 

ligand gated ion channels while the trans-ACPD receptor is a metabotropic receptor which 

uses G-proteins to couple receptor activation to polyphosphoinositide specific 

phospholipase C (PLC) (figure 1). The ionophores controlled by NMDA and AMPA 

receptors are selective for Na+ and K+ , although the NMDA-gated channel allows calcium 

flux more readily than the AMPA-gated channel (Mayer and Westbrook, 1987). 

Electrophysiological, biochernical, and pharmacological experiments have yielded 

information which allows the construction of a model for the NMDA receptor. This model 

includes a ligand recognition site, a glycine co-agonist site, and a cation channel containing 

separate binding sites for phencyclidine (PCP)-like channel blocking ligands and 

magnesium (Reynolds and Miller, 1988). In addition, there have also been proposed 

regulatory sites for zinc and polyarnines (Peters et al, 1987, Ransom and Stec, 1988) 

(figure 1). The early discovery of competitive antagonists of the NMDA recognition site 

such as 2-arnino-5-phosphonopentanoic acid helped to bring the study ofNMDA receptors 

along much faster than the AMP A type receptors (McLennan, 1983). The structure of the 

NMDA receptor has not been elucidated at this time, but there is evidence that it is an 

oligomeric structure with multiple subunits (Ly and Michaelis, 1991). If the NMDA 

receptor complex is part of the ligand gated superfarnily of receptors it is probable that 

some of the various binding sites which have been identified are located on separate 

subunits. A prelirninary report indicates that the subunit which contains the agonist 

recognition site has been cloned and it does not contain any of the other modulatory sites 

(Michaelis et al., 1991). Functional studies show that channel blocking ligands and 

magnesium bind to separate sites within the channel pore (Mayer and Westbrook, 1987). 

Magnesium is thought to playaspecial role in the function of the NMDA receptor because 

it can block the channel at the normal resting polarized membrane potential. As the 

membrane becomes depolarized the affinity of magnesium for its binding site decreases 

thereby allowing current to flow throughout the channel (Mayer et al., 1984). This 

voltage-dependent magnesium blockade may have important implications for mechanisms 

of learning and memory (see below). 
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A current model of the excitatory amino acid receptor system (see text for 
details). 

Knowledge of AMPA receptor function has lagged due to the lack of selective ligands 

for this receptor. Recently compounds which are more selective and potent competitive 

antagonists of AMPA receptors, such as CNQX and DNQX, have been developed, and 

they will be useful tools for further study of this receptor. Kainate and quisqualate are both 

good agonists for this receptor, and thus the subclassification of AMPA receptors into 

kainate and quisqualate subtypes may not be necessary. The most significant advancement 

in this area is the recently reported cloning of at least 4 subunits of glutamate receptors, 

termed GluRI-4 which form functional ion channels with pharmacological characteristics 

consistent with the AMPA receptor subtype (Keinanen et al., 1990; Boulter et al., 1990). 

Single subunits can form homomeric ligand-gated ion channels when expressed in an 

oocyte system, and pharmacological differences can be observed (Boulter et al., 1990; 

Hollman et al., 1991). Various combinations of subunits can form heteromeric channels 

with distinct properties such as permeability to calcium, current-voltage relationships, or 

magnitude of agonist-induced response. These initial findings suggest that there will be 

great diversity in the expression and properties of the AMPA type receptors in brain. 

The metabotropic glutamate receptor has also been cloned and expressed (Houamed et 

al., 1991; Masu et al., 1991). The primary amino acid sequence contains the seven 

transmembrane structural motif typical of the G-protein linked superfamily of receptors. 

The most selective agonist for this receptor is trans-ACPD (trans-l-aminocyclopentyl-l ,3-

dicarboxylate), although ibotenate and quisqualate are also effective agonists. The best 

antagonist available for this receptor to date is 2-amino-3-phosphonoproprionate (AP3), 

although it has a very low potency and may have partial agonist activity (Schoepp et al., 

1990). Further progress on the functional roles of this glutamate receptor subtype awaits 

the development of better pharrnacological tools. 

Recent advances in the molecular biological analysis of receptors have revealed that 

there is an unforeseen diversity in genes which code for subtypes of receptors within a 
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family. The initial findings for the glutamate receptor subtypes indicate that this may be the 

case for glutamate receptors also. Some pharmacological data exist which may reflect 

subtypes of NMDA receptors. Thus, binding studies suggest that there may be agonist 

preferring and antagonist preferring NMDA receptors which can be differentially regulated 

by glycine (Monaghan et al., 1988b). Evidence has also been presented for a magnesium

independent subtype of NMDA receptor (Gonzales and Moerschbaecher, 1989). 

Confrrrnation of these proposed subtypes of NMDA receptors may be forthcoming with the 

eagerly awaited molecular cloning of the NMDA receptors. 

EXCITATORY AMINO ACIDS IN LEARNING AND MEMORY 

Excitatory amino acids are now generally accepted as critical elements in certain types of 

learning. An important line of evidence in support of this concept is based upon the in vitro 

model of synaptic plasticity, long term potentiation or LTP. The exact relationship between 

L TP in vitro and learning in vivo is not known, but the hippocampal slice model of L TP 

remains a target for intense study because of the potential for understanding mechanisms 

which underlie synaptic plasticity. Specific regions of the hippocampal slice such as the 

dentate gyrus and CAI exhibit NMDA receptor dependent LTP (Madison et al., 1991). 

Addition of NMDA antagonists block the induction of L TP in these areas while having liule 

or no effect on normally evoked synaptic responses. More recent studies have also shown 

that non-NMDA receptors are involved in the expression of L TP but not the induction 

(Madison et al., 1991). These studies have given rise to a model ofLTP in which AMPA 

receptor stimulation mediates the normal synaptic EPSP responses, and if stimulated 

sufficiently, will allow the opening of the NMDA-gated channel through removal of the 

voltage-dependent magnesium blockade. Other studies beyond the scope of this chapter 

suggest that calcium influx through the NMDA channel is ultimately responsible for 

initiating the changes in the post-synaptic cell which mediate the developmem ofLTP 

(Madison et al., 1991). 

Behavioral evidence for the involvement of NMDA receptors in certain forms of 

learning has also been obtained. Morris et al. (1986) showed that the NMDA antagonist, 

AP5, impaired place leaming and LTP after intraventricular infusion. Subsequent studies 

established that the concentrations of AP5 attained in the hippocampus were sufficient to 

block L TP enhancing the argument that NMDA receptors are a criticallink for spatial 

learning and LTP (Morris, 1989). Other investigators reported that acquisition of olfactory 

memory is impaired by AP5 infusion (Staubli et al., 1989). The conclusions of these 

authors that NMDA receptors rnay be involved in these forms of learning has been 

challenged (Keith and Rudy, 1990) and further experimentation is clearly needed to fully 

establish the links between leaming, LTP, and NMDA receptors. 

AGING, ALZHEIMER'S DISEASE AND EXCIT ATORY AMINO ACIDS 

In view of the links between excitatory aq1ino acids and cognitive processing and the 

known loss of memory which occurs with aging and Alzheimer's disease, examination of 
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the glutamatergic system under these two conditions has become a focus for many 

laboratories. Measurements of levels of excitatory amino acids in control and Alzheimer's 

brains have led to conflicting results with some investigators reporting no differences 

(Perry et al., 1987) and others reporting significant decreases in hippocampus or cortex 

(Arai et al., 1985; Ellison et al., 1986; Hyman et al., 1987). In anima! studies, there are 

also conflicting reports with respect to age-dependent changes in excitatory amino acids in 

various brain areas. Banay-Schwartz et al. (1989) found significant decreases in 

hippocampal aspartate and glutamate in 29 month old Fischer-344 rats compared to 3 

month old rats but did not fmd any changes in cortical areas. Dawson et al. (1989) 

similarly did not observe significant changes in the content of glutamate in the frontal cortex 

of 24 month old rats compared to 6 month old rats. The relevance of the hippocampal 

changes to senescence in the study by Banay-Schwartz et al. (1989) is unclear because of 

the lack of inclusion of middle-aged rats in the study. 

Uptake and release studies may give a better idea of the competence of glutamatergic 

neurons than simple measurements of glutamate levels, because the neurotransmitter pool 

of glutamate will be diluted by the metabolie pools. Using sodium-dependent [3H]D

aspartate uptake as a marker for the glutamate transporter in prompt autopsy sampies of 

cerebral cortical tissue, Procter et al. (1988) reported that Alzheimer's tissue exhibited 

about half of the uptake of controls. Calcium dependent release of glutamate or aspartate 

could not be maintained under these conditions. A similar Alzheimer's disease dependent 

decrease in [3H]D-aspartate uptake in cortical and hippocampal synaptosomes has been 

reported by Hardy et al. (1987). In studies with animals, an age-dependent loss of 

sodium-dependent uptake of glutamate in rat cerebral cortical synaptosomes has been 

demonstrated (Wheeler and Ondo, 1986; Wheeler, 1980). These findings have not been 

corroborated by other investigators (Dawson et al., 1989; Najlerahim et al., 1990). 

Estimates of the effect of aging on depolarization-evoked release of glutamate have also 

given conflicting results. Human neocortical prisms were found to have increased K+

induced release of glutamate as a function of age (Smith et al., 1983). No age-dependent 

changes in K+-stimulated release of glutamate from rat frontal cortex slices were reported 

by Dawson et al. (1989). Synaptosomal release ofradiolabelled glutamate and aspartate 

evoked by KCl was depressed in aged rats (Aprikyan and Gekchyan, 1988). Thus, it 

appears that aging does not alter glutamate release universally. The reasons for these 

differences are not clear, and more study is necessary to determine whether technical issues 

underlie these disparate results. 

The above described studies concentrated on the presynaptic aspects of glutamatergic 

neurotransmission, but the knowledge of the interaction of excitatory amino acids with 
postsynaptic receptors is of obvious importance for a full understanding of the effects of 

Alzheimer's disease or aging on glutamate systems. Since the development of specific and 

reliable assays for the NMDA gated ion channel, this potential target for Alzheimer's 

disease and age-dependent alterations has been extensively studied. As with many of the 
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studies on presynaptic glutamatergic neurotransmission there is controversy on studies of 

glutamate receptor levels in Alzheimer's disease or aging. Initial reports suggested that 

[3H]glutamate binding sites were selectively reduced in cortical and hippocampal areas of 

Alzheimer's brains compared to controls as measured by autoradiography (Greenamyre et 

al., 1985). Subsequent studies have focussed on which subtypes of glutamate receptors 

may be affected by Alzheimer's disease. Geddes et al. (1986) did not find dramatic losses 

in the density of NMDA binding sites in hippocampus from Alzheimer's patients compared 

to controls except in cases of marked cellioss. Autoradiographic binding studies using 

[3H]TCP, a ligand for the NMDA-gated ion channel, showed los ses of hippocampal 

binding sites in Alzheimer's disease (Maragos et al., 1987; Penney et al., 1990), but this 

has not been confirmed with [3H]MK-801 or [3H]TCP binding in homogenates 

(Mouradian et al. , 1988; Simpson et al., 1988). Greenamyre et al. (1987) also reported 

decreases in NMDA agonist binding sites and quisqualate binding sites in hippocampus of 

Alzheimer's patients compared to controls. Conflicting results have also been reported in 

studies of cortical NMDA receptors with some studies reporting decreases with 

Alzheimer's disease (Simpson et al., 1988; Ninomiya et al., 1990) and others fmding no 

changes (Mouradian et al., 1988; Procter et al, 1989a; Cowbum et al., 1990). Some of the 

discrepancies may be due to the ability of autoradiographic techniques to detect changes in 

brain subregions while homogenate binding will not. Since the discovery of the multiple 

regulatory sites associated with NMDA receptors, it is possible that changes in modulators 

may also contribute to the disparate results. Some evidence has been presented that altered 

glycine-dependent regulation of the binding of channel blockers to the NMDA receptor 

complex is present in Alzheimer's disease (Procter et al., 1989a; Procter et al., 1989b). 

Other investigators have not found changes in the regulation of [3H]TCP binding by 

glycine in Alzheimer's disease compared to controls (Ninomiya et al., 1990). In any case it 

appears that there are not marked global changes in NMDA receptors in either cortical or 

hippocampal regions with Alzheimer's disease. It should be noted, however, that changes 

in other subtypes of glutamate receptors in other brain regions may be affected (Dewar et 

al., 1990). 

Glutamate receptors have also been studied in animal models of aging. The first study 

reported found that [3H]glutamate binding sites in hippocampal membranes increased with 

age throughout the lifespan ofthe Fischer 344 rat (Baudry et al., 1981). An increase in 

cortical [3H]TCP binding has been reported in a mouse model of aging with no change in 

the hippocampus (Kitamura et al., 1989). Wenk et al. (1989) examined [3H]glutamate 

binding in a monkey model of aging and concluded that glutamate binding in parietal cortex 
increased with age. However, the data showed a decrease at middle age followed by an 

increase in old animals, and it is not clear that the aged monkeys in this study have 

significantly different glutamate binding compared to young controls. A more recent study 

by this group showed cortical and hippocampallosses of NMDA receptors in rats and 

monkeys (Wenk et al., 1991). Other recent studies have indicated that aging decreases 
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NMDA receptors in various rat brain areas. Thus, Monaghan et al. (1988a) observed age

dependent reductions in NMDA receptors using agonist and antagonist ligands in the 

striatum, entorhinal cortex, and subiculum in an autoradiographic study. Peterson and 

Cotrnan (1989) found some strain-dependent decreases in [3H]glutamate binding with 

aging in two mouse strains. Tamaru et al. (1991) observed age-related decreases of the 

NMDA receptor complex in the rat cerebral cortex and hippocampus. Aging caused a 45% 

decrease in [3H]CPP binding to the antagonist site of the NMDA receptor in rat 

hippocampal membranes (Pelleymounteret al., 1990). Moreover, these investigators 

reported a significant negative correlation between spatialleaming and the amount of 

[3H]CPP binding in the aged rats further suggesting that NMDA receptor loss may playa 

role in age-dependent cognitive deficits. However, Bonhaus et al. (1990) reported no 

change in the number of hippocampal NMDA receptor complexes with age. Additional 

studies of Ihis type which look at both cognitive function and NMDA receptor binding 

parameters are necessary to fully understand the relationship between aging, NMDA 

receptors, and impaired learning. 

Although measurements of ligand binding to glutamate receptor sites may provide useful 

information of effects of aging on number or affinities of the binding sites, the 

responsiveness of the receptor to agonist stimulation ultimately determines the physiology 

and behavior of the animal. Functional assays for receptors cannot generally be undertaken 

in brain autopsy sampies from Alzheimer's patients because of the dramatic loss of tissue 

viability which occurs during post-mortem delays. Thus, only rare assays of glutamate 

receptor function may be obtained from neurosurgical sampies in the future. However, 

several groups, including our laboratory, have chosen to use animal models of aging to 

investigate potential changes in functional aspects of glutamatergic neurotransmission at the 

level of the postsynaptic response. Two recently reported studies have examined this issue 

in aging rats. Glutamate application to the CA 1 or dentate gyrus regions of hippocampus 

of either young or aged rats caused similar increases in firing rate (Rao et al., 1989). 

However, the contribution of NMDA receptor activation to this response was not reported. 

Baskys et al. (1990) found that NMDA-induced depolarizations in neocortical slices from 

aged rats were lower than young controls suggesting a loss of receptor responsiveness. 

Thus, there are some indications that NMDA receptor mediated responses may be reduced 

with aging. 

Our laboratory has also investigated the effects of aging on glutamate receptor-induced 

responses with several biochemical measures. One of the measures we looked at was 

NMDA-evoked neurotransmitter release from various brain regions in young, middle-aged, 

and old rats (Gonzales et al., 1991). This method uses cross-chopped brain slices (350 

11m), and therefore, the brain region under study is not connected to its afferents or 

efferents. Nevertheless these preparations exhibit calcium-dependent release of 

radiolabelled transmitters after treatment with NMDA (Fink et al., 1989). Our initial 

studies showed that NMDA-evoked release of neurotransmitters from several brain regions 
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significantly declined with aging, although the age-dependent pattern of effects varied 

among brain regions. [3H]Norepinephrine release from cerebral cortical slices decreased 

by 8% in the rniddle-aged rats (12-14 months old) and by 23% in the oldrats (24-28 

months old) (figure 2). The age-dependent declines in NMDA-induced [3H]norepinephrine 

Figure 2. 
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Age-dependent reductions in maximal values for fractional release of 
[3H]norepinephrine from cortex and hippocampus or [3H]dopamine from 
striatum. Labelled slices were exposed to NMDA for two minutes in a 
magnesium-free buffer and release of label into the medium was determined 
(see Gonzales et al. (1991) for details). Maximal values were detennined 
by ALLFIT analysis of concentration-effect curves for NMDA in 
hippocampus and cortex. Values for striatum were obtained in the presence 
of 2 mM NMDA. * indicates p < 0.05 compared to the young rat. 

release in hippocampal slices were even more dramatic. Middle-aged rats showed maximal 

release values which were 31 % lower than young rats, whereas [3H]norepinephrine release 

was 36% lower in the old rats compared to young. The NMDA-stimulated release of 

[3H]doparnine from striatal slices also showed a significant reduction of 51 % in the old rats 

compared to the young with no significant alterations in the response in middle-aged rats 

compared to young. These results suggest that there may be widespread lasses in NMDA

mediated neurotransrnission throughout the brain. The large reduction in NMDA

stimulated [3H]norepinephrine release which occurred in hippocampus of middle-aged rats 

is intriguing in that cognitive declines are not generally observed at this age. It is possible 

that the changes in the NMDA system which occur at these middle ages may predispose the 
aging rat to hippocampal deficits as senescence approaches. This model system may prove 

to be useful for further studies of the sites and mechanisms of the age-dependent reductions 

in NMDA-stimulated neurotransmitter release and the relationship of these changes to 

cognitive or motor behavioral deficits. 
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Another biochemical measure of glutamate receptor responsiveness we determined was 

the modulation of phosphoinositide (PI) hydrolysis in brain slices. The effects of aging on 

the responsiveness of the metabotropic trans-ACPD receptor in cortical slices were 

determined and compared to muscarinic receptor-mediated stimulation of PI hydrolysis in 

several brain regions. Quisqualate-stimulated PI hydrolysis in cortical slices did not 

significantly change over the lifespan of the rat (figure 3). Similarly, carbachol-stimulated 

PI hydrolysis was unchanged by aging in cortical or hippocampal slices. Other 

investigators have reported no age-dependent changes in muscarinic receptor-mediated PI 

hydrolysis (Surichamom et al., 1989). In contrast, carbachol-stimulated PI hydrolysis was 

significantly increased in middle-aged and old striatal slices compared to young. The 

significance of this increase in muscarinic receptor responsiveness in striatum is unknown. 

Figure 3. 
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hydrolysis in brain slices. [3H]Inositol phosphate accumulation in the 
presence of 10 mM lithium was measured after 30 min. in the presence of 
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Methods. ANOVA and Newman-Keuls test indicated that there were 
significant differences between the age groups only for striatum (* denotes 
p < 0.01 compared to young). Shown are the means ± SEM of 5-10 
rats/group. 

In addition to the stimulation of PI hydrolysis by trans-ACPD receptors we have also 

also investigated the effects of age on the inhibition of muscarinic-stimulated PI 

hydrolysis by NMDA in various brain regions. NMDA causes a concentration

dependent inhibition of PI hydrolysis in brain slices with pharmacologic1 characteristics 

of the electrophysiologically defined NMDA-gated cation channel complex 

except that the modulation of PI hydrolysis is not dependent on Mg2+(Gonzales and 
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Moerschbaecher, 1989). In hippocampal slices the inhibitory effect of NMDA is 

diminished by 25% and 53% in middle-aged and old rats, respectively, compared to young 

rats (Gonzales et al., 1991). However, we did not observe significant age-dependent 

changes in the NMDA-induced inhibition of carbachol-stimulated PI hydrolysis in either 

cortex or striatum (figure 4). Thus, there are specific brain regional patterns of age

dependent changes in NMDA-induced inhibition of PI hydrolysis responses. It is 

intriguing that the most dramatic effects of aging on NMDA-induced responses are the 

reductions in responsiveness observed in the hippocampus, an important site for leaming 

and memory processes. 

As another test of the selectivity of the age-dependent reductions in NMDA-mediated 

responses, we have also investigated the effects of kainic acid on carbachol-stimulated PI 

hydrolysis in hippocampal slices. Kainate, presumably acting through AMPA receptors, 

has been reported to inhibit muscarinic receptor mediated stimulation of PI hydrolysis 

(Baudry et al., 1986). Figure 5 illustrates the results we obtained with slices from young, 

middle-aged, and old rats. We were unable to show a significant inhibitory effect of 

kainate at concentrations from 10-300 11M with any ofthe age groups we studied. These 

data do not agree with previous reports of an inhibitory effect of kainate on the stimulation 

of PI hydrolysis by carbachol (Godfrey et al., 1988). Thus, our preliminary data reported 

here with kainate suggest that aging does not dramatically affect the AMPA receptor 

responsiveness, although further study with more robust kainate-induced signals are 

needed to confrrm our initial findings. 

Figure 4. 
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IMPLICATIONS FOR TIIERAPY OF AGE-RELATED COGNITIVE IMPAIRMENT 

With the growing body of evidence suggesting an involvement of glutamatergic 

neurotransmission in brain functions such as learning and memory, several studies have 

been carried out to determine whether positive modulation of the glutamatergic pathways 

may enhance cognitive function. There is danger inherent in this approach because of the 

established involvement of excitatory amino acid receptor activation in excitotoxicity and 

neuronal degeneration (Meldrum and Garthwaite, 1990). However, the allosteric 

modulators may play an important role here because they may be able to mediate a fine 

tuning of the system without allowing a full response which may eventually lead to 

toxicity. Notably, D-cycloserine has been discovered to have partial agonist activity at the 

glycine site associated with the NMDA-gated cation channel (Hood et al., 1989). Monahan 

et al. (1989) reported that i.p. injections ofD-cycloserine improved the perfonnance ofrats 

in a passive avoidance task and a spatial learning task. It may also be possible that small 

concentrations of NMDA may act to enhance the functions of the NMDA receptor without 

causing adverse effects. Arecent study suggested that NMDA infusions will enhance 

plasticity under certain circumstances (Udin and Scherer, 1990). These initial animal 

studies are intriguing and warrant further study of the possibility that enhancement of 

NMDA receptor function may represent a fruitful avenue for therapeutic intervention in 

cognitive disorders. 

To test directly for the potential usefulness ofD-cycloserine (DCS) as a therapeutic 

modality in age-related cognitive declines, we used a test of spatial learning in young (6-9 
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months) and old (24-28 months) Fischer-344 rats. Spatial ability was assessed by a 

variation of Whishaw's (Whishaw, 1985) learning-set version of the Morris water task, 

which is extremely sensitive to age-related cognitive impairments (Gage et al., 1984; 

Lindner and SchaUert, 1988) as weU as to cortical and hippocampal damage (Auer et al., 

1989; Morris et al., 1982; Sutherland et al., 1982); brain areas typically affected in the 

normal aging process. This task requires a rat to swim and find a submerged platform 

located in a pool of water (1.83 meters in diameter) using only distal cues from objects 

placed around the room. In the present study, a learning-set consisted of two identical 

trials such that on both Trial 1 and Trial 2 the platform location, starting location, and 

direction in which the rat was faced remained the same. Thus, on Trial 1 the animal was 

not aware of the location of the platform and on Trial 2 had to remember the location from 

the experience of Trial!. For each leaming-set, the platform location, starting location, 

and direction were completely randomized making each pair of trials different. Rats were 

tested daily for four consecutive days per week with each rat receiving two leaming-sets 

per day. On the three weekly days of rest, all animals continued to receive their assigned 

treatment. 

Baseline data were collected for a three week period prior to treatment. At the end of 

this training and continuing for the next three weeks, half of the old and half of the young 

rats were adrninistered DCS (3mg/kg; intragastrically) while the remaining half in each age 

group were treated with saline. The dose of DCS was increased subsequently to 6mg/kg 

for three weeks and ultimately to lOmg/kg for a further three week period. Since the 

performance of the young animals given DCS did not differ from those given the saline 

vehicle, these two groups were combined resulting in a total of three groups; OLD-DCS, 

n=6; OLD-VER, n= 7; YOUNG-CONTROL, n=6. Two weeks after the conclusion of this 

study, two of the old animals and two of the young animals that had received DCS and two 

of the young animals that had received saline were tested exactly as before except the trials 

were cued. That is, a flag was mounted onto the platform so that the rats could see where 

the platform was located from the very beginning of both Trials 1 and 2. Latency (length 

of time to find the platform), distance (length of swim path),and speed (distance divided by 

latency) data were averaged across each four consecutive days of training resulting in 

blocks of 8 trials for each rat. Thus, each block of trials represents one week of training. 

The latency and distance measures revealed a very similar pattern of results (figure 6). 

Baseline training (Blocks 1-3) resulted in Trial2latencies and swim paths being 

significan tly shorter than those of Trial 1 for the young but not for the old rats. These 

results suggest that young rats can utilize better the information obtained on Trial 1 to more 

rapidly find the platform on Trial 2. The administration ofDCS, regardless ofthe dose, 

3mg/kg (Blocks 4-6), 6mg/kg (Blocks 7-9), or lOmg/kg (Blocks 10-12), had no effect on 

the performance of the old rats. That is, neither the latencies nor the swim path distances 

decreased significantly, remaining fairly constant throughout training on both Trials 1 and 
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2. Swim speeds eorroborated these findings (figure 6). Old rats were not able to swim as 

far as young rats in the same amount of time displaying signifieantly slower speeds than the 

young animals. Taken collectively, these results suggest that the defieit displayed by the 

old animals may not be limited to a spatial place learning funetion; motor impairments also 

eould be a contributing faetor prohibiting these animals to swim any faster regardless of 

whether or not they know where the platform is located. 

Subsequent testing assessed possible motor impairments by giving animals eued 

training trials (Blocks 13-15). Cued trials further decreased both latencies and swim path 

distances for both young and old animals on both Trials 1 and 2 (figure 6). A 

corresponding increase in swim speeds also occurred for both groups of animals but it was 

most pronounced on Trial 2 for the old subjects. Thus, it might be that the poor 

performance displayed by the old rats on uncued trials in the previous phases of testing was 

due to an inability to utilize distal eues. As such, poor motor coordination may not be 

completely responsible for the deficit displayed by aged rats; some other factor such as 

visual impairments could be playing a role. This appears to be a viable explanation sinee 

performance continues to improve from Trial 1 to Trial 2 for the old rats but is more or less 

at asymptotic levels on Trial 1 for the young rats. It has been demonstrated that even 

completely blind rats ean improve in their ability to [md the platform over several trials 

(Lindner and Schallert, 1988; Sutherland et al., 1982). 

In light of this possibility and Monahan's (Monahan et al., 1989) finding that DCS 

improved the performance of rats in another type of spatiallearning task, it might be the 

case that the negative results evidenced in this study are not due to the ineffectiveness of 

this eompound but rather the task by which it is being assessed. Perhaps the potential 

therapeutic effectiveness of DCS could be more aecurately evaluated in a cognitive 

paradigm that is somewhat less dependent on visual aeuity. 

CONCLUSIONS 

The rapid advanees in knowledge of brain glutamatergic systems and the roles that they 

play in brain funetion have opened new opportunities for therapeutic intervention in 

Alzheimer's disease or age-related impairments in cognition or motoric behavior. Data 

gathered over the past few years has lent some support for the glutamatergie hypothesis of 

Alzheimer's disease and aging. Current models of synaptic plasticity, learning and 

memory, require intact glutamatergic transmission including aetivation ofNMDA and non

NMDA subtypes of glutamate reeeptors. Therefore, the rationale for investigating brain 

glutamatergic systems in aging and Alzheimer's disease is strong. Some evidenee has been 

obtained which indicates a loss of glutamate releasing neurons or NMDA receptors in aging 

and Alzheimer's disease, although not all studies have shown consistent changes. Our 

studies suggest that the responsiveness of the NMDA receptors may be selectively reduced 

with aging. It will be important to obtain other indices of glutamate receptor 

responsiveness as a funetion of age as weIl as changes in receptor numbers for a full 
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understanding of the links between cognitive function and changes in glutamate systems. 

A major problem in this area of research is trying to establish whether there is a causallink 

between age- or disease-dependent reductions in various indices of glutamate 

neurotransmission and loss of cognitive function. In spite of this lack of definite proof for 

the glutamatergic hypothesis efforts are underway to find or develop drugs which may 

enhance glutamatergic neurotransmission without having the potential dangers of 

neurotoxicity. Some positive data have been reported which suggest that D-cycloserine, a 

partial agonist at the glycine co-agonist site of the NMDA receptor, may fit the requirements 

for a non-excitotoxic enhancer of glutamate transmission. However, we have been unable 

to demonstrate that D-cycloserine will improve the performance of aged rats in a spatial 

learning task. It is clear that further studies are required to fully establish the utility ofD

cycloserine or other potential glutamatergic enhancers as therapeutic agents for the treatment 

of cognitive impairments due to Alzheimer's disease or aging. Nonetheless, newer agents 

which act on the glycine site or other modulatory sites associated with the NMDA receptor 

may be forthcoming, and future research will undoubtedly be carried out in this direction. 
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TRANSMITIER-BASED TREATMENT STRATEGlES OF AGE- AND 
DEMENTIA- RELATED COGNITIVE DEFlCITS: FAITH OR REALISTIC 
PROSPEcr? 

The previous optimism about the efficacy of cholinomimetics for the treatment of 

age- and dementia-associated syndromes was based on the assumption that a 

neurotransmitter replacement strategy, similar to the successful treatment of the 

dopaminergic deficiency in Parkinson's disease, would attenuate the behavioral 

consequences of loss of basal forebrain cholinergic neurons. This "cholinergic hypothesis " 

(e.g., Bartus et al., 1985) was derived mainly from correlative neuropathological evidence 

(Whitehouse et al., 1981; Bowen et al., 1976; Palmer et al., 1987; Procter et al., 1988), 

and from animal studies that used basal forebrain lesions as a neurological model or 

muscarinic blockade as a pharmacological model (Hagan and Morris, 1988) for the 

behavioral consequences of cholinergic cellioss (Smith, 1988). However, it has more 

recently become evident that: (I) in the absence of a specific cholinotoxin, the basal 

forebrain model is invalid in terms of revealing the consequences of disruption to the basal 

forebrain cholinergic system (Robbins et al., 1989a; Sarter and Dudchenko, 1991); (2) 

muscarinic antagonism produces behavioral deficits that model only some of the symptoms 

of dementia but spare major aspects such as the failure to retrieve information from remote 

memory (e.g., Beatty et al., 1986); and (3) traditional cholinomimetic drugs do not appear 

to exhibit clinically useful effects (for review see Sarter et al., 1991a). Reviewing this 

literature, Fibiger (1991) concluded that the contribution ofthe cholinergic system to the 
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cognitive decline in dementia is unsettled, and that ''programs aimed at developing 

cholinergic pharmacotherapies for the cognitive deficits in AD are based more on faith than 

on established facts" (p. 223). Fibiger, as weH as others (e.g., Whalley, 1989) predicts that 

successful therapies will become obvious only after we leam more about etiological 

processes. 

However, considering the treatments available for other major neuropsychiatric 

diseases, it appears evident that complex behavioral syndromes can be treated surprisingly 

weH using transmitter-related approaches focusing on symptomatic alleviation, whereas 

etiological treatments may not be available for some time. Thus, as Bowen (1990) stated, 

"until the cause has been identified, it is sensible to attempt to treat symptoms" (p. 329). In 

spite of the limitations of the cholinergic hypothesis, a focus on symptomatic treatments 

based on procholinergic mechanisms remains justified (see the discussion in Sarter et al., 

1991 b). Furthermore, the reasons for the clinical failure of conventional cholinomimetics 

may not be attributed to an insignificant involvement of the cholinergic system in dementia, 

but rather to the particular pharmacological effects ofthese drugs (e.g., the resulting 

nonphysiological tonic stimulation of muscarinic receptors; see below and Sarter et al., 

1990). 

It is likely, however, that such transmitter-based treatment strategies wiH be most 

successful in subjects that suffer from cognitive impairments associated with less dramatic 

changes in neuronal systems, such as in normal aging. It has been suggested that deficits in 

attention represent a major source for the age-related impairments in the acquisition and the 

retrieval of declarative information (Craik and Byrd, 1982). Below, we will summarize the 

evidence that supports the hypothesis that stimulus perception and stimulus evaluation 

processes depend on cortical acetylcholine (ACh), and that age-related impairments in 

attentional abilities are related to decreases in cortical cholinergic transmission. Based on 

this hypothesis, the putative therapeutic significance of benzodiazepine receptor (BZR) 

selective inverse agonists, as a means of enhancing cholinergic activity, will be evaluated. 

CORTICAL ACETYLCHOLINE AND ATIENTION 

Previous attempts to propose specific behavioral functions mediated by cortical 

ACh have failed to account for the magnitude and heterogeneity of effects produced by 

manipulations to forebrain cholinergic systems. Furthermore, it has been argued that, 

considering the widespread cholinergic innervation of associational, sensory, 

sensorimotor, and motor cortex, a unitary behavioral role of cortical ACh m ~ appears 

unlikely. As an alternative, the functions of cortical ACh may best be characterized by its 

effects on the processing of information irrespective of its modality (associative, auditive, 

visual, motor). In other words, changes in cholinergic activity may not be correlated with a 

particular behavioral function but with modulations in information processing. 

The potency of ACh to change the general responsiveness of cortical neurons (e.g., 

Kmjevic et al., 1971), and its effects on "wakefulness and alertness" (Celesia and Jaspers, 
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1966) have been known for quite some time (see also Buzsaki et al., 1988a). More recent 

results have indicated that ACh-induced excitability changes can be long-Iasting (Sillito and 

Kemp, 1983), thus representing a mechanism for neuronal plasticity (see also Juliano and 

Eslin, 1991; Delacour et al., 1990). Furthennore, it has been assumed that this kind of 

plasticity may be involved in "the task-dependent selective activation of a cortical area" 

(Sillito and Murphy, 1987). In accordance with this hypothesis, basal forebrain lesions 

were found to result in the loss or the weakening ofvisual stimulation-induced excitability 

of neurons in the primary visual cortex (Sato et al., 1987). 

Metherate et al. (1990) found that ACh affects neuronal responsitivity in the 

auditory cortex "similar to that resulting from an increase in stimulus intensity" (p. 368). 

They concluded that auditory information processing is adaptively regulated by ACh. 

Additional work (Metherate and Weinberger, 1990) suggests that ACh is involved in the 

reshaping of cortical sensory receptive fields. This process appears to depend on the 

convergence of auditory input and ACh release "brought about by behaviorally significant 

stimuli" (Metherate and Weinberger, 1990, p. 144; see also Murphy and Sillito, 1991). 

Thus, the effects of ACh are bound to the concomitant discharge of afferent inputs, 

suggesting that "one action of ACh is selective gain control of sensory inputs" (Donoghue 

and CarroIl, 1987, p. 370; see also Rasmussen and Dykes, 1988). 

While the significance of these electrophysiologica1 fmdings for understanding the 

role of ACh in complex behaviors remains a matter of speculation, the precision and the 

depth in which stimuli are processed may be a function of cholinergic activity. In this 

regard, the potency of muscarinic antagonists to disrupt attention al functions is not 

surprising (Warburton, 1977; Dunne and Hartley, 1986; Callaway et al., 1985). Thus, 

there is good evidence for the idea that cortical ACh, instead of mediating particular 

behavioral components, genera1ly modulates the efficacy of stimulus perception and early 

stage processing. This function may not be restricted to exteroceptive, proprioceptive, and 

interoceptive information, but may also include associative stimuli. Thus, disruption of the 

cholinergic system would affect stimulus evaluation processes required for the acquisition 

as weIl as the retrieval of information. 

AGE-RELA TED IMP AIRMENTS IN A TTENTIONAL ABILITIES AND 
CORTICAL ACETYLCHOLINE 

Age-Related Impairments in Attentional Abilities 

Substantial efforts have been dedicated towards the demonstration of age-related 

impairments in learning and memory in rodents (e.g., Ingram, 1988; Dunnett et al., 1988; 

Gage et al., 1989). However, the available studies rarely have focused on the specific 

behavioral or cognitive components underlying age-related performance changes in learning 

and memory tasks (see Olton and Markowska, 1988). Furthermore, studies that attempted 

to analyze aged rats' behavior in greater detail did not unequivocally support hypotheses on 
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the age-related impainnent in the formation of new associations (Stephens et al., 1985) or 

the ability to reverse such associations (Sarter and Markowitsch, 1983). 

The focus of animal research on the effects of age on learning and memory (see also 

Dean and Bartus, 1988) does not appear to have been directed toward the specific cognitive 

functions that decline during normal aging which rnay result in memory impainnents (e.g., 

Light, 1991; Crook et al., 1990). Deficits in attention and the depth ofprocessing have 

been considered as the primary sources for the age-related decrements in human memory 

(e.g., Craik and Byrd, 1982). Simple and choice reaction time tasks (SRIT; CRTI') have 

played an instrumental role in the generation of data that formed the basis for this 

hypothesis. While the use and rnisuse of these paradigms have been heavily criticized 

(Rabbitt, 1981), two conc1usions about the performance of aged or demented people in 

RTIs appear possible (see also Salthouse, 1985). First, slowed response speed appears to 

be a common correlate of aging and rnay be an early symptom of dementia (Ferris et al., 

1976; Pirozzolo et al., 1981; Gordon and Carson, 1990; Vrtunski et al., 1983). Second, 

CRTIs are more powerful in discriminating between age groups than SRTIs (Benton, 

1986). 

In spite of a considerable number of experiments that were carried out using 

various versions of SRTIs and CRTIs, the cognitive processes indicated by reaction time 

and the extent to which such tasks measure attentional processes remain poorly understood 

(Salthouse, 1985). Slowed response times in aged or demented patients were attributed to 

changes in different functions such as, decisional components (Ferris et a1., 1976), 

psychomotor integration (i.e., "an inability of demented subjects to prepare, organize, and 

execute the response"; Vrtunski et a1., 1983), or to neuronal speculations such as a 

generally increased cycle-time of information processing (the "Birren hypothesis"; 

Salthouse, 1985). 

SRTIs and CRTIs are typica1ly based on situations in which the subject exhibits 

the same response to the same stimuli across numerous training trials, i.e., stimuli and 

responses are consistently mapped and thus, consistent practice occurs (Fisk and Scerbo, 

1987). 1f, in such a situation, stimuli oflow energy are presented briefly, rarely, and 

unpredictably, sustained attention or vigilance would be measured (Parasuraman, 1984). 

Both the accuracy of responding and the response time have been considered to indicate the 

level ofvigilance. Wickens (1984) suggested that, in highly trained subjects that perform at 

high levels of accuracy, latency becomes the "relatively rnore reliable index of decision

making quality than it is at the knowledge-based level" (p. 336). 

In the experiments summarized later in this chapter (Moore et al., subrnitted), we 

systernatically examined the performance of differently aged Fischer-344 rats in a SRT- and 

a CRT-paradigm. These tasks fulfIlled the basic conditions ofproviding measures of 

attention (i.e., low energy stimuli presented rarely and unpredictably). Furthermore, the 

effects of some standard psychophannacological treatments known to interfere with 

attentional, discriminative abilities, or affecting arousal were exarnined in order to further 

280 



characterize the validity of these behavioral parruligms in tenns of modelling attentional 

abilities. 

A~e-Related Decreases in Cortical Acetylcholine. 
The available data on the effects of aging on cortical ACh have been obtained 

primarily from in Yilm studies measuring ACh-release in slices or synaptosomes. These 

data do not suggest that age affects baseline ACh-release (e.g., Meyer et al., 1984; Crews 

et al., 1986; Araujo et al., 1990). However, it appears evident that the capacity of aged 

cholinergic neurons to release in response to K+, muscarinie antagonists, or nicotinie 

agonist-induced stimulation is reduced (citations as above). The small number of available 

in vivo studies (Takei et al., 1990; Casamenti et al., 1991, Wu et al. 1988; Kurosawa et 

al., 1989) reported conflicting effects of age on baseline release, but confmn the age-related 

effects of stimulation. While the effects of age on high-affinity-choline-uptake (HACU; 

Lebrun et al., 1990; Sirvio et al., 1988) remain inconclusive, one might hypothesize that 

the dynarnic properties of the synthesis rate limiting step, HACU, contribute to the 

decreased ability of the presynaptic site to respond to increased demands for ACh. 

Furthennore, it seems likely that the decrease in presynaptic muscarinie receptor density 

contributes to the age-related decrease in stimulated ACh-release (e.g., Meyer et al., 1984; 

Araujo et al., 1990). The hypothesis that age affects the functional integrity of presynaptic 

cholinergic cortical afferents appears to be supported by morphologie al studies which 

demonstrated decreases in cortical cholinergic fiber density and changes in number, size, or 

shape in basal forebrain cholinergic neurons (DeLacalle et al., 1991; Mesulam et al., 1987; 

Altavista et al., 1990; Geula and Mesualm, 1989). 

Data on the more functional characterization of the age-related changes in 

cholinergic cortical afferents also point to presynaptic impairments. Changes in neocortical 

electric activity have been related to changes in forebrain cholinergic neurons (Buzsaki et 

al., 1988b). Aston-Jones et al. (1985) have demonstrated that the impulse conduction 

latencies of basal forebrain projections to frontal cortex increased by 50% in aged as 

compared to adult rats, thereby disrupting the temporal fidelity of cortical cholinergic signal 

transmission. 

DIRECIL Y - VERSUS TRANSSYNAPICALLY-ACTING CHOLINOMIMETICS 

The evidence discussed above may be considered as a basis for the forrnulation of 

a "specified cholinergic hypothesis" that suggests that age-related impairments in attentional 

abilities are related to the decreased ability in cortical cholinergic afferents to potently and 

accurately translate excitation into the release of ACh. Considering this hypothesis, the 

failure of direct cholinomimetics (Le., muscarinie agonists and cholinesterase inhibitors) to 

produce beneficial behavioral effects in humans suffering from age-related impairrnents in 

cognitive abilities is not necessarily surprising (Sarter et al., 1990). Conventional 

cholinomimetics result in a tonic stimulation of muscarinie receptor stimulation that does 
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not reflect presynaptic activity. In other words, these compounds do not foster but rather 

disrupt meaningful signal transmission. Therefore, attempts to modulate the activity of 

presynaptic cholinergic neurons, and thereby preserve a meaningful signal transmission, 

may provide an advantageous alternative. One strategy is to slightly reduce the inhibitory 

input to basal forebrain cholinergic neurons. As the major inhibitory projection that 

synapses onto basal forebrain cholinergic neurons utilizes GABA as its transmitter, and as 

the neuronal effects of GABA can be bidirectionally fme-tuned via allosterically associated 

benzodiazepine receptors; BZR selective inverse agonists (Sarter, 1990a, 1991) have been 

hypothesized to stimulate cortical ACh-release and to attenuate behavioral impairments 

associated with cholinergic hypofunction (Sarter et al. 1988; 1990). The pharmacological 

properties of the prototype drug ß-carboline ZK 93 426 have been previously reviewed 

(Sarter et al., 1990). Below we present fmdings on the effects of BZR ligands on cortical 

ACh release in:riY.Q and on attentional abilities in aged animals. 

IN VWO MEASUREMENTS OF CHOLINERGIC FUNCTION DU RING AGING 

The goal of this section is to provide a summary of the emerging literature directed 

at in ~ measurements of cholinergic function in the aging brain. In this context, we will: 

a) briefly discuss the interpretational issues surrounding the technique of in ~ 
microdialysis (both in general and as the method applies to investigations of cholinergic 

function); b) compare data on aging and cholinergic function obtained with in ilim vs in 
~ rnethods; and c) present recent findings from our own laboratory regarding the effects 

of non-traditional cholinomimetic therapy and cholinergic function in young and aged 

animals. 

In Vivo Microdialysis :. General Issues 
During the past decade, the technique of in vivo microdialysis has emerged as the 

method of choice for studying the in :riY.Q release of endogenous neurotransmitter and 

related metabolites via changes in extracellular content. The technique offers the potential of 

extending experiments that were previously confined to in ilim or ~:riY.Q designs into in 
~ studies offreely moving, awake animals. This method, however, is not without its 

underlying assumptions and interpretational difficulties (see Benveniste and Huttemmeier, 

1990; Westerink et al., 1987 for reviews of these issues). Several of the most critical issues 

underlying the validity of this method inc1ude: 

a) how do changes in the extracellular fluid (ECF) concentration of a transmitter or 

metabolite reflect its concentration at the site of release? b) how do reactions associated with 

the implantation of the dialysis probe (i.e. gliosis, hypoxia, altered blood flow) affect the 

release, metabolism, and distribution of the compounds of interest? and c) when 

conducting dialysis studies in awake animals, to what extent is the subject's behavior acting 

as an intervening variable and influencing the neurochemical response? While many of 
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these issues can not be answered at the present time, there are a number of concems that 

can be empirically addressed. Individual microdialysis paradigms should demonstrate that 

ECF content of a particular transmitter or metabolite responds to electrical stimulation or 

pharmacological manipulations (Le. agonists, antagonists, autoreceptor ligands) of discrete 

anatomical pathways. The measurements obtained should also be sensitive to membrane 

active compounds such as Na+ channel blockers, Ca+2 depletion or channel blockade, 

depolarizing agents, etc. Finally, when conducting studies on awake animals, careful 

attention must be paid to the subjects' behavior, in an attempt to determine if ECF changes 

can be correlated with any behavioral consequences of an experimental manipulation. 

While the above discussion applies equally to all microdialysis studies, there is a 

concem that is particularly unique to the application of this technique to investigating 

cholinergic function. This issue relates to the use of cholinesterase inhibitors in the 

perfusion medium. The highly efficient nature of ACh inactivation makes it currently very 

difficult, but not impossible (see de Boer et al., 1990; Xu et al., 1991), to detect basal ACh 

release without the perfusion of a cholinesterase inhibitor such as neostigmine or 

physostigmine. While the addition of these agents to the perfusion medium strongly 

enhances ACh efflux, their presence may artificially activate autoreceptors. This situation 

may result in basal levels that do not parallel physiological events and may interact with 

manipulations designed to either enhance or suppress ACh release. In this regard, 

perfusion with neostigmine (0.1 11M) has been shown to mask the stimulatory effects of 

oxotremorine and to accentuate the effects of atropine on ACh efflux in striatum [de Boer et 

al., 1990]. It remains to be seen, however, whether the presence of a cholinesterase 

inhibitor drastically affects the results obtained in various cortical regions and following 

other manipulations. 

Several recent studies have managed to collect basal ACh without the addition of a 

cholinesterase inhibitor. This has been accomplished either through increasing the sampling 

area using a transverse dialysis probe (which limits the anatomical resolution of the study 

and is not feasible for monitoring cortical ACh release) or by enhancing the detection limits 

ofthe ACh chromatography (Xu et al., 1991). It would appear that until the sensitivity of 

liquid chromatographic assays for ACh can be increased, most of the research on cortical 

ACh release will necessitate the addition of a cholinesterase inhibitor. Thus, attention 

should be paid to utilizing as low a concentration as necessary to detect a stable basal ACh 

efflux. 

In Vitro VS. In Vivo Studies of Cholinergic Function 

The recent proliferation of studies employing in vivo microdialysis to study 

transmitter release has allowed the comparison between functions inferred from in .Yi1rQ or 

g vivo techniques to those being measured in.s.im. Interestingly, there have been some 

striking dissociations between the results using these various methods (Ajima et al., 1990; 

Robinson & Whishaw, 1988; Westerink & Damsma, 1989). An impressive number of 
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studies has been directed towards characterizing cortical cholinergic function using in Yitm 
methods (see discussion above). Several recent experiments have measured in Y.iYQ ACh 

release in normal adults (Day et al., 1991; Herrera-Marschitz et al., 1990; Kurosawa et al., 

1989; Toide 1989; Xu et al., 1991). However, only a few studies have focused on age

related changes in ACh release in ri.Y2. It is not surprising perhaps, given the paucity of 

studies and the issues underlying the technique (see above), that a consistent picture has yet 

to emerge. Two studies have reported that basal cortical ACh release is impaired in aged 

rats (Casamenti et al., 1991; Wu et al., 1988) whereas two other studies report comparable 

values in young vs aged animals (Kurowawa et al., 1989; Takei et al., 1990). One ofthe 

laUer studies also reports that K+-stimulated ACh release was comparable between the two 

age groups (Takei et al., 1989). Obviously, more studies are needed to determine whether 

there are indeed aging-related changes in ACh release under basal and stimulated 

conditions. 

Effects of Age and Bendiazepine Receptor Ligands on Cortical ACh 
Release 

Recently, we have begun aseries of studies examining the ability of BZR ligands 

to modulate cortical ACh release in young and aged rats. The rationale for the study of 

these compounds has been discussed above. We were specifically interested in whether 

BZR selective inverse agonists would enhance ACh efflux in frontal cortex and whether 

this effect on release interacted with age. We also examined whether benzodiazepine 

agonists would decrease ACh release. Finally, we attempted to characterize the dynamics of 

the aging cholinergic system by determining the ability of cortical cholinergic neurons to 

increase release following pharmacological and environmental stimulation. 

Male Fischer-344 rats (4 and 18 months of age) were implanted with a unilateral 

stainless steel guide cannula terminating in the frontal parietal somatosensory cortex. 

During the ensuing 3 day period, the animals were fully habituated to handling, saline 

injections (ip), and the awake animal containment system (CMA 120, Camegie Medicin). 

On the fourth day, the animals were fitted with concentric microdialysis probes (CMA 10, 

0.5 mm diam, 2 mm membrane tip, Camegie Medicin) and placed in the containment 

bowls. Probes were perfused (2 JlVmin) with an artificial CSF (pH = 6.9) containing; NaCI 

(126.5 mM), NaHC03 (27.5 mM), KCI (2.4 mM), Na2S04 (0.5 mM), KH2P04 (0.5 mM), 

and neostigmine bromide (5.0 mM). Our own unpublished data and that of others (Nilsson 

et al., 1990; Westerink et al., 1987) indicate that ACh efflux under these conditions is 

TTX -sensitive and is thus coupled to voltage-dependent release (Kandel & Schwartz, 

1985). 

Animals were perfused for 2 hrs in order to allow basal ACh efflux to stabilize. 

Baseline dialysates were then collected, at 20 min intervals, for an additional 1 hr during 

which time the animals were injected with the vehicle solution for the BZR ligands. 

Animals received the benzodiazepine selective inverse agonist ZK 93 426 (1.0 or 5.0 
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mg/kg, ip) or the benzodiazepine agonist chlordiazepoxide (CDP, 3.0 or 10.0 mg/kg, ip). 

Dialysates were collected every 20 min after ZK 93426 aJ}d every 30 min after CDP. Every 

animal received each drug-dose combination, in counterbalanced order, separated by a 24 

hr "washout" period. At the end of this test regimen, some animals received scopolamine 

(0.3 mg/kg, ip) or had the lights of the test room turned off. A dialysate was then collected 

for an additional 30 min. ACh in the dialysates was quantified using HPLC combined with 

an immobilized enzyme reactor and an electrochemical detector according to the method of 

Damsma et al. (1985). 

There were no significant differences among basal efflux in animals as a function 

of drug condition or test day, so the data were collapsed across these variables. The 

baseline data, at this point in time, suggest a trend toward reduced ACh release in the older 

animals. Mean (± S.E.M.) basal release was .48 ± .19 and .24 ± .08 pmoVmin in 4 and 18 

month-old rats, respectively. It should be noted, however, that there was a large degree of 

variability in the young adults. Two of the five animals exhibited unusually high baselines 

whereas the remaining three rats had baseline values that were quite similar to those seen in 

the aged rats. Histological data failed to reveal any systematic differences. in probe 

placement between these 3 populations of animals. We were also unable to detect any 

differences in locomotor activity between these various subgroups that might account for 

differences in ACh release (Day et al., 1991). At this stage of OUT analysis we do not 

understand the variability in the young adults. 
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In contrast to basal ACh release, there was a highly significant effect of age on 

scopolamine-induced ACh efflux (Figure 1, left side). There were no significant 

differences in the magnitude of the scopolamine effeet as a result of previous BZR test 

sequence so the data were collapsed across test order. Aged rats exhibited a greatly 

potentiated response to scopolamine relative to the young adults. The mechanism(s) 

underlying the enhanced ACh release in aged rats is not dear. One possibility is that there is 

an age-related change in the pharmacokinetics of scopolamine such that the drug dears 

more slowly in aged animals. Such a change has recently been reported (Asthana et al., 

1991). However, it remains uncertain whether age-related decreases in brain and plasma 

elimination of scopolamine could be translated into autoreceptor kinetics during the fIrst 30 

min after injection. It is conceivable that the autoreceptors are still saturated during this 

early post-injection period. Another possibility is a decline in autoreceptor function during 

aging. U sing in ~ techniques, Meyer and colleagues have demonstrated an age-related 

decline in autoreceptor sensitivity to the cholinergic agonist oxotremorine (Meyer et al., 

1984). Finally, as was the case with basal ACh release, our activity seale revealed no 

differences between the motor effects of scopolamine in young vs aged subjects that could 

possibly account for such a marked differencein responsitivity. 

The potentiated efflux after scopolamine in aged rats seems to contradict in ~ 

data suggesting a reduced capacity for stimulated ACh release in older animals. However, 

the present in ~ release data were only collected during the frrst 30 min after the drug. 

This apparent conflict may reflect two important points. First, it is conceivable that the aged 

animals exhibit a transient surge in ACh release that rapidly diminishes as synthesis or 

some other neuronal process falls to support the increased demands. In contrast, the young 

adults may be able to maintain their level of release for sustained periods of time. We are 

currently examining the temporal dynamies of stimulated in ~ release in young and aged 

adults. Second, the apparent contradiction may reflect inherent differences between m l11m 
and in Yil!Q methods. 

Figure 1 (right side) also indicates that simply tuming the lights out in the test room 

during the 30 min collection period augmented ACh release in young and aged animals. 

While there was a dear trend for aged rats to respond more vigorously than young rats this 

difference did not reach statistical signifIcance. The magnitude of the release was 

comparable to that seen in young adults following scopolamine and far less than that seen 

in aged animals after pharmacological stimulation. Nonetheless, the ability of such an 

environmental manipulation to enhance cortical ACh release highlights the lability of this 

response under physiological conditions. Fibiger and colleagues have recently reported 

similarly induced ACh efflux in young adults (Day et al., 1991). 

Figure 2 summarizes our initial fmdings on the effects of the BZR selective inverse 

agonist ZK 93426 (left panels) and the BZR agonist CDP (right panels) on cortical ACh 

release. The lower dose of ZK 93426 (1.0 mg/kg) stimulated release in the aged rats, but 

not in the young adults. The higher dose of ZK 93 426 (5.0 mg/kg) stimulated release in 
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both age groups, however, the aged animals appeared unable to sustain this release beyond 

40 min. The results following the agonist CDP were quite clear. Neither dose of CDP 

affected ACh release in either age group. This inability to detect a decrease in ACh efflux 

was not due to a floor effect; however, interacting with detection limits as we were readily 

able, in other experiments, to detect a TfX-induced suppression of ACh release (data not 

shown). 
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Figure 2. Effects of a BZR selective inverse agonist (left) and a BZR 
agonist (right) on cortical ACh release 

The ability of ZK 93 426 to modulate cholinergic activity is consistent with in 

vitro data indicating that BZR inverse agonists are capable of enhancing cortical cholinergic 

activity (Miller and Chmielewski, 1990). Another selective inverse agonist that has received 

attention recently is the novel triazole MDL 26,479. This compound inhibits the binding of 

the BZR antagonist Ro 15-1788 in mouse cortex and muscimol-induced chloride flux in rat 

cortical synaptosomes (Miller et al., 1991). We have recently observed that MDL 26,479, 

like ZK 93 426, stimulates cortical ACh release (unpublished observations). 

The inability of the BZR agonist CDP to decrease ACh release was somewhat 

unexpected. There are numerous studies demonstrating that the BZR agonist diazepam 

increases ACh content (indicative of decreased release) and decreases ACh turnover (see 

Table 1 in Sarter et al., 1990). However, all of these studies, with the exception of one, 

utilized g vivo techniques. The sole in vivo study demonstrating diazepam-induced 

decrease in ACh release utilized a cortical cup procedure in anesthetized rats (phiIlis et al., 

1980). The fact that this study was conducted under halothane anesthesia may be critical in 
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that Schrnidt (1966) demonstrated that anesthesia itself significantly decreases ACh release. 

Diazepam may then interact with this already diminished level of cholinergic activity. Thus, 

the critical difference between the reports of BZR agonist -induced decreases in cholinergic 

function and our inability to observe any effect of CDP on ACh release may reflect 

differences between ~ ~ and in vivo methodologies or heterogeneity among 

benzodiazepine receptor populations. We are currently exarnining whether diazepam also 

decreases ACh release under our rnicrodialysis conditions. 

AGE-RELA TED EFFECfS ON SRIT - AND eRIT-PERFORMANCE IN RATS 
The number of available animal experiments aimed at measuring attentional 

abilities appears relatively small, and a systematic development of animal models of 

sustained or selective attention has yet to be accomplished. Using a task comparable to the 

discrirnination paradigm described by Francis and Cooper (1979), Stephens and Sarter 

(1988) tested 3 and 24 months old Wistar rats in their ability to detect a signal that appeared 

after a variable intertrial interval of 9-21 sex and lasted 6 sec. Performance in this task was 

analyzed using signal detection theory, and the signal sensitivity index At was considered 

to indicate the level of vigilance. Aged rats showed a reduced level of vigilance as well as a 

lower tendency to respond (lL). Response latencies were not reported. While this 

paradigm showed some similarities with SRTIs, it seems unlikely that the lengthy 

presentation of a signal of high energy, combined with a free response procedure and the 

fact that there was no nontarget event, resulted in significant demands on attentional 

processing, i.e., of "a state of readiness to detect and to respond .. " (Koelega, 1989, 

p.146). In better agreement with the basic features of a vigilance task, Sahgal (1988) aimed 

to measure visual attention by using a CRTI in which the stimulus light above one or the 

other lever was flashed for 0.5 sec (m 15-35 s). Other versions of SRTIs and CRTIs have 

been used in psychopharmacological experiments (e.g., Grilly et al., 1989; Robbins et al., 

1989b; Brown & Robbins, 1991), and performance has been consistently discussed in 

terms of sustained (SRTI) or selective (CRTI) attention. We exarnined the performance of 

differently aged Fischer-344 rats (4, 12,18 months of age) in a SRT- and a CRT-paradigm 

which, in addition, fulftlled the basic conditions of tasks that provide measures of vigilance 

(i.e., low energy stimuli presented rarely and unpredictably). 

Differently aged male Fischer-344 rats (4, 12, and 18 months of age) were trained 

and tested using a computerized operant system consisting of operant chambers equipped 

with retractable levers, panellights, houselight, and food pellet dispenser (for details see 

Moore et al., submitted). SRTI. After a 5 minute adaptation time, both levers were 

inserted. A variable m of 15 ± 6 seconds was followed by a FI of 3 seconds. During both 

intervals, a lever press reset the variable m. If the animal did not press alever during these 

intervals, the center panel light (2.8 W) was tumed on for 50 ms. Because of the variable 

m, it appears unlikely that the time of the stimulus onset could be predicted by the animal. 

Following the light onset, the levers remained active for 3 seconds, i.e., operation of either 
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lever resulted in the delivery of a food pellet. Failure to operate the lever during this time 

had no scheduled consequences, and after 3 seconds this interval exited into the ITI

component. A daily session was tenninated following 50 trials or 45 minutes, whichever 

came flrst. .cR1L In comparison to the SRTI where the stimulus was presented via the 

central panel light and where either lever could be selected, the CRTI required the animal to 

operate the cued lever. The animals were trained using a procedure that was basically 

similar to SRTI procedure with the exception that stimuli (50 ms; 2.8 W) were presented 

above the left ör the right lever in random sequence. 

The following behavioral measures were obtained and calculated: the time between 

stimulus offset and lever operation was deflned as response latency; the number of lever 

operations during the 3 s poststimulus bin was used to calculate the probability for a hit 

[p(h)]; and the number of lever operations during the 3 sec bin before stimulus onset was 

used in order to calculate the false alann rate [p(fa)]. 

Nonparametric indices of signal sensitivity (SI) and response bias (R!) were 

calculated (see Sahgal, 1987 for a discussion of these indices). These indices were 

considered measures ofvigilance (Le., the animals' ability to selectively respond to the 

signal) and response bias (i.e., the overall tendency of the animals to operate levers 

irrespective of the state of the signal). In addition to the measures obtained from the SRTI, 

performance in the CRTI was characterized by the probability for a miss, i.e., an incorrect 
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response. In order to allow comparisons of SI- and RI-values obtained from both tasks, for 

the CRTI, these indices were calculated on the basis of a modified p(h) that included both 

rnisses and correct responses. 

Age significantly affected SI in the SRTI but not the CRTI (though a similar 

trend was present in the CRTI). In the SRTI, the youngest animals responded faster than 

both older groups, whereas the CRTI revealed longer response latencies in 18 month old 

animals when compared with 4 month old rats. In addition, in the CRTI, the oldest 

animals exhibited a reduced tendency to operate the levers regardless of signal state. There 

was no effect on rnisses in the CRTI. 

As expected, the muscarinic antagonist scopolarnine (0.05, 0.1, 0.39 mg/kg) 

reduced SI and general responsitivity (RI), and increased latencies in both tasks (data not 

shown). Surprisingly, however, sub-sedative doses of the BZR agonist CDP (1, 3, 5 

mg/kg) and the selective inverse agonist ZK 93426 produced resembling effects (i.e., both 

drugs decreased response latencies and increased bias in the CRTI). However, CDP also 

decreased SI in the CRTI. 

These results were unexpected. However, we now contend that, in contrast to our 

previous assumptions, the demands on attentional processes in both tasks remain unclear. 

This is supported by several observations. (1) The effects of age were rather small. (2) The 

CRTI was not more powerful than the SRTI in revealing age-related performance 

differences. (3) The effects on sensorimotor and motivational abilities, and on attentional 

functions cannot be isolated unequivocally. (4) Both tasks are relatively insensitive to the 

effects of sub sedative doses of CDP. 

The relative insensitivity of SRTI and CRTI performance to the effects of age and 

drugs may be related to the effects of extensive practice on the level of processing of task

related information. In this regard, Rabbitt (1981) pointed out that practice effects may 

account for more than 50% of the total variance in CRTIs. In cognitive terms, it may be 

speculated that the performance of well-trained animals in SRTIs and CRTIs is based on 

habits or, in other words, of automatically processed procedural information. Such a level 

of processing would also not be expected to be sensitive to drug treatments (Sarter, 

1990b). 

The developmem of more valid and more sensitive animal models of the effects of 

aging on attentional abilities may be guided by the findings in humans that aged peoples' 

attentional abilities are robustly impaired in situations that require recent memory about 

changes in signal presentation properties (Rabbitt, 1981) or division of attention (e.g., 

McDowd and Craik, 1988). SRTIs and CRTIs such as the ones used in our experiments 

do not model such situations. Future models will have to address these features and, in 

addition, should allow the parametric variations of the cognitive task demands. 

CONCLUSIONS 
Data from previous animal experiments and human psychopharmacological 

studies have indicated that drugs such as the ß-carboline ZK 93 426 may have cognition 
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enhancing properties (for review see Satter et al., 1990). Similar data are accumulating for 

other compounds that may eventually be classified as BZR selective inverse agonists (MDL 

26,479; Miller et al., 1991; Satter et al., 1991c). Ex vivo and in vitro data have supported 

the hypothesis that these drugs stimulate cortical ACh-release (see above); the available in 

vivo data tentatively confmned these flndings. However, the exact nature of the modulation 

of cortical ACh by BZR ligands and how they interact with age remains to be explored. 

Furthermore, the development of valid anirnal models of attentional abilities represents a 

most important step towards the examination of the hypothesis that modulation in cortical 

ACh correlates with changes in attentional abilities. 
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SECTION V 

CNS T ARGE'rED DRUG DELIVERY 

The brain targeted delivery of phannaceutically active compounds is of eminent 

importance in the treatment of brain maladies associated with aging, including neurodegenerative 

diseases. Many drugs do not gain access to the brain at all, while others reach the brain in 

concentrations whieh are subtherapeutic. As a result, many brain diseases are not effectively 

treated while other treatment strategies involve heroic effects (brain surgery) or induction of 

peripheral toxicity to achieve effective brain drug levels. As such, efforts to selectively enhance 

the delivery of drugs to the CNS are needed and represent a major new area in therapeutics. 

Additionally molecular biology techniques now allow the isolation of genes which can be 

inserted into vectors for delivery to mammalian cells. The development of methods for delivery 

of genes to neurons and glia of the CNS is a critical step in the process of gene therapy for aging 

and age-related brain diseases. 

Many drugs are excluded from entering the brain because of the existence of the blood

brain barrier (BBB). This complex of morphological and enzymatic components retards the 

passage of both large and small molecules which are not essential for cerebral function. Thus 

novel methods of crossing the blood-brain barrier are now being investigated. 

The four chapters in this section on CNS Targeted Delivery ofDrugs represent 

pioneering research into novel methods of targeting drug to the CNS. Dr. Brewster and 

colleagues describe a novel redox-based chemical system for the brain enhanced delivery of 

drugs to the CNS. Their methods utilizes the lipophilic moiety, dihydropyridine to enhance lipid 

solubility of drug to which it is attached. This moiety has the novel feature of oxidation to a 

charge pyridinium ion in the brain, which prevents egress of the drug-carrier complex and 

effectively locks the drug into the brain. Facile hydro lysis of the carrier moiety then allows local 

brain release of the drug. 

This dihydropyridine-pyridinium redox chemical delivery system appears to be generally 

applicable to a variety of drugs in several chemical class, as is evident by its use to deliver to the 

brain the hydrophilie neurotransmitter, dopamine (DA), as described in the chapter by Simpkins 

and Bodor. They report the delivery to the brain of a chemical delivery system for DA and the 

subsequent release of the pharmacologically active neurotransmitter. These studies offer a new 

approach to the treatment of DA deficiency diseases such as Parkinson's disease and chronic 

hyperprolactinemia. 
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An alternative chemical strategy for the enhanced delivery of drugs to the brain is the 

prodrug approach. Prodrugs are lipid soluble, usually inactive analogues of the drug, which are 

designed to undergo predictable metabolism to the active compound in the target tissue. Dr. 

Shashoua details his efforts in enhancing the lipid solubility of the neurotransmitter, GABA, and 

hence its ability to penetrate the BBB. He is able to show that the GABA prodrug is metabolized 

in the brain to release the inhibitory neurotransmitter, GABA. 

Finally, Dr. Meyer and colleagues describe their efforts to employ virosome envelopes as 

vectors for the delivery of macromolecules, inc1uding genes, to brain neurons. This strategy for 

CNS neuron delivery exploits the ability of viral envelopes to fuse with neurons and glial cells. 

Their observation of fusion of Sendai virosome envelopes with nerve terminals, open the 

possibility of using this vector to deliver genes to CNS neurons and glial cells. As such, this 

chapter raises the possibility of delivery of genes to replace defective or absent gene in 

Alzheimer' s disease. 
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ENHANCED BRAIN DELIVERY OF AMINO ACIDS AND PEPTIDES 

THROUGH THE USE OF REDOX TARGETING SYSTEMS 

Marcus E. Brewster, Wesley R. Anderson and Nicholas 
Bodor 

Pharmatec, Inc., Alachua, FL 32615 and Center for 
Drug Discovery, 
College of Pharmacy, University of Florida, Gainesville, 
FL 32610 

IN1RODUCTION 

Many central diseases, including amino acid and neuropeptide deficiencies, are 

potentially treatable using replacement therapy. Unfonunately, delivery of the appropriate 

agents to the central nervous system is a highly complex undertaking due to an interfacial 

barrier of a vascular derivative termed the blood-brain barrier (BBB ).1-3 The cerebral 

microvasculature differs in several important respects from those capillaries present in the 

periphery. Firstly, the endothelial cells which comprise the cerebral microvessels are 

tightly joined to one another.4,5 This unique architecture prevents the bulk: movement of 

materials between cells and forces compounds to diffuse directly through the phospholipid 

cell membrane if they are to gain access to the brain parenchyma. Since only those agents 

with sufficient affinity for the lipid membranes will penetrate the BBB, hydrophilic 

molecules, including many drugs, are excluded.6 Other distinguishing features of cerebral 

capillaries are that they are not fenestrated and that they maintain a vesicular transport 

system of relatively low activity. These functions substantially restrict generalized 

movement of materials into the CNS and have clearly evolved to protect the delicate 

environment necessary for optimal neural functioning. 

Histochemically, the BBB is also distinct from peripheral capillary systems in that high 

concentrations ofvarious lytic enzymes are present. These protein catalysts include 

catechol-O-methyl transferase, monamine oxidase, y-aminobutyric acid transaminase, 

enkephalinase and various others.7 This enzymatic barrier prevents the uptake of blood

borne neurotransmitters and neuromodulators and again, acts to isolate the CNS from 

potential neurochemical disruption. 
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While the barrier properties are an integral component of the BBB, they incompletely 

describe the system. Various hydrophilic nutrients such as glucose and metabolic wastes 

such as lactate must be taken up or expeHed. These compounds do not, however, easily 

penetrate the lipid barrier system. This paradox is explained by the presence of specific 

carrier systems in cerebral capillaries which ferry the agents into and out of the brain. 

These carriers are non-energy-dependent, saturable and are highly stereospecific.6,8 

Unfortunately, while these systems efficiently interact with sugars, arnino acids, 

nucleotides and nucleotide bases, etc., they are, for the most part, not involved with drug 

transport.9 

Thus, the BBB acts to isolate and protect the CNS from periodic peripheral changes 

which might disturb neurofunctioning. This barrier system also restricts the movement of 

many potentially important drugs or hormones making the treatment of cerebral disease 

difficult, if not impossible. In the case of Parkinson's disease, a condition that affects 

approximately 1 % of a1l individuals over the age of 60 years, it is thought that depletion of 

striatal dopamine is the causative biochemical event.10, 11 Deficiencies of y-aminobutyric 

acid (GABA) are associated with Huntington's Disease, as weH as with the etiology of 

epilepsyI2,13 and tryptophan replacement is thought to be important in mitigating 

hypertension, an insidious condition that effects millions of Americans.14,15 

Unfortunately, simple replacement of these deficient amino acids is useless. Dopamine, 

which is highly labile metabolically, does not cross the BBB16 and various prodrugs for 

dopamine, including dihydroxyphenylalanine (DOPA) are plagued with various toxie side 

effects.17 GABA is the one neurotransmitter which passes the BBB least efficiently, 

making it useless as areplacement therapy.18 Tryptophan, which can enter the CNS via a 

specific amino carrier, significantly binds to plasma proteins and is readily eliminated from 

the CNS by various active processes.19 

In addition to the amino acids described above, a variety of peptides have been 

considered for therapeutic use. Enkephalins, for example, may be beneficial as analgesics 

or mood elevators.20,21 Kyotorphin, a dipeptide, has been shown to stimulate the release 

of enkephalines.22 Thyroid-releasing hormone (TRH) is potentially useful in treating 

various cognitive disorders, including Alzheimer's disease and amyotrophic lateral 

sclerosis by enhancing the activity of central cholinergic neurons and by stimulating 

acetylcholine synthesis, release and uptake.23 Experiments involving direct 

intrahypothalamic injections of angiotensin TI have suggested its use to control blood 

pressure and to facilitate leaming and retention.24 Brain delivery of luteinizing horrnone

releasing hormone (LHRH) and its analogs could be useful in the management of infertility 

and in the treatment ofhypogonadotropism.25 

Unfortunately, the same physicochemical parameters which protect against CNS uptake 

of dopamine and GABA will also prevent significant uptake of various peptides. Thus, 

TRH, cholecystokinin and somatostatin have all been shown to poorly penetrate the 

CNS.26,27 In addition, peptides represent a far more chaHenging delivery problem than 
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small molecular weight drugs due to their metabolie instability both in the blood stream and 

in the brain tissue. For example, ß-endorphin and angiotensin are rapidly degraded after 

either i.v. or intracerebral injection.28 

There are eertain brain areas such as the eircumventrieular organs where the BBB is not 

as eompetent where blood-brain proteins ean interaet with brain receptors. 19 Importantly, 

this area represents only a very small portion ofthe total eapillary area «<1 %).19 In 

addition, carrier-mediated transport of several small peptides has been observed and several 

receptors have been identified for larger proteins, ineluding insulin, transferrin and 

eatonized albumin.29 These receptors have been observed on the luminal surface of the 

eapillaries but are thought to aet as transcytosis systems, making receptor-based transport 

of peptides a possibility. Importantly, all of these putative systems are saturable. 

General methods for improving the delivery of amino acids and peptides to the CNS 

would, therefore, be highly desirable. One approach for selectively increasing brain 

eoneentrations of a therapeutie agent is by direct injection of the agent to the cerebrospinal 

fluid (CSF) or brain extracellular fluid (ECF).3O,31 A drug ean be administered at various 

sites inc1uding the lumbar area, the basal cistern or the ventric1es. Such treatment may 

avoid the problems of poor BBB permeability and systemic effects of a drug. In addition, 

in eases where amino acids or peptides are systemieally inactivated, direet introduetion of 

these agents to the CNS may yield active regimens. As summarized by Harbaugh,32 

several factors are involved with drug distribution in the CNS after intrathecal or other 

direet injections. These inelude the eoneentration of the drug in the CSF at various loci, 

bulk: flow of the CSF and eorresponding drug c1earanee, the diffusion the drug, drug 

metabolism in the CNS, drug uptake into brain parenehyma, transport or diffusion of the 

introdueed drug into the microvascular system and site, duration and method of drug 

introduetion. Many advantages are associated with drug introduetion into the CSF or brain 

ECF, inc1uding that fact that this eompartment contains little protein and, thus, the drug 

experiences little protein binding and lowenzymatie inaetivation. Drugs can be 

administered as a bolus, a paradigm whieh is partieularly useful when the target site is 

adjaeent to the CSF eompartment as in meningitis, or as an infusion.33 In the latter ease, 

implantable pumps are used whieh provide for deeper penetration of the administered 

agent Use of implantable infusion systems have been shown to be benefieial in the ease of 

ehronie pain and spastieity and in the eas~ in malignant brain tumors. This method has also 

heen applied to protein in that spinal infusion of TRH in the treatment of amyotrophie 

lateral sclerosis has been reported.34 

While useful in many eircumstanees, direct administration of drugs to the CNS ean be 

problematie. Eneephalitis, meningitis and arachnoiditis are known to occur.35 In addition, 

some agents demonstrate unexpected neurotoxieity when administered intrathecally. More 

importantly, the method itselfmay he inefficient. 

Due to the eonvexities of the human brain surfaee, most regions of the brain are no more 

than 0.5-1.0 em away from either the ependymal or cortieal interface with the CSF 
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compartment. Considering a small hydrophilie drug with a diffusion coefficient (D) of 0.4 

x 10-5 cm2 s-l, it has been estimated that it would require over 17 hours for the agent to 

diffuse only 5 mm into brain tissue36. For peptides, the problem is worse, sinee a typieal 

2000-5000 MW protein would require at least 35 hours to achieve the same penetration.37 

Since the entire volume of the CSF is turned over more than five times per day, there is 

little opportunity for any drug uptake except directly at the CSF surface.38 In addition, 

bolus Lv. administration can raise intercranial pressure, an undesirable eircumstance, 

especially when the pressure is already elevated as in various cancers. 

A second method whieh has been proposed for increased drug uptake through the BBB 

is temporary disruption of the BBB via carotid infusions of hypertonie aqueous 

nonelectrolytes.39,40 Compounds which have been used in this regard include glucose, 

suerose, arabinose and urea. The mechanism behind this transient BBB disruption is 

osmotie shrinkage of endothelial cells whieh opens the normally tight junctions. 39 

Methotrexate has been administered after dosing of hypertonie arabinose, a procedure 

which increases the brain levels ofthe nitrofolate approximately 50-fold.41 Subsequent 

human phase I and phase TI studies have been eompleted based on this method.42 

Unfortunately, considerable neuropathologies and toxic side-effects occur subsequent to 

BBB opening, including inflammation, encephalitis and seizures. This latter symptom 

occurs in as many as 20% ofindividuals receiving hypertonie sugar infusions.43 In 

addition, the BBB is indiscriminately breached providing for the delivery of many blood

borne substances, as weH as the targeted agent. 

A third approach to improving brain uptake of compounds is derivatization of the 

molecules themselves via prodrug formation. A prodrug is a pharmaeologically inactive 

compound which results from transient chemieal modifieation of a biologically active 

species.44-46 The ehemieal change is designed to improve some deficient physicochemieal 

property of the drug such as membrane penneability or water solubility. Mter 

administration, the prodrug, by virtue of its improved characteristics, is brought closer to 

the receptor site for longer periods of time where it can convert to the active species. 

Prodrugs usually require a single activating step. When the BBB is eonsidered, increased 

drug penetration is usually wen correlated with the lipophilicity or the octanol!water 

partition eoefficient of a drug.47,48 In order to improve the entry or a hydroxy, amino or 

carboxylic acid-containing drug, esterification or amidation may be perfonned. This 

greatly enhances the lipid solubility of the drug and as a result the drug ean better enter the 

brain parenchyma. Once in the CNS, hydrolysis of the lipophilic modifying group will 

release the active eompound. 

Unfortunately, simple prodrugs suffer from several important limitations. While 

increasing the lipophilicity of a molecule may improve its movement through the BBB, the 

uptake of the compound into other tissues is likewise augmented leading to a generally 

greater tissue burden. This nonselectivity of delivery is especially detrimental when potent 

drugs such as steroids are eonsidered in that non-target site toxieities are exacerbated.49 In 
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addition, while drug uptake into the CNS may be facilitated by increasing the lipophilicity 

of a drug, its effiux is also enhanced. This results in poor tissue retention of the drug and 

short biological action. Fina1ly, while the only metabolism associated with prodrugs should 

be by conversion to the parent drug, other routes can occur and may contribute to the 

toxicity of the compounds. These effects, i.e., poor selectivity, poor retention and the 

possibility of inactive catabolism, often conspire to decrease, not increase, the therapeutic 

index of drugs when masked as a prodrug. 

Other problems occur when peptides are considered. For small peptides, like TRH 

esterification or more sophisticated derivatizations such as cyclization or diketopiperazine 

formation increase the lipid solubility and uptake.50 On the other hand, larger peptides 

may not be candidates for similar types of prodrug formation. Cyclosporin is a cyclic 

endecapeptide (MW "" 1200) which has no free carboxylate or amino termini, no charged 

amino acid side chains, four methylated amide nitrogens and is highly lipophilic. The 

BBB transport of the peptide, which is similar to testosterone in its lipophilicity, is quite 

low.51 This appears to be due to rapid degradation in the BBB.52 Thus, peptide delivery 

will require considerable attention paid to metabolie as weH as physicochemical 

characteristics. 

Liposomes have also been considered as useful delivery modalities but no measurable 

transport of these vehicles has been observed across the BBB.53 Another technology 

which could be applied to provide CNS uptake of peptides involves the formation of 

chimeric peptide conjugates. 19 Chimeric peptides are entities for which receptor systems 

have been identified occur in the BBB and are normally transported across the BBB. For 

example, p-endorphin, which does not pass the BBB, can be attached to insulin, a peptide 

for which a transport system exists to produce a conjugate which may be shuttled through 

the BBB via transcytosis. Several important events must occur for delivery to occur 

including receptor-mediated endocytosis of the conjugate, movement of the conjugate 

abluminally, receptor-mediated exocytosis and hydrolysis of the drug from the carrier. 19 

These carriers are, however, not brain-specific as uptake by other ceHs has been 

demonstrated. 54 In addition, poor stoichiometry of the neuropeptide and carrier molecules 

may reduce the efficacy of these systems. 

The prodrug approach is associated with a single chemical conversion for activation of 

the drug. The toxicity of a drug may be reduced by multiple conversions which, in turn, 

mayenhance selectivity and action. A chemical delivery system (CDS) is defined as a 

biologically inert molecule requiring several steps for conversion to the active drug, thereby 

enhancing drug delivery to the target site of action. 55-57 In generating CDS for the CNS, 

several criterion were considered. First of all, the CDS should be sufficiently lipophilic to 

permit brain uptake. After brain penetration, retention of the lipophilic molecule is required 

to prevent effiux from the CNS. This requires an enzymatic or other type of conversion, 

together with enhancement of peripheral elimination of the compound. Lastly, the 
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conversion intennediate should be degraded thus releasing the active molecule over a long 

period of time. Such a delivery system is described in Scheme I. 
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As shown, a carrier molecule is utilized to modify lipophilicity, 1,4-

dihydrotrigonellinates have proven to be most useful. In this approach, a nieotinic acid or 

nicotinic acid derivative is either esterified, amilated or covalently linked to a hydroxy, 

amino or carboxylic acid-containing drug. The resulting compound is then quatemized to 

yield the 1-methylnicotinate salt or trigonellinate and chemically redueed to give the 1,4-

dihydrotrigonellinate or CDS. This dihydro moiety in generally more lipophilic then the 

parent drug. When the CDS is adrninistered systemically, the lipophilie CDS is eapable of 

partitioning into several body compartments, some which are inaccessible to the unaltered 

compound. The design of the CDS allows for an enzymatically mediated oxidation which 

converts the membrane-penneable, dihydrotrigonellinate to a hydrophilie membrane

impenneable trigonellinate salt, a reaetion which occurs throughout the organism. The 

polar salt is then trapped behind the BBB and is held within the CNS. Sinee this oxidized 
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salt is quite polar, peripherally distributed compound is rapidly eliminated via the kidney 

and liver. The polar CNS-trapped drug conjugate is slowly hydrolyzed to the active 

species over a sustained time. The CDS approach is designed such that peripheral 

concentrations ofthe active drug are very low, thus reducing systemic toxicity. Central 

drug toxicities are similarly lowered since the active drug is packaged in an inactive 

conjugate form. It is expected that this CDS approach design will allow a larger portion of 

the administered dose to reach the intended site of action and thus should for allow longer 

intervals between dosings. As summarized in Table I, this CDS approach has been 

extensively applied to neurotransmitters and pharmaceuticals. 

TABLE 1 

Application of the Chemical Delivery System to Neurotransmitters, 
Hormones and Drugs 

Compounds 

Dopamine 
y-Aminobutyric acid 
N oren thindrone 
Trifluorothymidine 
Phenytoin 
Dexamethasone 
Antidementia Agents 

Tryptamine 
Tryptophan 
Estradiol 
<XNU 
Acyclovir 
Naproxen 

Adenosine 
Testosterone 
Azidothymidine 
Berberine 
Benzyl Penicilin 
Chlorambucil 

Specifically, the CDS has been successfully applied 10 several amino acids and amines 

inc1uding dopamine, tryptophan and GABA. A CDS for dopamine was designed and 

synthesized by first condensing nicotinic acid and dopamine hydrobromide to yield the 

catechol nicotin amide derivative. 58 Subsequent pivaloylation gave the bis ester which was 

then quaternized and reduced to give the protected dopamine delivery system (DA-CDS) as 

illustrated in Figure 1. 

Initial tests used to show dopamine release inc1uded such pharmacologic indications as 

the ability of dopamine 10 dampen prolactin secretion.58 This action is manifested by the 

ability of this neurotransmitter to interact with lactophors in the anterior pituitary gland. In 

testing the DA-CDS, male rats were primed with ß-estradiol to elevate serum prolactin. 

Administration of DA-CDS to these animals resulted in suppression of serum prolactin by 

approximately 80% for over 12 hours. 

In contrast, when the quaternary salt (DA-Q+) of the DA-CDS was administered, 

prolactin levels were suppressed only at 0.5 h, after which serum prolactin retumed to 

controllevels. Since DA-Q+ is very polar and therefore resistant to penetrating the BBB, 

these studies suggest the dopamine is being released from DA-Q+ after administered DA

CDS is taken up and sequestered in the brain. DA-CDS itself was demonstrated to be 
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inactive by using isolated anterior pituitary glands. Using stimulated release of prolactin 

from these glands as an endpoint for DA-releasing activity, it was shown that 200 ng of 

dopamine reduced the rate of prolactin secretion while DA-CDS was ineffective.58 This 

study suggested the DA-CDS possessed a lower binding affmity for pituitary lactotrophs. 

Stronger evidence for DA release was observed in rats pretreated with m

hydroxybenzylhydrazine, an aromatic amino acid decarboxylase inhibitor. 59 Upon 

administration of the DA-CDS, hypothalamic and striatal DA was elevated by 400-500% 
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Fig 1. Syntbesis of DA-CDSs. 

and 17-20%, respectively (Fig. 2). Additionally, significant elevation of the dopamine 

metabolites, dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) was noted 

in the striatum and hypothalamus subsequent to DA-CDS administration. 

The neurotransmitter which passes the BBB least efficiently is "(-aminobutyric acid 

(GABA). This fact led to the syntheses of several GABA-CDSs. Earlier work bad found 

that simple non-redox nicotinamides of GABA possessed some anticonvulsant activity (1 

g/kg mice).60 This finding suggests that gabaminergic activity does not rely on hydrolysis 

of the amide, which does not appear to be the case for dopamine. 
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There were two CDSs chosen for GABA studies.61 The benzyl and cyclohexyl esters 

of GABA were condensed with nicotinic acid which resulted in the corresponding GABA 

nicotinamides. The quaternary salts of these compounds were obtained with methyliodide 

and subsequent reduction yielded the two CDSs, BZ-GABA and CH-GABA-CDS (Fig. 

3). Ready oxidation and hydrolysis of the two GABA-CDSs were confrrrned by 

homogenate studies showing oxidation preferentially occurred to hydrolysis. The BZ

GABA-CDS was systemically adrninistered to Sprague Dawley rats and the pyridinium salt 

(GABA-Q+) was found to be retained in the CNS up to 12 h. Levels of GABA-Q+ were 

undetectable in the liver, blood, kidney, heart, lungs and testes at 4,2,2, 1, 1, and 0.5 h, 

respectively. The calculated brain penetration index (BPI) for GABA was 1%, while the 

BPI was dramatically increased to 86% for the BZ-GABA-CDS.61 
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Fig. 2. Effect of DA-CDS on hypothalamic (left) or striatal (right) 
dopamine concentration in rats pretreated with a DOPA
decarboxylase inhibitor. 

BZ-GABA-CDS was further evaluated by a maximal electroconvulsive shock (MES) 

model at 1 rnin post-dosing. Complete protection against MES was afforded by BZ
GABA-CDS at 50 mg/kg, while the ED50 was deterrnined at 12.1 mg/kg as shown in Fig. 

4.61 The anxiolytic properties ofBZ-GABA-CDS were evaluated by a drink-foot shock 

conflict procedure. 62 Doses ranging from 4 to 25 mg/kg effected a significant increase in 

anxiolysis versus controllevels through 8 hours. Increases in anxiolysis occurred in a 

dose-dependent manner to 10 mg/kg. However, no additional increase was observed at 25 

mg/kg. Sedation, as evaluated by open field behavior technique, was not observed at 2 h 

with the 10 mg/kg dose (Fig. 5). 
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BZ-GABA-CDS: R = Benzyl 
CH-GABA-CDS: R = Cyclohexyl 

./"'-...../"'....../0 R ROH 
H2N - if ..... -----

o HCI 

Fig. 3. Synthesis of GABA-CDS 
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Fig. 4. Effect of BZ-GABA-CDS on maximal electroconvulsive shock in 
rats. 

310 



600.-"-----------------------------, 

500 

400 

300 

200 

100 .. 

---.-- Vehlcle 
-0- 4mg/Kg 
~ 10mg/Kg 
~ 25mg/Kg 

......... -------.----------------------------------
O+-------,,-------r-------r------~ 

o 6 12 

Time (hr) 

18 24 

Fig. 5. Anxiolytic effect of BZ-GABA-CDS as measured by a drink-foot 
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Fig. 7. Effect of T-CDS on systolic blood pressure in the rat. 

In the synthesis of tryptophan-CDS, esters of tryptophan were treated with nicotinoyl 

chloride to give the corresponding amide esters.63 Quaternization and reduction of these 

derivatives produced the T-CDS as illustrated in Fig. 6. The compounds were found to be 

of sufficient lipophilicity to readily pass the BBB and also to convert to the corresponding 

quatemary salt. The T-CDS containing an ethyl ester was tested in a deoxycorticosterone 

acetate (DOCA) model of hypertension.63 While the vehicle or tryptophan was ineffective 

in changing blood pressure, an i.v. dose of the T-CDS of 14.2 mg/kg significantly reduced 

blood pressure in rats, 14% by 3 hr. and 25% by 4 hr. Lowering the dose 63% generated 

an equivalent hypotensive effect at 3 hr which was not as potent at 4 hr post dosing 

compared to the higher dose (Fig. 7). 

Applications of these approaches to enkephalin, as weH as other small peptides, are 

currently being applied. Initial results indicate that a CDS for methionine enkephalin 

readily passes the BBB and becomes locked in the CNS. Furthermore, the CDS produces 

significant analgesia in a rat tail flick assay. 
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BRAIN TARGETED DELIVERY OF NEUROTRANSMITTERS: 

USE OF A REDOX BASED CHEMICAL DELIVERY SYSTEM 

1. Introduction 

James W. Simpkins and Nicholas Bodor 

Center for Drug Discovery, University ofFlorida 
Gainesville, FL 32610 

The targeting of drug to the central nervous system (CNS) is of paramount 

importance in the treatment chronie diseases ofthe brain. Alzheimer's disease (AD) is one 

such neurodegenerative disease that affects 5% to 10% of the population greater than the 

age of 65 years1,2 and the incidence of AD increases progressively between the ages of 65 

and 85 years.3,4 This degenerative disease is a progressive disorder that leads to the death 

of the patient some 5 to 7 years after its clinical diagnosis. As such, effective therapy that 

would extend the life of the AD patient, would require treatment regimens that last years if 

not decades. The selective delivery of efficacious drugs to the affected organ, the brain, 

will thus be essential for effective, chronie pharmacotherapy of this neurodegenerative 

disorder. 

The therapy of chronic brain diseases like AD will require particular attention to 

four therapeutic issues: 1) the innate efficacy of the drug for the underlying defect in AD; 

2) the acute toxicity of the drug both in the brain and periphery; 3) chronie toxicity of the 

drug and, 4) the capacity of the drug to cross the blood-brain barrier. Issues of drug 

efficacy in AD is the subject of intense investigation and the concem of much of the context 

of other articles in this text. As such, they will not be dealt with further here. Issues of 

acute drug toxicity are common to the investigation of any compound that has potential for 

therapeutic application. Of more relevance to the therapy of AD are problems related to the 

chronic toxicity of a drug. 

The successful therapy of AD willlikely be initiated early in the course of the 

disease and as a consequence will be a chronic therapy lasting years to decades. An 

effective anti-Alzheimer's drug will need to exhibit low innate toxicity and be relatively free 

of the toxicities associated with the biotransformation of the parent drug to toxic metabolites 

during chronic administration.5 Additionally, the clearance of both the drug and its 

metabolites should be rapid. Hence, drugs designed for AD treatment should exhibit 
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predictable biotransforrnation to metabolites which are non-toxic and which are rapidly 

c1eared from the brain and peripheral tissues. 

Finally, for a drug to be effective in the treatment of AD, it must be able to reach the 

affected organ, the brain. Any drug with potential efficacy in the treatment of AD or its 

symptoms will be ineffective unless it is able to cross the blood-brain barrier (BBB). 

Indeed, for many compounds that have proven of littIe use in the treatment of AD, poor 

penetration of the BBB is observed. 6, 7 In these cases, peripheral toxicities often limit 

dosing to subtherapeutic levels. 

Given the importance of the BBB in directly influencing the efficacy of drugs in AD 

and indirectly in detennining the peripheral toxicity of the drug, by virtue of the peripheral 

doses needed to achieve therapeutic levels in the brain, a consideration of the BBB and the 

methods that are being used to deliver drugs to the brain is in order. Further, in this 

chapter we will consider our efforts to deliver to the brain neurotransmitters that normally 

do not cross the BBB. 

II. The Blood-Brain Barrier as an Impediment to Dru~ Deliyety 

A. The Blood-Brain Barrier 

Most drugs and endogenous compounds are exc1uded from the brain by the 

existence of the BBB. The BBB was elucidated on the basis of the ability of the brain to 

exc1ude a variety of peripherally administered large organic dyes.8-1O Later it was 

observed that many small molecules were similarly exc1uded form the brain which led to 

the suggestion that the BBB was an absolute barrier. This concept was letter modified with 

the documentation of the nutrient requirement of the brain and the transport systems for 

these nutrients.11 

The BBB is a complex of morphological and enzymatic components that retard the 

passage of both large and small molecules into and out of the brain parenchyma. Except 

for circumventricular organs, the endothelial cells lining the cerebral capillaries form tight 

junctions 12 containing zona occ1uda that prevent the passage of molecules between 

endothelial cells. These tight functions consist of aligned intra-membraneous ridges and 

grooves that are in elose opposition. 10,13,14 

Other elements also contribute to the BBB. Cerebral endothelial cells have few 

vesieles and a low vesicular transport capacity .15 Also, astrocytic endfeet regulate the 

transport of amino acids and serve as a barrier to the transport of proteins.16 Finally, the 

enzymatic component of the BBB is vital in protecting the brain from circulating 

neurotransmitters and peptides.6,16-18 Catechol-o-methyltransferase, monoamine 

oxidase, aromatic amino acid dicarboxylase and gamma-aminobutyric transaminase are 

enzymes with high activity in the BBB. The presence of these enzyme in circumventricular 

areas of the brain, which lack a morphological barrier, may serve to limit the transport of 

circulating neurotransmitters from these otherwise unprotected brain regions. Further, 
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butyrylcholinesterase is present in cerebral capillaries, indicating the need to protect the 

brain from circulating neuroactive compounds which are lipid soluble, like butyrylcholine. 

B. Methods ofCircumventin~ the Blood-Brain Barrier 

Targeted delivery of drugs to diseased organs is a comerstone of modern medicinal 

chemistry. Selective drug delivery to the brain requires penetration of the BBB. Efforts to 

deliver drug 10 the brain selectively can be classified into three general categories: (1) 

modification of the BBB; (2) utilization of normal transport mechanisms of the brain; (3) 

modification of drug design for enhanced brain delivery. While these methods of drug 

delivery are considered in more detail in the chapter by Brewster and Bodor in the present 

text, abrief consideration of the merits and limitations of each is warranted here. 

Two approaches have been used to modify the BBB to acbieve drug delivery. 

First, surgical violation of the BBB is achieved by the implantation of cannulae into the 

cerebral ventricles or into diseased brain regions. Intracerebroventricular infusions are 

used to achieve broad distribution of drugs in the brain while treatment of localized tumors 

more often involves directing the cannulae into the tumor for local antineoplastic drug 

delivery. Both of these approaches delivery high concentrations of the drug to the brain 

and thereby improve the likelihood of effective therapy. However, cerebral cannulation 

requires brain surgery with its accompanying risks of infection, blockade of the cannulae, 

etc. Further, the need for cerebral surgery limits the general utility of tbis approach to brain 

targeting of drugs. 

An alternative means of modifying the BBB is the injection into a cerebral artery of 

a hyperosmotic solution. Elevation of blood osmolarity results in the scrinkage of the 

endothelial cells of the cerebral vasculature, a major morphological component of the BBB, 

and allow the intercellular transport of the coadministered drug. 19 ,20 This technique is 

limited, however, by the lack of specificity of the approach. Many substances, including 

blood proteins, wbich are normally excluded by the BBB can readily pass during the 

hyperosmotic insult; as such, the safety of this approach is uncertain. 

The transport of essential nutrients into the brain is achieved by carriers located in 

the endothelial cell of cerebral vessels. These proteinaceous carriers are bidirectional in 

nature and can be saturated.22 Transport systems have been described for hexoses,21,23 

neural, acidic and basic amino acids,24 monocarboxylic acids,25 choline,26 nucelosides,8 

purines,27 thiamine and thyroid hormones.22,28 These transport systems could be used 

to delivery drug into the brain. However, several problems with tbis approach are 

apparent. First, the saturability of the transport system would limit the amount of drug 

capable of delivery and would reduce the transport of the intended nutrient of the 

transporter. Additionally, transport carriers for proteins and small peptides have been 

described.29-31 The use of protein transporters for drug delivery is limited by 

stochiometry as weIl as the aforementioned saturability ofthe system. Stochimetrically, 

few drug molecules would be expected to bind to the protein that is targeted for transport. 
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As such, the amount of drug which could be delivered is limited by the amount of protein 

which can be transported, and protein transport is believed to be very low across the 

BBB.29-31 Additionally, once in the brain parenchyma, a mechanism would have to be 

available to cleave the covalently attached drug from the targeted protein. Such 

mechanisms have not been described. 

The third general approach to achieve brain targeted drug delivery is the chemical 

modification of the drug. The intent of these chemical modifications are to increase the 

concentration andlor transit time of the drug in the brain. Herein two approaches have been 

described. The prodrug approach to enhanced brain delivery is based upon the need for a 

drug to cross a lipid barrier in the endothelium of cerebral capillaries.32-36 Prodrugs are 

pharmacologically inactive agents derived from active drugs which have been chemically 

modified to improve their lipophilicity. Ideally, prodrugs are inactive, but revert to the 

active parent drug upon modification at or near the intended site of action.34 This 

transformation can be mediated enzymatically or may occur chemically as a result of 

designed instability of the prodrug. By transiently masking polar groups on the parent 

drug, the lipophilicity of the drug is improved and its ability to pass lipid membranes is 

enhanced. This approach has been applied to a variety of compounds.37-41 

The limitations of the prodrug approach for brain targeted delivery of drugs in that 

by increasing the drugs lipophilicity, all body tissues are exposed to a greater drug burden. 

Thus, associated with greater brain delivery of the drug, enhanced peripheral toxicity of the 

prodrug can be expected. Despite this, the design of lipophilic prodrugs of existing 

compounds is a major approach in the search for drugs with efficacy in the treatment of 

chronic brain diseases. 

A novel approach that limits the problem of general toxicity associated with 

prodrugs has been the discovery of redox-based chemical delivery systems.42 The most 

thoroughly evaluated of the redox-based delivery system is the dihydropyridine-pyridinium 

ion redox reaction. In this system (Fig. 1), the lipoidal dihydropyridine moiety is 

covalently linked to the drug, thus increasing its ability to penetrate the BBB. The reduced, 

non-charged dihydropyridine (the injected form of the chemical delivery system) will be 

oxidized to the charged pyridinium ion in the brain and the periphery (Fig. 1). The 

ubiquitous NADP-NADPH redox system catalyzes this in....YiY2 oxidation reaction. In the 

brain, the pyridinium ion-drug complex is "locked-in" while in the periphery this charged 

form of the delivery system can be rapidly cleared by biliary or renal processes due to its 

enhanced hydrophilicity. Sustained release of the active drug from the delivery system 

occurs in the brain by enzymatic or non-enzymatic hydrolysis of the ester (or amide, etc) 

linkage between the drug and the pyridinium moiety (Fig 1). This redox-based chemical 

delivery system has been successfully applied to a variety of drugs which do not normally 

cross the BBB including phenylethylamine,43,44 dopamine,45,46 antineoplastic agents,48 

antiviral drugs,49 antibiotics,50 gamma-aminobutyric acid51 and cholintsterase 

inhibitors. 52 Additionally, enhanced selectivity for brain delivery has been achieved for 
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lipid soluble drug which nonnally cross the BBB including estrogens,53,54 androgens,55 

and glucocorticoids.56 

III. AIlplication of Chemical Delivety System to the Brain Delivety of Drummine 

Catecholamines do not cross the BBB.57 Despite the proposed involvement of 

catecholamines in disorders of the brain, i.e. a dopamine loss in Parkinson's disease58 and 

Figure 1. Schernatic Representation of the Body Distribution of a Drug CD) which is Attached to the 
Dihydropyridine Carrier CC). The drug is coupled via two reaction steps to the quaternary pyridinium 
form of the carrier (the resulting molecule here is indicated as D-QC+). This charged moiety must be 
reduced to the dihydropyridine carrier (he re indicated as D-DHC). The reduced drug-carrier complex 
(D-DHC) is the lipophilic form administered to the anima!. Following the intravenous administration 
of D-DHC it can penetrate the blood brain harrier (BBB) to partition into the brain or rernain in the 
periphery. In both compartrnents, oxidation of D-DHC to the quaternary D-QC+ occurs. In the 
periphery this process enhances its rate of elimination from the circulation, while in the brain, the 
formation of the charged moiety serves to "lock-in" the drug-carrier complex. In the brain, hydrolysis 
of the D-QC+ to the drug and the carrier results in a sustained release of active drug. Also released is 
the smalI, inert carrier moleeule, trigonelline (QC+), which is easily eliminated from the brain. 

a norepinephrine loss in AD,59,60 littie progress has been made in the delivery to the brain 

of the deficient neurotransmitter. We undertook a program of research aimed at the 

delivery of catecholamines to the brain with the ultimate aim of documenting its feasibility 

and thereby opening a new avenue for in the treatment of neurodegenerative diseases. Our 

efforts have focused on the replacement of the endogenous neurotransmitter for two major 

reasons. First, neuronal repletion with the endogenous neurotransmitter would allow for 
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physiologie storage and release. This may avoid the aeute and ehronie toxicities associated 

with overstimulation of receptors for the neurotransmitter. Second, by delivering the 

endogenous neurotransmitter, existing metabolie and elearanee pathways would be utilized 

to achieve predietable biotransfonnation and clearanee of the compound. This feature 

would reduee ehronie toxieities associated with the accumulation of drug metabolites. 

Figure 2 shows the.iIuitm synthesis and the in....YWl metabolism of two dopamine 

ehemieal delivery systems (DA-eDS) whieh we have evaluated.45-47 The eatechol 

hydroxyl funetions were esterified to dipivalyl (R I) or dibutyryl (R2) moieties and the 

amine funetion ofDA was linked to the dihydropyridine moiety (the delivery system) by an 

amide bond. 

In yivo, the expeeted sequenee of biotransformations of these DA-CDS was as 

follows: (i) the rapid oxidation of the dihydropyridine moiety to the eorresponding 

pyridinium ion. (This oxidation process would serve to provide a positive eharge to the 

DA-CDS, thus preventing its egress from the brain.) (ii) the sequential hydrolysis of the 

pivalyl (R}) or butyryl moieties (R2) and finally (iii) the hydrolysis ofthe trigonellyl amide 

group resulting in the release of DA. 
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Figure 2. The brain-specific delivery of dopamine (1) by a redox chemical delivery systems. 
Compounds 2 and 3 are the chemical delivery systems tested and 5 is the ionized dopamine precursor 
which accumulates in the brain but is quickly eliminated from the rest of the body. Structure 4 
depicts the intermediates formed during the sequential hydrolysis and oxidation processes. From 
reference 46 with permission. 
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To evaluate the DA-CDS for their ability to cross the BBB and to deliver DA 10 the 

brain we administered the dipivalyl-DA-CDS 10 adult male rats by a single intravenous (tail 

vein) injection. The peripheral Lv. route is preferred over the commonly used carotid 

artery injection, since peripheral distribution of drugs prior to brain delivery will occur 

clinically. At various times thereafter brain and blood sampies were obtained and assayed 

by HPLC-EC for compound 5 (the oxidized form of the DA-CDS with free catechol 

hydroxyl groups., see Fig. 2). As expected, compound 5 was quickly eliminated in plasma 

and became undetectable by 70 min following the injection (Fig 3). In contrast, brain 

concentrations ofthe "locked-in" form ofthe DA-CDS increased 10 peak levels at 30 min 

and remained elevated through 180 min, the last sampling time (Fig 3). This study 

indicated that a DA-CDS could be synthesized which exhibits the desired features of rapid 

peripheral clearance and concomitant delivery to and slow clearance from the brain. 
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CD u 5 c 0 0 0 0 0 

20 60 100 140 180 
Time (minutes) 

Figure 3. Concentrations of the quaternary form of the DA delivery system in the brain Ce) and blood 
(0) following the intravenous administration of the dipivalyl-DA-CDS. From reference 45 with 
permission. 

In a subsequent study we adrninistered the dipivalyl-DA-CDS and sampled three 

brain regions for concentrations of DA and two major DA metabolites, 

dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HV A). The three brain 

regions were sampled to evaluate the nerve terminal field of three major DA pathways in the 

brain: the hypothalamus sampled primarily the tuberoinfundibular pathway; the striatum 

sampled the nigrostriatal pathway; and the cortex sampled the mesocorticolimbic pathway. 

We found no evidence of increases in DA in any of the three brain regions (Fig 4). 

However, levels of DOPAC were increased by 187% in the hypothalamus, 69% in the 

striatum and 374% in the cortex following DA-CDS treatment. HVA levels were increased 

in the hypothalamus, decreased in the striatum and unchanged in the cortex. 

323 



The absence of change in DA and the pattern of change in DA rnetabolites suggest 

several possibilities. First, the consistent increase in the deaminated metabolite, DOPAC, 

could result from monoamine oxidase (MAO) action on the "locked in" fonn of the DA

CDS or from rapid metabolism of the DA liberated from the DA-CDS. Since quaternary 

ammonium salts are poor substrates for MAO, it is unlikely that DOPAC was fonned 

direct1y from the pyridinium fonn of the DA-CDS. To evaluate the possibility that MAO 

acts on the newly formed DA to prevent increases in DA following DA-CDS treatment, we 
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Figure 4. Concentrations of dopamine (DA), dihydroxyphenylacetic acid (DOPAC) and hornovanillic 
acid (HV A) in several brain regions following the administration of the dipivalyl-DA-CDS to male rats. 
C indicateg control animals injected with vehicle, dirnethyl sulfoxide. From reference 46 with . 
perrnission. 

blocked MAO with pargyline then administered the dipivalyl-DA-CDS. Following 

pargyline alone administration, DA concentrations were increased and levels of DOPAC 

and HVA were reduced, indicating effective blockade of MAO activity. Administration of 

the DA-CDS to these MAO-blocked rats resulted in no further elevation in DA 

concentrations. Presumably, even in the absence ofMAO metabolism, the DA from the 

DA-CDS can be rapidly metabolized by other enzymatic pathways. 
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An alternative explanation of these data is suggested by the differential HV A 

response 10 DA-CDS and the phannacological responses 10 the delivery system. In the 

hypothalamus both OOPAC and HVA concentrations are elevated following DA-CDS 

treatment imd DA-CDS causes a sustained suppression of prolactin (pRL) secretion (Fig 

5). These data indicate that in the tuberoinfundibular DA system DA-CDS release DA that 

can be delivered to the anterior pituitary gland to suppress PRL release.61 

By contrast, in the striatum the increase in OOPAC is concomitant with a decrease 

in HV A levels and no evidence of striatal DA receptor stimulation was observed. That is, 

animals showed no stereotypy after DA-CDS and following unilateraliesion of the 

striatum, DA-CDS did not induce circling behavior. Clearly, the processing of the DA

CDS differs in these two brain regions. 

We propose the following to explaih these data. In both brain regions, DA is 

released from the DA-CDS in both the synaptic cleft and within DA neurons. In the TIDA 

system, intra-neuronal DA released is rapidly metabolized 10 OOPAC and HV A while in the 

eIeft the DA is transported to the hypophysical portal system to cause long-term 

suppression of PRL release. Since TIDA neurons lack autorecept0r62 and lack a high 

affmity DA reuptake system,63 the DA released extraneuronally has little influence on 

TIDA neuron activity. 

150 

~ 
~ 

~ 
100 

• • 
~ • 
Q. 

::I 
:> 
a: ... 50 In 

f 
I I I I I 
0 2 4 B 12 

TIME (hou,s) 

Figure 5, Effects of a single Lv, injection of the dipivalyl-DA-CDS on serum prolactin concentrations 
in estrogen treated rats, • = p<O,025, .. - p<O,Ol, ••• - p<O,OO5, Prolactin levels at 24 h post
treatment were 15480 ng/ml, From reference 46 with permission, 

However, in the striatum. intraneuronally released DA is metabolized to DOPAC 

and HV A. The DA released from DA-CDS in the synaptic eIeft can activate autoreceptors 

which reduce activity in stratal DA neurons thus reducing the release of endogenous DA. 64 

This would have two effects. First, the rate of post-synaptic stimulation of DA receptors 

(from endogenous DA plus DA from the DA-CDS) would not change resulting in the 
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absence of evidence of striatal DA hyperstimulation (lack of stereotypy or circling 

behaviors) and the further processing ofDOPAC to HV A, would be reduced, resulting in a 

decline in HV A levels. 

DA is rapidly metabolized in neurons unless it is stored in secretory vesicles. We 

explored the possibility that rapid metabolism of DA released from the DA-CDS was a 

consequence of the unavailability of DA intraneuronal storage space. We used the aromatic 

amino acid decarboxylase inhibitor, m-hydroxybenzylhydrazine (NSD 1015), to block 

synthesis of endogenous DA. Since newly synthesized DA is preferentially release,65,66 

NSD 1015 should liberate storage vesicle for the DA generated from the DA-CDS. Figure 

6 shows the results of the administration ofDA itself (Compound 1), the dipivalyl-DA

CDS (Compound 2) or the dibutyryl-DA-CDS (Compound 3) on levels ofDA, OOPAC 

and HV A in the hypothalamus and striatum of NSD 1015 treated rats. 

As expected DA itself did not cross the BBB and had no effect on concentrations of 

DA, OOPAC or HVA in either brain region. In the hypothalamus, both forms of the DA

CDS caused a 4- to 5-fold increase in concentrations ofDA, a 2- to 3-fold increase in 

concentrations of OOPAC and modest, but significant increases in concentrations of HV A 

(Fig 6). In the striatum, DA concentrations were increased significantly by 17 to 20%, 

DOPAC levels were increased and HV A levels were reduced by the two forms ofthe DA

CDS. 
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Figure 6. Effects of the blockade of endogenous monoamine synthesis on concentrations of 
dopamine (DA), dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) in the 
hypothalamus and striatum following Lv. administration of dopamine (DA), the dipivalyl-DA-CDS 
(compound 2), the dibutyryl-DA-CDS (compound 3) or the dimethylsulfoxide vehicle (e). • indicates 
p<O.05 vs. group C. From reference 46 with permission. 
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The tumover rate of DA in the T1DA system is estimated to be much higher than in 

the striatum.67 Hence, it would be expected that NSD 10 15 would deplete DA to a greater 

extent in the T1DA system than in the striatum. As such, the more extensive accumulation 

of DA in the hypothalamus compared to the striatum is expected. Additionally, in the 

striatum, but not in the hypothalamus, the extraneuronally released DA (from the DA-CDS) 

would be expected to reduce frring of striatal DA neurons, which would further reduce 

endogenous DA release and tend to keep striatal DA vesicle unavailable for exogenous DA 

storage. Nonetheless, these data document that DA-CDS's can replete a functional, 

releasable pool ofDA in both the hypothalamus and the striatum. 

VI. Summruy and Conclusions 

The data presented herein document that the redox-based chemical delivery system 

technology can be applied to neurotransmitters in a way that allows for their passage across 

the BBB and their trapping in the brain in a form which exhibits a long half-life and which 

allows for the slow release of the neurotransmitter. The DA-CDS's described may be 

useful in the treatment of a variety of brain maladies associated with DA deficits, such as 

Parkinsons disease and hypersecretion ofPRL, which require chronic drug therapy. 

Additionally, ourdemonstration ofthe delivery ofDA to the brain with the DA-CDS, 

indicates that the brain delivery of other neurotransmitters is feasible. This approach of 

repleting deferent neurotransmitters with chemical delivery systems could open a new 

avenue for the chronic treatment of neurodegenerative diseases. 
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PROCEDURES FOR PENETRATING THE BLOOD-BRAIN-BARRIER: 

STUDIES OF "tAMINOBUTYRIC ACID (GABA) 

INTRODUCTION 

Victor E. Shashoua 

Ralph Lowell Laboratories 
McLean Hospital, Harvard Medical School 
Belmont, MA 02178 

Small molecules including neurotransmitters and peptides are prevented from entry 

to the CNS by the endothelial cells which line the cerebra! microcapillaries. These cells are 

linked together by tightjunctions (Rees and Karnovsky 1976) to form the "so-called" 

blood-brain-barrier (BBB), To gain entry into the brain, compounds must pass through the 

BBB traversing the luminal and the abluminal membranes of endothelial cells, by a process 

that is considered to be receptor mediated and requiring an active transport mechanism 

(Goldstein and Betz, 1986). Previous studies indicate that one of the desirable features for 

entry through the BBB is a high lipophilicity (Oldendorph, 1970). Using y-aminobutyric 

acid (GABA) as model system, we developed methods for enhancing its brain uptake by as 

much as lOO-fold (Shashoua et al 1984). Cholesteryl, mono and dilinolenoyl glyceride 

esters of GABA were found to act as prodrugs which, after entry inta the CNS and 

hydrolysis by esterases, released GABA into the central nervous system. In more recent 

studies we have demonstrated that these methods can also be applied to promote the uptake 

of dopamine, serotonin and small peptides such as enkephalin. 

Synthesis and characterization of the Compounds 

Table 1 and 2 list the GABA derivatives synthesized by reacting BOC-GABA 

anhydride and the appropriate hydroxyl compound as previously described (Shashoua et al 

1984, Jacob et al 1985). {14C}-labeled compounds, in which all the radioactivity was 

present in the GABA portion of the molecule, were also synthesized and used in brain 

uptake studies. Each substance was characterized by its NMR spectra, IR spectra, 

elemental analysis, melting point, and migration properties on thin-layer chromatographic 

(TLC) plates. 

Determjnations of the Brain Uptake Properties 

For delivery to the brain a compound, after injection at a given site, has to fIrst 

diffuse to the blood capillaries, circulate through the bloodstream, permeate the organ 
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Table I. Monoesters of GABA 

COMPOUND R K(a) BPI % BUI % 

GABA [G 1 H 0.004 1 

LoG 2 

C G 110 25 

DexG 
0.9 81 

o 

BPI = brain penetration index: BUI = brain uptake index (a) K= 
octanol/water partition coefficient; GABA = G = "taminobutyric aCid; Lo = 
Linolenol; C G = cholesteryl GABA; Dex G = dexamethazone GABA. 
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COMPOUND 

Table 2. Glyceryl Ester of GABA 

STRUCTURE K(a) BPI % BUI % 

LG2 

LnG2 

LGV 

I I I 
GO GO OCO(CH2)7 (CH=CHCH2)2(CH2)3CH3 

I I I 
GO GO OCO(CH2) 7 (CH=CHCH2) 3 CH3 

CH20CO(CH2)7 (CH=CHCH2)CH3 

I 
CH20COCH2CH2CH2NH2 

I 
CH20COCH2CH2CHNH2 

I 
CH=CH2 

K, BPI, BUI - See Table 1 

8.6 28 

6.2 17 

4.2 90 

2.1 90 

97 

SG2, OG2, LG2 and LnG2 represent the stearoyl, oleyl, linoleyl, and linolenoyl 
monoesters of 1,2, di y-aminobutyryl glycerol. LnVG = 1, Linolenoyl, 2 (y
aminobutyryl), 3-y-vinyl-y-aminobutyryl glycerol. 
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systems of the body and eventually cross the microcapillaries within the CNS to enter the 

CSF, i.e., cross the blood-brain baITier. Once in the CSF it has to be taken up by cells and 

enter the lipid bilayer membrane of cells to gain access to cytosolic and intracellular 

neuronal compartInents. This complex sequence of events, and the fact that a compound is 

scavenged by all the tissues and blood cells as it passages 10 the brain, makes it essential to 

devise a method for measuring brain uptake that is based upon the biologically available 

circulating dose of a drug. 

We developed an assay procedure [the brain penetration index (BPnl to take these 

aspects into consideration (Shashoua et al, 1984). In the BPI method the uptake of a 

compound into the liver, which has no blood baITier, is used as a reference that reflects the 

biologically available dose, for comparison 10 the uptake in the brain of the same animal. 

Typically a dose of a {14C}-labeled compound was injected subcutaneously into a 2O-g 

mouse. After 5 min the animal was sacrificed by cervical fracture and the brain and liver 

were dissected out, weighed and homogenized in 2% SDS in 4M urea (Shashoua et al, 

1984) to solubilize the tissue. The measured (14C) contentofthis (confirmed by lLC 

measurements) was then used to calculate the molar amounts of a given compound that is 

taken up per gram of each tissue. The ratio of the quantity present in the brain expressed as 

a percentage of that present in the liver was calculated 10 give the BPI value. Compounds 

which do not penetrate the BBB, such as GABA, have a low BPI values (about 1). Those 

for which there is no blood-brain baITier will have a brain penetration index of 100, 

indicating that the uptake in the brain is equivalent 10 that in the liver. BPI Values greater 

than 100 indicate that the brain can preferentially accumulate the test compound in 

comparison 10 the liver. 

For some compounds we also used the brain uptake index (BUI) procedure of 

Oldendorf (1970) to analyze CNS uptake: In this method the {14C} labeled compound 

together with tritiated water are injected as a bolus in saline into the carotid artery of a rat 

and the amounts of 14C and 3H label products that accumulate in the cortex are measured 

following a first pass circulation through the brain (i.e. after 5 seconds). The ratio of the 

percent uptake of each relative to its input dose gives the BUI value. This method gives a 

measure of the uptake independent of the influence of other tissues on the bioavailable 

dose. 

As shown in Table 1, the cholesteryl ester of GABA had a 25-fold increased BPI 

value over GABA. The dexamethasone (Dex G) derivative gave a much higher BPI value 

of 81. Dex G, however, did not lead to a biologically active molecule, indicating that 

uptake per se is not a sufficient parameter of efficacy. Of the mono esters of GABA the 

best results in terms of uptake and efficacy were obtained with cholesterol as a substituent. 

For the series of glyceryl esters of GABA (see Table 2) the mono glyceride 

derivative of GABA (G 1 G) had a BPI value of 3, Le. not significantly higher than GABA; 

but when the glyceride was modified by fatty acids 10 resemble the bilipid layer 

components of cell membranes, then high BPI values were obtained. The uptake of the 

mono linoleyl and lenolenoyl derivatives (LG2 and LnG2) had BPI values of 90 indicating 
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that there is essentially no BBB for the molecules. In a study of the effects of CI8 fatty 

acid substituents (Jacob, Shashoua, and Hesse, 1985) on the uptake properties of GABA 

glycerides we found that the number of double bonds present on the fatty acid had an effect 

on brain uptake properties. The highly unsaturated lipid (LnG2) gave the highest uptake 
(BPI=90) whereas the saturated SG2 had a lower value (BPI=28). This finding was 

consistent with the measured biological activities of the compounds (see Table 3). Bill 

measurements on the same series of compounds however, tended to correlate with the lipid 

solubility properties as depicted by the octanoVwater partition coefficients of the molecules 

(see Table 3). The use of unsaturated fatty acid glycerides to obtain enhanced brain uptake 

and biological activity was demonstrated for the GAGA analogue y-vinyl GABA (see 

LnVG, Table 2). This was synthesized (Jacob, Hesse, Shashoua, 1987) and found to 

have a BPI value of 97. Dose response data in mice (see Figure 4) showed that Ln VG has 

a 200-fold increased activity in comparison to the unmodified molecule, in locomotor 

activity tests in mice, a result consistent with its increased brain uptake properties. 

Table 3. General Motor Activity Data for Mice 

Compound 

Contra I 

GA BA 

CG 

SG2 

OG2 

LG2 

LnG2 

Ln2G 

DexG 

LnVG 

Physiological Activitv Studies 

Dose 
(mg/kg) 

196 

10 

30 
30 

30 

30 

30 
32 
30 

General Locomotor 
Actjvity (al 

100 

100 ± 15 

49±4 

38± 6 

26± 5 

11± 5 

17 ±4 

24± 12 

98± 7 

50± 6 

Both C G and Lo G have no significant binding affinity to the GABA receptor in a 

binding assay (Braestrup et al 1980, Breckenridge et al 1981). The results suggest that C 

G may not be active as an intact molecule and that its observed in vitro and in vivo 

physiological properties may be related to its function as a prodrug which releases GABA 

upon hydrolysis. The fact that C G actually releases GABA in vivo was demonstrated by 

analysis of mouse brain homogenates by thip layer chromatography at 5 min following 

injections of 14C labeled C G . The results showed that 5% of labeled C G was converted 

to free GABA. Additional evidence linking the requirement of hydrolysis of C G with 

physiological activity was obtained by studies of the effect of C G on the pattern of firing 

ofneurons in the hippocampal slice preparation (Bliss andLomo 1973, Lynch and 

Schubert, 1980). Such slices (350-375 um thick) were maintained at 32-33°C in a 

humidified atmosphere of 95:5 oxygen/C02 using a standard glucose containing medium. 
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Extracellular field potentials were measured by microelectrodes that recorded responses at 

the CAl pyramidal celllayer as a function of stimulation via their Schaffer collateral input 

fibers. The amplitude of this monosynaptic population spike is essentially proportional to 

the nurnber of pyramidal cells discharging in response to a stimulus volley. The 

electrophysiological activity of C G was detennined by its ability to suppress the 

extracellular population spike in an analogous manner to GABA. Pressure ejections with a 

controlled nitrogen pulse were used to deliver droplets (300 pI) with a micropipette during 

100-150 msec (Sakai et al 1979) onto the pyramidal cells of the slice. The response to 

stimulation in the presence C G was compared to that of GABA itself (Hesse et al, 1985). 

Figures lA and 1B shows typical results, comparing the effects of GABA with C G on the 

population spike. It is seen that increasing doses of GABA in the micropipette produced an 

increasing inhibition of the amplitude. The duration of the inhibition with GABA was 

approximately 2 min, whereas with C G it took about 20 min for the response amplitude to 

return to its initial value. This result is consistent with the possibility that the C G 

derivative was acting as a prodrug that releases GABA by hydrolysis. This was confirmed 

by the observation that pre-incubation of the slices for 1-2 hrs with 
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Figure 1A. Effect of GABA on hippocampal CA1 population spike evoked by 
stimulation of stratum radiatum axons. For this and subsequent figure the 
intensity of stimulation was adjusted so that the amplitude of the pre-drug 
population spike was about 2/3 of the maximum obtainable. A droplet (about 
300 pi) of GABA was ejected onto the CA1 pyramidal layer at time ·0·. Doses 
shown are 10 mM (circles), 5 mM (squares) and 3 mM (triangles). Each 
dose-response curve is the mean of 3 applications of GABA. Note the rapid 
onset and recovery at all doses. Evoked responses are shown at the right for 
a 10-mM dose of GABA. Calibration marks for this and subsequent figure 
indicate 1 mV and 5 msec. 
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Rgure 1B. Effect of cholesteryl y-aminobutyrate (C-G) on hippocampal CA1 
population spike. Doses shown are 10 mM (circles), 5 mM (squares) and 3 
mM (triangles). Evoked responses shown at the right are for a 10 mM dose 
of cholesteryl y-aminobutyrate. 
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Figure 2. Dose-response characteristics of GABA-lipid glycerides. The data 
show effects of ejection of 300 pI droplets at the hippocampal CA1 cell layer 
on the evoked population spike by stimulation of stratum radiatum axons. 
The dose (mM) represents the drug concentration in the micropipette. C G = 
cholesteryl GABA; Ln2G = 1,2-dilinolenoy1-3(4-aminobutyryl) glycerol; LnG2 = 
1-linolenoyl-2,3 bis-(4-aminobutyryl)glycerol; LnVG = 1-linolenoyl,2-(4-
aminobutyryl}-3 (y-vinyl 4-aminobutyryl) glycerol. Note the high activity of LnVG, 
which contains both GABA and GABA transaminase (inhibitor of GABA 
breakdown) in the molecule. 
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phenylmethylsulfonylfluoride (PMSF), a protease and esterase inhibitor, blocked the effect 

of C G but not GABA on the response of the slice (Hesse et al. 1985) to stimulation. That 

C G acts by GABAergic mechanisms was confrrmed by the fact that its inhibitory activity 

was antagonized by picrotoxin and low levels of chloride in the medium. The slice 

preparation was also used to obtain the dose response properties of the GABA derivatives. 

The most active compound found so far is LnVG, where both GABA and the GABA

transaminase inhibitor (y-vinyl GABA) are delivered by the same glyceryllipid transporter 

molecule (see Figure 2 and 4) to the same site. 

Studies of the Pharmacological Properties of the Compounds 
Several methods were used to investigate the biological activity of the compounds 
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Figure 3. Effects of cholesteroryl-GABA (C-G) on general motor activity of rats 
and mice showing the effects of the dose of C-G on behavior (n=6 per group). 

in mice and rats. These include measurements of generallocomotor activity (Warbritton et 

al. 1978), self stimulation behavior in an operant conditioning paradigm (Stellar et al. 

1983), amphetamine induced stereotypy (McKenzie and Hansen, 1980) and inhibition of 

pharmacologically induced seizures. 

Table 3 summarizes the results for a 60 minute test period of the generallocomotor 

activity of mice after i.p. injections of a GABA derivative. C G was found (see Fig. 3) to 

depress activity whereas GABA itself was inactive because of its low brain uptake. All 

data were compared to the vehicle as a control. Cholesterol and the glyceryllipid esters of 

GABA were highly active in inhibiting generallocomotor activity. LnG2, one of the most 

active compounds, was selected for a detailed study by other behavioral pharmacological 

tests. 
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Figure 4. Comparison of the dose-response data for the effeet of i.p. 
injections of y-vinyl GABA (VG) with LnVG [1-linolenoyl 2-(4-aminobutyryl)-3-y

vinyl("taminobutyryl)1,2,3-triol]. Note the over 200-fold inerease in aetivity of 
LnVG due to its enhaneed uptake through the BBB. 
(a) All data (n=6) are expressed as a pereent of the results for the vehiele 
injeeted eontrols. See Table 1 for strueture and nomenelature. 

Studies of the self-stimulation behavior of rats (Stellar et al 1985) with implanted 

electrodes in their lateral hypothalamus indicate that neuroleptic compounds such as 

pimozide can block this behavior. This property has been related to the release of 

dopamine in the striatum, and to the reward aspect of the behavior. Table 4 shows the 

summary of the effects of various GABA derivatives on such measurements. We found 

that LnG2 was quite active, decreasing the response by about 50%. This finding is 

consistent with the proposed hypothesis that a GABA presynaptic inhibitor circuit is 

involved in controlling dopamine release. Roberts (1972) proposed that Schizophrenia may 

arise from a defective presynaptic GABA circuit that controls the release of dopamine. The 

LnG2 and LG2 data support this possibility. 

Table 4. Self-Stimulation Data 

Compound Dose MAX %Decrease Duration Half-Life 
(mg/kg) LOR (min) 

LnG2 3 134 52 60 

26 135 58 90 
L G2 100 118 32 100 

OG2 100 117 30 30 

100% decrease eorresponds to LOR shift of 0.3 log units LOR (Ioeus of rise) 
is the shift of the half-maximal value of the log of the freqeney-self-stimulation 
rate to higher frequeney. (Baekus et al, 1980). 
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Additional support for the effect ofLnG2 on dopaminergic circuits was obtained by 

using the amphetamine-induced stereotypy test (McKenzie and Hansen, 1980) as a measure 

of its behavioral efficacy in rats. It is weH established that neuroleptics such as haloperidol 

are highly effective in blocking the stereotypy by this test Our results (Backus et al 1988) 

show that LnG2 can decrease the amphetamine induced stereotypy in rats, whereas other 

GABA agonists such as muscimol and aminoxyacetic acid actually enhance the stereotypie 

behavior of the anirnals. This data suggests that the lipid component of the molecule ma y 

be an irnportant determinant of its CNS functional properties. 

Table 5. Amohetamine-Induced Stereotypy in Rats 

Compound Dose 
(mg/kg) Jlmoljkg 

Saline (control) 

Muscimol (a) 

(4 day pretreatment) 

Muscimol(a) 

(4 day pretreatment) 
AOAA(a,b) 

Vehicle contral 

LnG2 

LnG2 

2 

1 

3 

(0.5 ml) 

50 

20 

(a) Data from McKenzie and Hansen (1980). 

(b) AOAA = aminooxyacetic acid 

2 

1 

7 

3.5 

n 

4 

4 

4 

4 

4 

14 
6 

1 mglkg amphetamine injected into rats foHowed by test drug or vehicle. 

n = number of determinations. 

% Control 

100 

156 

115 

155 

100 
41 
40 

Seveml methods were used to evaluate the effects of LnG2 on seizures induced by 

metrazol and bicuculline (Shashoua et al 1984) in mts. The data however, did not show 

significant effects. 

Conclusjons 

These results suggest that certain substituent groups are useful as carrier 

molecules for transporting GABA through the BBB into the CNS. Cholesterol, 

dexamethasone, mono-linolenoyl glycerides, and dilinolenoyl glycerides were the most 

effective tmnsporters. Examples ofboth lipid-soluble and water-soluble (dexamethasone) 

carrier molecules were found. Biologieal activity, however, did not necessarily correlated 

with brain uptake. Some derivatives which had high uptake had low or no activity as 
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measured by the generallocomotor activity test in mice, where as others with relatively low 

BPI values (C G) were highly active. The most effective fatty acid substituent in the lipid 

transporter system was the highly unsaturated linolenic acid. In more recent studies we 

have found that these general approaches are applicable for promoting the uptake of 

neurotransmitters such as serotonin, doparnine as weIl as neuropeptides such as 

enkephalin. 
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IN1RODUCI10N 

The possibility of introducing macromolecules across plasma membranes directly 

into cells to counteract neuropathological processes is an intriguing one that has received 

increased attention only recently (e.g., 1,2). Of particular interest is the possibility of 

incorporating normal allelic genes into cells to replace defective ones or to increase the gene 

dosage for those proteins rendered hypofunctional by disease. Ideally, chronic conditions 

such as Alzheimer's disease will eventually be treatable with specific replacement of those 

cellular constituents that are depleted by or responsible for the symptomology of the 

disease. 

While simple in principle, the mechanics of gene therapy are quite complex from 

both pharmacokinetic as well as pharmacodynarnic perspectives. Nevertheless, studies 

conducted in non-neuronal cells are promising. A variety of virally derived vectors are 

now known to be expressed in mammalian cells (3,4), and several cell-specific delivery 

systems are also available (5,6). Even a few clinical trials have been initiated with some 

degree of success, e.g., individuals with adenosine deaminase deficiency have been treated 

with their own T-cells that have been genetically altered toproduce the normal enzyme (7). 

Functional neuronal gene therapy, however, presents additional problems that are 

particular to this cell type. With respect to gene expression, many common vectors, 

including those derived from retroviruses, require cell-mitosis for effective chromosomal 

integration and expression (8). Neurons, being highly differentiated and post-mitotic, are 

not likely to express genes delivered in this manner. Altematively, episomally expressed 

vectors suffer from potential problems with variable expression during the extended life of 

the neuron. 

Another problem involves the delivery of genes into neurons. Even vectors with 

promoters that are both integrated into the host chromosome and expressed in post-mitotic 

cells, such as those derived from the adenoassociated- or herpes simplex-derived viruses 

(10,11), must be delivered into neurons in a manner that does not darnage them 
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excessively. Unfortunately, gene delivery often involves rendering the cell more permeable 

to macromolecules and other chemicals that would not normally traverse the plasma 

membrane. Such conditions, whether induced by electroporation or addition of multivalent 

cations, are unsuitable for neurons that are extremely sensitive to extracellular ions such as 

calcium. 

A more innocuous approach for introducing genes and other macromolecules across 

cell membranes involves phospholipid carriers such as liposomes (12,13). These carriers 

could in principle fuse with the cell, permitting their contents to enter it. Unfortunately, 

while studied extensively in this context, pure phospholipid liposomes have found very 

limited use for this purpose, perhaps because they appear to be only weakly fusagenic 

when added to cells (13,14). Along this line, it is important to consider that lipid vesic1es 

can bind to and even fuse with each other without allowing mixing of their compartrnents, 

as seen commonly with soap bubbles (personal observation). This characteristic of lipid 

membranes c1early reduces their potential for infusing substances into cells. 

An alternative approach is to add fusagenic proteins to liposomal membranes. Such 

fusagenic proteins normally facilitate the viral nuc1eotide infection of cells by several 

mechanisms, inc1uding enhanced binding to and fusion with plasma membran es, as well as 

infusion resulting from the fission of the plasma membrane where it has fused with the 

virus (15). When reconstituted into phospholipid liposomes, fusagenic proteins can 

similarly be used to enhance the infusion of substances into cells, thus using one of 

nature's mechanisms for doing so. 

One of the most extensively studied fusagenic viruses is the Sendai virus, which 

possesses two membrane glycoproteins necessary for viral coat fusion with cells that have 

appropriate plasma membrane receptors. These two proteins have been termed the F 

(fusion) glycoprotein (16) and the hemagglutinin/ neuroarninidase glycoprotein. The 

former mediates fusion to and subsequent penetration through the plasma membrane, while 

the latter is involved in the initial binding of the virus to the cell surface sialic acid residues 

(16). 

U sing appropriate reconstitution procedures, membrane envelopes derived from 

Sendai viruses retain fusagenic activity, encapsulate macromolecules efficiently, yet contain 

few or no indigenous nuc1eotides (17). These so-called virosomes were used to 

demonstrate a variety of features desirable in gene delivery to morphologically and 

biochemically distinct cells, inc1uding cell-specific chemical delivery when appropriate cell

surface recognizing antibodies or other cell-specific molecules were attached (5,18). 

However, their fusagenic activity varies considerably depending on the nature and amount 

oflipid added during reconstitution as well as the type of cell to be penetrated (9,19). In 
particular, it is not known to what extent the Sendai virus is fusagenic with brain cell 

populations, since this virus does not appear to cross the blood brain barrier and there are 

accordingly few pathogenic c1ues as to cellular or subcellular sensitivities in that organ 

(20). 
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We therefore tested the ability of envelopes reconstituted from Sendai virus to 

infuse their contents into several rat brain preparations, as well as the potential influence of 

an exogenously added phospholipid on this infusion. The fIrst brain preparation chosen 

for study contained isolated nerve terminals. Gene delivery into nerve terminals is 

problematic because there is no known potential for transcription or translation in them. 

However, this subcellular preparation was chosen because of its importance for ongoing 

transmitter synthesis and release, as weH as the potential of this infusion-procedure for 

introducing other, non-genetic, charged chemicals or macromolecules into subcellular 

components. The other two preparations chosen were prirnary, monolayer cultures from 

neonatal rat brains enriched with either neurons or glia. 

:METHODS 

Sendai viral envelopes 

Sendai viral envelopes were prepared according to modifIcations of the method of 

Volsky and Loyter (17). Aliquots (45 ml) of chick egg allantoic fluid were centrifuged at 

1000 g for 20 min at 4°, and the resultant supematants were centrifuged at 40,000 g for 1 

hr at the same temperature. This pellet was resuspended in a solution containing 10% 

Triton X-lOO, 100 mM NaCI and 50 mM TRIS-buffer (pH 7.4) such that the final ratio of 

detergentlprotein was 2. Sampies were vortexed overnight. After a 1 hr centrifugation at 

100,000 g at 20°, the supernatant was removed and assayed for protein. At this stage, 

specifIed amounts of rat brain derived phosphatidylcholine, [14C]sucrose, fluorescently 

labeHed N-NBD-phosphatidylethanolarnine, and the adenoassociated virus vector, pJDT95 

(a gift from Dr. Barrie Carter, NlH), were added to the supernatant such that the 

supernatant volume increased by less than 10% (lipids added in solid form and solubilized 

by sonication; sucrose and vector in small volumes). Next, SM-2 biobeads were added 

such that the ratio of biobeads/protein was approximately 13; this was then rotated slowly 

for 3-4 hr at room temperature. The same weight of SM-2 biobeads was added again in a 

volume of 160 mM NaCI plus 20 mM TRIS-buffer (pH 7.4) equal to that of Triton X-100 

used to solubilize the virus. The resulting mixture was rotated slowly for 14-16 hr at 4°. 

The supernatant containing the reconstituted Sendai viral envelopes was removed with a 

syringe, centrifuged for 1 hr at 100,000 g and assessed for total protein before use. 

The fusagenic activity of the reconstituted envelopes was tested with an 

hemagglutination assay (21) and typicaHy found to range from 35-60% of the initial viral 

fusagenic activity when expressed per mg viral protein. 

Liposomes 

Liposomes were prepared by sonicating 2.5 mg of bovine brain derived L-alpha

phosphatidylcholine with or without 340 Jlg of N-NBD-phosphatidylethanolamine and 

specified concentrations of [14C]sucrose in 0.5 ml Krebs Ringer (KR) buffer (pH 7.4). 

To remove extra-liposomal [14C]sucrose, liposomes were centrifuged at 100,000 g for 60 

min, washed 2X, and then resuspended in the same volume of the same buffer. 
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Tissue Preparations 

Isolated nerve terminals were prepared from rat cerebral cortices and suspended in 

KR buffer (4°) as described previously (22). Protein concentrations of approximately 1 

mg/mI were used for incubations with liposomes or viral envelopes. Primary neuron

enriched and glial cultures from one day old rat brains were prepared as described 

previously (23). These were used at day 14 post-plating in 35 mm plates containing 

approximately 1 mg of protein covered with 1 mI of KR buffer at the time of the incubation 

with viral envelopes. 

Incubations 

The infusion of a substance across plasma membranes from liposomes or envelopes 

can be dissected into three separate steps: binding, fusion of the vesicle with the plasma 

membrane, and fission of the fused membrane in order for the vesicular contents to cross 

the membrane. Each of these steps was estimated separately for the infusion of labelled 

sucrose into isolated nerve terminal preparations (envelopes:0.02-0.05 mg envelope 

protein/mI containing 1-3 mg tissue protein/rnl; liposomes: 0.1-0.3 mg lipid/mI containing 

1-3 mg tissue protein/mI) after a 30 min incubation at 37° in KR buffer as folIows. 

Binding of the liposomes or viral envelopes was determined after these incubations 

by centrifuging the suspension through 5 rnl of 4% Ficoll in 0.32 M sucrose, pR 7.4, at 

15,000 g for 5 rnin at 4°. Preliminary studies demonstrated that, following this 

centrifugation, less than 1 % of the intact liposomes or envelopes were pelleted through the 

Ficoll-sucrose solution in the absence of tissue; however, over 95% of intact nerve 

terminals, as defined by containing osmotically labile pools of neurotransmitters, were 

pelleted by this centrifugation procedure. Therefore, the pellet from this centrifugation was 

counted and used as an estimate of the total encapsulated [14C] sucrose that at least bound 

to that intact tissue pelleted through the Ficoll solution. 

The fraction of the viral envelopes or liposomes that actually fused with isolated 

nerve terminal preparations was estimated by measuring the dequenching of the fluorescent 

probe N-NBD-phosphatidylethanolamine following incubation of the fluorescently labeUed 

envelopes with tissue sampIes for 30 min at 37° (24). The fraction of fused envelopes or 

liposomes was expressed as a fraction of the maximal dequenching observed in the 

presence of 0.5% Triton X-l00 added to identical sampIes. Fluorescence was measured at 

excit/erniss of 470/540 nm. 

Finally, the fraction ofthe envelopes or liposomes that underwent fission with 

osmotically labile organelles such as nerve terminals was estimated. Duplicate sampIes 

were treated with or without 10 volumes ofwater after the aforementioned 37° incubation 

and centrifuged through the Ficoll-sucrose medium as described above. Preliminary 

studies demonstrated that this hypoosmotic treatment had no effect on the release or 

encapsulation of [14C]sucrose in either liposomes or envelopes themselves. Thus, any 
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loss of label in the Ficoll-sucrose pellet after lysis was attributed to label previously infused 

into osmotically labile organelles. This would result from the fission of previously fused 

membranes as described above. 

For studies with primary neuron-enriched and glial cultures, combined 

binding/fusion was determined with viral envelopes containing [14C]sucrose with and 

without pJDT95 essentially as described previously (17). This involved a 30 min 

incubation with 0.02-0.05 mg envelope protein/ml in 1 ml of pR 7.4 KR buffer at 37°, 

followed by washing of the tissues 3X with 2 ml of the same wann buffer. The cells were 

removed from the plate in 0.5 ml of water and either assayed for protein or for 

[14C]sucrose using liquid scintillation spectrophotometry. 

RESUL TS AND DISCUSSION 

The ability of reconstituted viral envelopes to encapsulate a small molecule such as 

[14C]sucrose was enhanced by addition of bovine brain phosphatidy1choline before adding 

the SM-2 biobead as shown in Figure 1. This may be due to the excessive removal of 

indigenous viral phospholipids along with detergent by the biobead treatment, so that 

insufficient lipid remained for optimalliposomal formation without addition of exogenous 

lipids. Brain derived phosphatidy1choline was chosen for this study because it was 

perceived to cause perhaps fewer unexpected actions when fused with brain cell plasma 

membranes, in which phosphatidy1choline is the predominant extracellular plasma 

membrane lipid. 

Nonetheless, excessive amounts of the exogenous lipid interfered with the binding 

of the reconstituted envelopes to the P2 preparation, as shown in Figure 2. This was 

possibly due to the dilution of fusagenic proteins among an excessive number of 

liposomes. Therefore, for subsequent studies, we chose an intermediate amount of lipid 

that varied with the amount of viral protein added, such that the ratio of lipidlprotein was 1 

based on weight. 

Using this modified viral envelope preparation, we found a high percentage of 

binding, fusion and subsequent infusion into osmotically labile pools of the P2 preparation, 

at least when compared to liposomes alone (Figure 3). As expected, most but not all of the 

binding of envelopes to the P2 preparation was associated with fusagenic activity, of which 

only a fraction was in turn associated with infusion of the [14C]sucrose into the 

osmotically labile pools. This result suggests either that some of the envelopes fuse with 

non-labile organelles in the preparation or that fusion of the envelopes does not necessarily 
result in membrane fission afterwards. This latter possibility is typical of many types of 

lipid membranes, as mentioned above. Consistent with this second hypothesis, the 
phosphatidylcholine liposomes did not appear to infuse significant amounts of 

[l4C]sucrose into osmotically labile organelles in the P2 fraction, even though some 

binding and subsequent membrane fusion apparently occurred. Non-encapsulated, free 
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[14C]sucrose did not bind to and was not taken up by these synaptosomes in a quantifiable 

manner (data not shown). 

Viral envelopes also bound to cultured rat brain neurons and glia, and since this 

attachment was not removed by multiple washes, it presumably resulted in covalent 

membrane fusion (Figure 4). The binding of the envelopes was greater in the neuronal 
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Figure 1. Encapsulation of [14C]sucrose by Sendai viral envelopes reconstituted in the 
presence of various concentrations of bovine brain phosphatidylcholine. Sendai viruses 
were purified, solubilized and reconstituted in the presence of 3 ~Ci of labelled sucrose and 
the specified amount of phosphatidylcholine as described in the text. The encapsulation of 
labelled sucrose by the viral envelopes was measured in duplicate sampies, averaged, and 
expressed as the % of total label added to the reconstitution buffer. 

cultures when expressed per mg of protein than in the glial cultures. The binding and 

apparent fusion of the virosomes to the intact cells appeared to be dose-related. At a 0.2 

and 2.0 ~g/ml concentrations ofviral protein, neuronal binding was essentially the same, 

suggesting that binding was saturated at the lower concentration. The percentages of 

virosomal sucrose bound at these two viral protein concentrations were 91 % and 6.6%, 

respectively, indicating that almost all of the virosomes bound at the lower but not higher 
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concentrations. In contrast, more virosomes bound to glia when 2.0 Ilg/ml of viral protein 

was added than the lower concentration. The percent of total virosomes bound to plates of 

glial cultures decreased from 47% to 7.9% as the number of virosomes added to the 

cultures was increased in this manner. These results suggest that the virosomes bound to 

saturable receptors in each cellular preparation. In neither preparation did the quantity of 

viral envelopes added have any obvious untoward morphological effect on the cells at the 

end of the incubation (Meyer, personal observation). 
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Figure 2. Binding of encapsulated [14C]sucrose to rat cerebral cortical P2 preparations. 
Viral envelopes prepared as described in Figure 1 were incubated with P2 preparations at 
37° for 30 min as described in the text. At that time, the tissues were centrifuged through a 
Ficoll-sucrose solution and the resulting pellet, devoid of free viral envelopes, was assayed 
for labelled sucrose. Each resulting value is the mean ± SEM (N = 3) of the % of total 
label incubated with the P2 fraction that bound to the P2 fraction. 

In order to determine whether the encapsulation or binding activities of viral 

envelopes would be affected by the addition of a much larger molecule, the 7400 base pair 

adenoassociated virus vector pIDT95 was added to the reconstitution solution along with 

[14C]sucrose. Addition of this vector to the detergent-treated sampie increased actually 

encapsulation efficiency from 2.9% to 4.7% under otherwise similar conditions. 
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Figure 3. Binding, fusion, and fission-mediated infusion of labelled sucrose into rat 
eerebral eortieal P2 fractions. Viral envelopes eontaining labelled sucrose and 
autoquenehed phospholipid fluorescent dye NPB-PE were ineubated with rat neocortieal 
P2 fractions and then assayed either for the amount of sucrose bound to the synaptosomes, 
the amount of membrane fusion that took place, or the amount of suerose that was infused 
into an osmotieally labile pool by membrane fission. Each value is the mean ± S.E.M. of 
duplieate sampies. 

However, the resultant envelopes possessed slightly less binding aetivity than those 

containing labelIed sucrose alone when ineubated with glial eultures (5.4% versus 8.4%) 

under similar conditions. Thus, it appeared that these envelopes were able not only to 

encapsulate but also deliver a small substance to intact monolayered eells while containing a 

large vector. 
In summary, these studies demonstrate for the first time that liposomes 

reconstituted in the presence of Sendai viral glycoproteins ean bind to, fuse with and then 

undergo fission with neuronal plasma membranes in a manner that permits infusion of 

compounds into this eell type. Similar amounts of apparently saturable binding and 

membrane fusion oceur in neuronal and glial cultures, and the co-eneapsulation of large 

vectors does not interfere with this eell-virosomal envelope interaction. Therefore, it 

appears that these reconstituted viral envelopes may be useful for the infusion of 

macromolecules into both neurons and glia in a relatively non-invasive manner. Future 

studies of the pharmacokinetic and pharmacodynamic properties of these envelopes may 

assist in the development of effective neuronal gene therapies. 
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Figure 4. Binding of virosome eneapsulated [14C]sucrose to primary neuron- and glia
enriehed eultures from rat brain. Virosomes eontaining the specified amount of labelled 
suerose were ineubated with the speeified eell type in eulture at 37° far 30 min and then 
washed as described in the text. The eells were washed and then assayed for 1abelled 
suerose associated with them. Eaeh value is the mean ± S.E.M. of three values/group. 
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SECTION VI 

NORMAL AGING 

Essential to our understanding of age-related disease, such as Alzheimer's disease, is a 

clear knowledge of the normal aging process. Often, but not always, age-related disease 

represents an acceleration in the rate of the aging of tissues. Additionally, changes in the 

anatomy, physiology and biochernistry of the brain during neurodegeneration must be judged in 

reference to those sirnilar alterations which occur in the non-diseased aging brain. As such, a 

treatus on Alzheimer' s diseases would be incomplete without a consideration of the normal aging 

process. 

This seetion on normal aging describes in seven chapters, efforts to document age-related 

alterations in the brains of animal models and in the physiological processes which they regulate. 

Dr. Joseph and colleagues review evidence supporting their hypothesis that the age-related loss 

of muscarinic receptors, their signal transduction systems and neuronalloss with aging may be 

due to oxidative damage to cell membranes. 

Dr. Kurian and colleagues evaluate the age-related change in muscarinic-induced 

formation of inositol polyphosphate formation in an effort to describe the influence of normal 

aging on this irnportant signal transduction system. This observation of reduced muscarinie 

agonist stimulated formation of inositol polyphosphate formation indicates that age-related 

decrements in this signal transducer contribute the decline in neurotransmission during aging. 

Joshi and colleagues place oxidative damage to cells at the centerpiece of their hypothesis 

of the role of alurninum and iron in brain diseases associated with aging. They propose and 

provide evidence that both of these abundant metals are transported to the brain and disruptive 

metabolie processes resulting in oxygenated free radical formation that can modify proteins and 

lipid metabolism. The provocative hypotheses certainly warrant further consideration. 

Dr. Sajdel-Sulkowska reviews her data on the effects of age and Alzheimer' s disease on 

the synthesis of RNA in nuclei isolated from postmortem brain tissue. These studies are of 

importance since the measurements of RNA transcription in aged or diseased human tissue may 

provide insights into transcriptional deficits which may be causative in these processes. Her data 

provide evidence for the preservation of transcription in postrnortem human brain. These data 

should allow for the evaluation of synthesis of specific species of RNA in postmortem brain 
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tissue and hence for the detection of specific translational defects in nonnal aging and in 

Alzheimer's disease. 

Dr. Meldrum and colleagues detail their evaluations of the age-related changes in the 

metaoolism of glutamate. The understanding of glutamate metaoolism is critical for our 

knowledge of normal as weIl as diseased brain aging, since glutamate is an excitatory amino 

acid. Excessive production or defective inactivation of glutamate can result in the excitotoxicity 

and neuronal death associated with this amino acid. Additionally, glutamate may playa critical 

role in normallearning and memory. 

Dr. Millard provides an extensive review of his work and that of others on the regulation 

of growth hormone secretion (OB) during aging. This review is timely since OB therapy to 

retard or reverse the normal age-related changes in protein and fat metaoolism has been 

proposed. This intriguing subject will be much debated in the future and the present review 

provide the current basis for consideration of OB therapy in aging. 

Finally, Dr. Park and colleagues describe their research on the regulation of body weight 

during aging in the rat in an attempt to develop an animal model for geriatric weight loss and the 

anorexia which occurs during the late stages of Alzheimer's disease. Their results show that 

aged rats, like aged human subjects, have difficulty in regaining weight after periods of weight 

loss. 
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OXIDA TIVE STRESS AND THE LOSS OF MUSCARINIC AND 

DOPAMINERGIC RESPONSIVENESS IN SENESCENCE 
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INTRODUCTION 
Among the numerous age-related alterations that take place in neuronal function are 

those that involve the loss of sensitivity of various receptors to agonist stimulation. These 

include: decreased beta adrenergic receptor-mediated relaxation ofvasculature (e.g., 

Diesher et al., 1989; Hiremath et al., 1989; see review by O'MaIly et al., 1988); decreased 

beta adrenergic receptor-mediated modulation of cardiovascular function (see Lakatta, 

1986); decreases in inhibitory efficacy of norepinephrine on electrophysiological responses 

of the cerebellar Purkinje cells (Hoffer et al., 1988); and reduced rotational behavioral 

responses to the dopamine-stimulating agent, amphetarnine in senescent rats (Joseph et al., 

1978). 

Similar losses of agonist efficacy have also been reported for the central cholinergic 

systems. It is weIl known that these systems (e.g., hippocampus and basal forebrain) play 

a major role in the processing of memory through the activation of muscarinic receptors 

(mAChR, Bartus et al., 1982 but see also Fibiger, 1991). In this case, the declines become 

especially important, since they appear to be at least partially responsible for the marked 
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deterioration of cognitive function in normal aging, and more notably in Alzheimer's 

disease (AD). Previous work has indicated only minimal success in improving 

performance in tasks that assess memory in senescent animals or humans with 

pharrnacological agents which enhance cholinergic functioning (Sherman et al., 1988; 

Flood and Cherkin 1988; Bartus, and Dean, 1988; Bartus, 1990). Furthermore, attempts 

to restore cognitive performance through the administration of such agents (e.g., tacrine) in 

patients suffering from dementing disorders, such as AD, have yielded variable outcomes 

ranging from modest, temporary improvement to mixed results (Sherman et al., 1988; 

Bartus, 1990). Conversely, these agents are efficacious in improving performance in 

memory tasks in young animals lesioned in specific brain regions (e.g., hippocampus, 

nucleus basalis ofMeynert) that are affected in AD (Haroutunian et al., 1985; Murrayand 

Fibiger, 1986). 

What, then, are the factors by which the efficacy of various hormones and 

transmitters involved in the regulation of biological function is reduced as a function of 

aging? The present review will provide evidence to suggest that at least two of these 

factors are decreased receptor concentration and age-related decrements in signal 

transduction pathways. Moreover, this review will attempt to show that these age-related 

alterations are the result of neuronal insult brought about by oxidative stress. Since many of 

the age-related changes that take place are expressed in the striatum, the review will focus 

mainly on this structure. 

Age-related Decline in Receptor Concentration 

Extensive research has been directed toward deterrnining the age-related changes in 

conduction in two striatal receptor systems: the doparninergic and muscarinic cholinergic. 

These studies have suggested that at least one reason for the decline in agonist efficacy may 

involve decreased receptor concentration. 

Numerous studies have reported age-related decreases in dopamine (DA) receptors 
(Dl and D2 subtypes) in a variety of species, inc1uding humans (See Joseph and Roth, 

1988a,b,1990; Morgan, 1987 for review). However, the precise nature of the vulnerability 

of these neurons to the deleterious effects of aging is unknown. Although the exact 

magnitude and chronology of the reductions may vary in different species/strains, the loss 
of striatal D2 doparnine receptors is one of the most consistent and widespread 

manifestations of brain aging. Two interactive factors are involved in the mechanisms of 
age-related striatal D2 receptor loss (Han et al., 1989). Approximately 50% of the D2 

decrease can be explained by reduced biosynthesis (Henry et al., 1987) which may occur 

subsequent to decreased mRNA synthesis (Mesco et al., 1991). The other 50% of the 
decrease in D2 concentration appears to be the result of a 20% loss of striatal neurons over 

the lifespan of the adult Wistarrat (Bugani et al., 1978;Han et al., 1989). The possible 

mechanisms by which these neurons become selectively vulnerable during aging have not 
been elucidated. While precise localization of the various striatal D2 receptor complements 
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has not been established, several studies have suggested that a 1arge proportion of the D2 

receptors reside on presumptive cholinergic neurons (Dawson et al, 1988; Scatton, 1982; 

Stoof et al., 1982). 

Similar1y, muscarinic receptors (mAChR) show some 10ss of sensitivity as a 

function of age that is associated with a statistical1y significant (20 -30%) decrease in their 

density in the majority of brain regions. Autoradiographic analysis revealed that the 

pattern of mAChR 10ss throughout the brain was highest in areas such as the striatum 

which contain high concentrations of cholinergic perikaryon (Biegon et al., 1989; Blake et 

al., 1990). Anatomically, there appears to be a close relationship between the distribution 
of mAChR within the striatum and the dopamine (D2 subtype) receptors, being highest in 

the rostral region and lowest in the caudal portion of the striatum. mAChR are lost as a 

function of age primarily from the medial and caudal portions of the striatum (Strong et al., 

1982). 
In this case, however, unlike the D2 receptor, the decreases in mAChR are 

unaccompanied by loss ofmRNA (mI, m3, and m4 mAChR subtypes). !n...iliJJ 
hybridization has indicated no age-re1ated decrements in any rat brain region examined 

(Blake et al., 1990). These findings suggest that the observed age-re1ated decrease in 

mAChR concentration is not the result of a transcription deficit. Rather, it appears that 

aging mainly affects the efficiency of translation of this receptor protein or its rate of 

degradation. Altematively, some age-related posttranslational modification of the receptor 

protein might take place. 

In any case, however, it appears that at least one factor contributing to the loss of 

agonist sensitivity in the striatal dopaminergic and cholinergic systems is decreased receptor 

concentration. This is clearly illustrated in arecent study by Yamagami et al. (in press). In 

this experiment one striatum from each animal from each of three age groups (3, 5-7, 24 
mo) ofWistar rats was utilized for overall mAChR, mlAChR and m2AChR Bmax. The 

other striatum from each animal was cross-cut, perifused and the sensitivity of striatal 

muscarinic heteroreceptors to agonist stimulation examined via oxotremorine enhancement 

ofK+-evoked DA release (K+ERDA) (e.g., see Joseph, et al., 1988 ab). The results 

indicated that there was a high, positive significant correlation between K+ERDA and 
overall mAChR concentration (r = 0.60) and K+ERDA and m2AChR (r = 0.71) but the 

correlation between K+-ERDA and mlAChR was low and non-significant (r = 0.34) 

These findings suggested that receptor concentration was important in deterrnining agonist 
sensitivity in the striatal muscarinic system (especially for the cyclase-linked m2AChR; 

(Bonner 1989). 

However, this parameter was less important in the case of the phosphoinositide
(PI) linked m1AChR (Bonner, 1989). For this particularreceptor subtype it appeared that 

other factors may be involved in the decreased agonist sensitivity. Unfortunate1y, 

pharmacologic agents which would distinguish among all the muscarinic receptor subtypes 
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do not exist, but there is data provided by Yarnagami et al (in press) which suggest patterns 

of overall reductions in mAChR responses were not exact1y parallel. 

Maximal enhancement of K+ -evoked DA release occurred at mAChR receptor 

concentrations of 2100 to 2500 fmoles/mg protein and above (levels maintained through 5-

7 months of age) despite a 12-21 % reduction in concentration between 3 and 5-7 months. 

An additional 14-28% loss of receptors between 5-7 and 24-27 months occurs in parallel 

with a 70% loss in stimulated DA release. 

Therefore, an important question becomes what additional factors rnight be 

involved in this loss of mAChR responsiveness? As indicated below, this parameter may 

involve deficits in signal transduction. 

Age-related Alterations in Signal-transduction 
Previous research has indicated that age-related deficits in signal transduction may 

occur in several different receptor types (e.g., Dl, De Kyser et al., 1990). These 

parameters have been most extensively studied in the mAChR. It has been suggested 

(Joseph and Roth, 1991, Joseph et al., 1991) that decrements at any of several points in the 

signal transduction process following mAChR-agonist interaction may contribute to the 

reduced agonist efficacy. One of the most important signal transduction pathways coupled 

to the activation of mAChR in the brain is increased PI hydrolysis, whereby the receptors 

mediate an increase in the breakdown of phosphatidyl inositol through the stimulation of 

phospholipase C (Fisher and Agranoff, 1987). This response involves coupling of 

muscarinic receptors to a guanine nucleotide binding protein (G-protein) (Litosch, 1987) 

and is triggered in mammalian brain by the activation of both ml and m3 mAChR (Forray 

and El-Fakahany, 1990). One intracellular product resulting from this cleavage is 1,4,5-

inositol trisphosphate (1P3)' Binding of IP3 to specific receptors on the endoplasmic 

reticulum releases ea2+ from storage sites within this cellular organelle which mediates the 

physiological response (Fisher and Agranoff, 1987). 

Recent studies utilizing a variety of paradigrns to assess loss of mAChR agonist 

responsiveness in senescence have indicated that the locus(i) of these deficits rnight be in 

the signal transduction pathways. For example, as described above, it has been shown that 

there is a decreased ability of muscarinic agonists to regulate striatal K+ERDA through 

mAChR heteroreceptors in perifused striatal slices (Joseph et al., 1988ab; 1991). There 

were no age differences in K+ERDA if nicotine was utilized, or if release was enhanced via 
antagonism of the dopamine D2 receptors (Joseph et al., 1988a). Thus, these deficits in 

mAChR responsiveness appear to be specific to the striatal muscarinic control of dopamine 

release. There is also an age-related decrease in the function of presynaptic mAChR 

autoreceptors which regulate the release of acetylcholine (Cansolo et al., 1986; Thompson 

et al., 1984). 

Additional experiments have shown that the alterations in mAChR responsiveness 

may extend to other brain regions, such as the hippocampus. In this lauer region, both 
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extracellular (Lippa et al., 1985) and intracellular (Segal, 1982) recording studies have 

revealed a highly selective reduction in the ability of iontophoretically applied acetylcholine 

to increase the excitability of hippocampal pyramidal cells. Moreover, Lippa et al. 1985) 

also suggested that this dirninished responsiveness begins at about 15-16 months of age, at 

which time reductions in the burst firing rate of these cells to applied acetylcholine were 

observed. Further reductions were reported in the senescent (24 months) group (Haigier et 

al., 1985). 

Subsequent investigations carried out to assess the efficiency of signal transduction 

in the old rat have revealed putative deficits in this process. Initial studies suggested that 

although there appear to be no age-related effects on mAChR mediation of the increase in 

PI hydrolysis (as measured by the accumulation oftotal inositol phosphates in the presence 

oflithium) in various regions ofrat brain (e.g., Surichamorn et al., 1989; Crews et al., 
1986), there are specific age-related declines in the putative second messenger, IP3. 

Joseph et al. (1991) have shown that mAChR agonist enhancement of IP3 formation in the 

presence of 30 mM KCl is reduced in striatal tissue obtained from 24 months old Wistar 
rats. Moreover, it appears that there is not only dirninished IP3 accumulation but also a 

reduction of its efficacy to elicit Ca2+ mobilization from cortical microsomes of aged rats 

(Burnett et al., 1990). This lauer finding is interesting since additional studies have 
indicated that there were no changes in either the density or affinity of IP3 receptors in the 

cortex and cerebellum (W.S. Pou and E.E. EI-Fakahany, unpublished observations) or in 

the striatum (Joseph et al., 1991). 

Additional deterrninations indicated that the deficits in signal transduction may occur 

early in the process. Several studies have indicated that whenever the ligand-mAChR-G

protein interfaces are "bypassed", the age-related decrements in signal transduction are 

reduced. As an example, one study has suggested that the age-related deficits in 

enhancement ofK+-evoked release of dopamine from striatal tissue could be reduced by 

"bypassing" the mAChR and mobilizing Ca2+ directly via the Ca2+ ionophore A23187 or 
by exogenous addition of IP3 (Joseph et al., 1988b). In support of this hypothesis are 

recent findings from our laboratory (manuscripts in preparation) which also show: 1) no 

age-related differences in the ability of NaF, an activator of G-proteins to enhance K+
evoked release of doparnine and IP3 accumulation in the striatum; and 2) reduced 

effectiveness of a GTP analog (GppNHP) to modulate the affinity of mAChR agonists 

under low Mg2+ conditions in hippocampal tissue. This lauer finding indicates that the 

mAChR-G-protein complex is altered in senescence such that there is reduced "decoupling" 

efficiency upon agonist stimulation. 

In contrast, it has been shown that muscarinic receptor-mediated inhibition of 

adenylate cyclase activity in rat striatum and hippocampus (Abdallah et al.,1990; Rabin, 

1986) is not modified by normal aging. This response, at least in the striatum, is mediated 

by the activation of m4 muscarinic receptors (McKinney et al., 1989). Thus, the deficits in 

signal transduction may be combined to receptors that are PI-linked. 
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As outlined in a recent review these signal transduction deficits and alterations, as 

weIl as additional ones seen in AD, may be responsible for the reduced efficacy of 

cholinergic replacement therapy (Fowler et al, 1990). While there is still a paucity of 

research evidence and a great deal of variability in the postmortem sampies examined, the 

research has suggested that AD is accompanied by: 1) a 40% reduction in the level of 

phosphatidylinositol concentration in the anterior temporal cortex (Stokes and Hawthome, 

1989); 2) a 50% decrease in cytosolic protein kinase C levels in frontal cortex (Cole et al., 
1988); 3) a 70% loss ofIP3 binding in temporal cortex and hippocampus (Young et al., 

1988); and 4) a decrease in the number of high affinity muscarinic binding sites (resulting 

in reduced GppNHp sensitivity in AD cerebral cortex (Flynn et al., 1991) This latter 

finding was also observed by Smith, et al. (1987) without a corresponding decrease in 

mAChR number. 

The putative mechanisms responsible for these alterations in aging and disease are 

unknown, but there is a great deal of evidence which suggests that both neuronalloss and 

signal transduction deficits may occur as a result of oxidative stress. We have explored two 

procedures which induce oxidative stress to deterrnine if senescence-like changes can be 

induced in young animals. 

Kainic Acid Neurotoxicity and Neuronal Loss 

It is weIl known that the striatum may be particularly susceptible to oxidative 

damage (e.g., see Cadet et al., 1986; Graham et al., 1978; Parsons 1985;). Thus, it may 

be that the neurons that are least capable of reducing oxidative damage either through 

protective mechanisms (e.g., scavengers) or rapid removal of free radicals will show 

selective vulnerability to life-Iong oxidative insults. If this is the case, then neurotoxic 

agents which produce their effects via oxidative damage may "mimic" the damage seen 

during aging. They might prove to be useful models to delineate the nature of neuronal 

loss in senescence. 

Evidence suggests that the neurotoxic effects of some glutamate agonists such as 

kainic acid may involve oxidative damage. Choi and his colleagues (Choi, 1987 ab) have 

shown that stimulation of glutamate receptors by agonists such as kainate results in an 

influx of Ca2+ through NMDA receptor channels. Subsequent to this influx, glutamate 

induces inhibition of cystine uptake resulting in adepietion of the cellular antioxidant, 

glutathione (Murphy et al., 1990) and oxidative damage to the cello It is also knownthat 
kainic acid is very damaging to D2-containing neurons (Fields et al., 1978). Damage may 

occur in neurons which has been metabolically compromised due to other factors. The 

striatal neurons are subject to the generation of oxygen free radicals due to the breakdown 

of dopamine via the monoarnine oxidase pathway (Grlmes et al. 1987). The dose exposure 

to the free radicals combined with the excitatory neurotransmitter stimuli in vivo may result 

in damage to the cells which eventually causes their breakdown. There is evidence for 

increases in the excitatory neurotransmitters aspartate and glutamate in the striatum with 
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aging (Donzanti and Ung 1990), and this may contribute to the loss of neurons. 

Evidence from a recent experiment (Joseph et al., in press a) in which kainic acid 
was utilized to induce striatal D2 receptor loss suggests that this might be so. In this 

experiment unilateral striatal kainic acid 1esions were perfonned on 6 and 24 mo rats. 

Intrastriatal injections of kainic acid destroy cholinergic perikarya (Where, as stated above, 
a high proportion of the D2 receptors reside (Dawson et al., 1988; Scatton, 1982; Stoof et 

al, 1982), while sparing nerve terminals of projection and axons of passage (Hattori and 

McGeer, 1977; Schwarcz and Coyle, 1977). 
The results showed that while there were age-related reductions in D2 

concentrations in control striata, these differences were not seen in the kainic acid-injected 
striata. Kainic acid reduced the D2-receptor concentrations in both the 6 and 24 mo-old 

animals such that the mean concentrations of this receptor subtype were approximately 70.5 

13.2 fmoles/mg protein for the 6 mo group and 58.7 12.4 fmoles/mg protein for the 24 mo 
group. It is noteworthy that kainic acid effects on striatal D2 concentrations were greater in 

the 6 mo animals than in the 24 mo animals. It could be predicted that if this neurotoxin 

had an equivalent effect in both age groups then the lesioned striatum of the aged group 
would have exhibited a mean D2-receptor concentration of about 40 fmoles/mg protein 

instead of 59 fmoles/mg pro tein. 

At least three possibilities may account for this difference: First, a "floor effect" 
may exist for kainic acid such that concentrations of striatal D2 receptors below 50 

fmoles/mg protein cannot be achieved at the dose level of neurotoxin employed here. This 

subgroup may be insensitive to kainic acid. Higher concentrations of kainic acid would 

increase the likelihood of obtaining nonspecific striatal damage. Second, a loss of 

excitability (Cepeda et al., 1989) or decrease in the ability of striatal neurons to take up 

kainic acid might occur with age. However, the data showed that the cellioss following the 

kainate injections was actually greater in the old animals than in the young, suggesting that 

kainate was probably as efficacious in the young as in the old Third, the age-related dec1ine 
in striatal D2 receptors occurs in a neuronal population that is sensitive to kainic acid. That 

population may be the intrinsic striatal neurons which have their origin within the striatum 

(Biziere and Coyle, 1978; Cepda et al., 1989; Coyle and Schwarcz, 1976; London and 

Coyle, 1979; Matyja, 1986; Mcgeer and Mcgeer, 1976,1978; Nadler, 1979; Najlerhim et 

al., 1990; Schwarz and Coyle, 1977). 

Additional evidence which show decrements in choline acetyltransferase (Coyle and 

Schwarcz, 1976; London and Coyle, 1979; Matyja, 1986; McGeer and McGeer, 1976; 

Schwarcz, 1977) or AChE staining (Joseph et al, in press a), as markers for intrinsic 

striatal neurons seem to support the third possibility. Kainic acid treatment decreases were 

also observed in met-enkephalin (met-EnK (Chesselet and Graybiel, 1983; Graybiel and 

Ragsdale, 1983), which is localized on neurons having their origin in the striatum and 

project to the globus pallidus. As mentioned above these neurons also contain a high 
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percentage ofD2 receptors (Le Moine et al., 1990 ab). The declines in AChE and met-Enk 

levels produced by kainie acid were associated with a significant loss of cells in the striata 

of both age groups and increases in the numbers of non-neuronal cells. Similar changes 

[i.e., decreases in neuronal cells (19%) increases non-neuronal cells (58%)] have been 

reported previously to occur during aging (Altavista et al., 1988; Brizzee et al., 1980, 

Bugani et al., 1978; Han et al., 1989). In the Joseph et al. (in press a) experiment there 

was also a trend (although not statistically significant due to relatively large variability in 

aged animals) which suggested a loss of striatal neurons with age of a comparable 

magnitude to that seen with kainie acid lesions. 

Thus, it appears that parallels exist between the patterns of striatal darnage induced 

by kainic acid and that which occurs in senescence. If this is the case, it indicates that some 
portion of the D2-receptor population may reside on the intrlnsic striatal neurons and that 

these cells may die or lose receptors during aging. Those D2 receptors which are not 

found on these neurons (e.g., cortical afferents, Divac et al., 1978; nigrostriatal terminals, 

Coyle et al., 1979; Gottesfield and Jocobowitz, 1979) are resistant to neurotoxins such as 

kainie acid and may be resistant to oxidative damage as well and may be spared with age. 

Further confrrmation of the selective vulnerability of D2-containing neurons was 

shown in a subsequent study (Mesco et al., in press) in which neonatal striatal cultures 
were exposed to kainic acid, labeled with [3H]-spiperone (D2-receptor antagonist) or [3H]-

SCH23390 (D2-receptor antagonist) and examined for ligand binding to receptors, cell 

size, and susceptibility to KA. The results showed that the D2-containing cells showed an 

increased mortality over Dl-containing cells in the presence of KA with larger D2 cells 

showing the greatest vulnerability to this neurotoxin. The reason for this selectivity is 
unclear. It implies the coexistence of kainic acid receptors and D2 receptors on the same 

cells, although this has not been definitively established. It also suggests that the Dl 

receptor, which does not show a progressive loss throughout the life-span (Joseph and 

Roth, 1988; Joseph et al., 1990), is not vulnerable to the oxidative damage produced by 

kainic acid. Perhaps the Dl-containing neurons contain the necessary free-radical 

scavengers to reduce oxidative damage, or it could be that they are able to rapidly repair any 

oxidative damage before cell death occurs. These factors remain to be delineated. 

It is also important to utilize other methods which generate oxidative damage to 

determine if these procedures would produce alterations in neuronal function that resemble 

those seen during aging. One method, described below, involves the use ofheavy particle 

(56Fe)irradiation as a free radical-generator to induce putative "accelerated aging" in young 

rodents. 

Alterations in Signal Transduction Via Radiation 
The "age-radiation parallel" hypothesis has been suggested for over 30 years. 

Studies suggest that radiation may have a life-shortening effect (Ainesworth et al., 1976), 

and may change biochernical (Upton, 1959; Adelman, 1979) and cellular (Ainesworth et 
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al., 1976) parameters. Indeed, one study (De et al., 1983) indicated that radiation exposure 

(60Co source) enhanced the accurnulation oflipofuscin (the age pigment) in the brain, 

heart, and intestine of mice. Increases in lipid peroxidation in the liver, and in the activity 

of acid phosphatases and cathepsin accompanied these alterations. 

More recent evidence (Joseph et al., in press b) indicates that signal transduction in 

rnAChR may be seriously compromised by small radiation doses. In this experiment rats 

were exposed to one of several doses of 56Pe irradiation (0.10 Gy, 0.25 Gy, 0.50 Gy, or 

1.0 Gy) and K+ERDA exarnined from striatal slices at 3 d, 8 d, or 14 d, postirradiation. 

Groups receiving 0.50 Gy and 1.00 Gy were also tested at 180 d postirradiation. Results 

indicated that there was a loss of efficacy of the muscarinic agonist oxotremorine to 

enhance K+ERDA from striatal slices. The deficit was similar to that seen previously for 

aged animals (fable 1). The effects on DA release were evident as long as 180 d after 

irradiation. 

Interestingly, data also indicated that when the rats were examined on a wire 

suspension task (3,8, or 14 days post irradiation) their suspension times were significantly 

lower than controls and were similar to those seen previously in senescent animals (see 

Joseph et al., 1983). 

In order to further explore the age-radiation parallel hypothesis, on signal 

transduction, additional experiments using 56Pe irradiation were carried out. The 

preliminary results of this experiments are given in Table 1. They are compared against 

data from previous experiments in senescent animals (Joseph et al., 1988; Joseph et al., 

1991). Basically, they show results sirnilar to that seen in the senescent animals, and 

bypassing the mAChR with A23187 or IP3 elirninates the radiation-induced deficits in 

oxotremorine- or carbachol-enhanced K+ERDA. These findings suggest that radiation

induced deficits in signal transduction occur early in the process, probably at the ligand

rnAChR-G-protein interfaces. Recent preliminary fmdings have further confmned the age

radiation parallel hypothesis in that, as discussed above for senescent animals, there 

appears to be a reduction in the ability of GppNHp to induce uncoupling of the mAChR 

from G-proteins in competitive binding assays carried out under low Mg2+ conditions. In 

this assay the per-cent of high affinity (rnAChR coupled to G-proteins) to low affinity 

(rnAChR uncoupled to G-proteins) are deterrnined following the addition of GppNHp. 

The shift in the hippocampi of irradiated animals was approximately 50% of that seen in 

control animals. Importantly, as mentioned above, this "coupling deficit" has been reported 

to occur in the mAChR of AD patients (Srnith et al., 1987) and in the Dl receptors of 

Huntington's victims (De Kyser et al., 1990). 

It could be postulated that the common mechanism that exists among all of these 

age-, disease-, or radiation-induced deficits in signal transduction may involve free-radical

mediated alterations in membrane integrity through lipid peroxidation (Harman, 1981; 

Halliwell, 1987; Halliwell and Gutteridge, 1989). It is known that lipid peroxidation can 

alter membrane structure and function in a variety of ways (e.g., altering lipid content, 
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increasing the rigidity of the membranes, or inducing protein cross-linking; See Schroeder, 

1984 for review). These changes, in-turn, can alter responsiveness and transduction in a 

variety of receptor systems and may be intimately involved in such factors as agonist 

sensitivity and decreased signal transduction. 

Summary and Conc1usions 

It appears that the loss of agonist responsiveness seen in senescence may be the 

result of at least two primary factors: a) Decreased receptor concentration that is the result 

of reduced synthesis and neuronalloss, b) deficits in signal transduction brought about by 

possible increases in membrane rigidity induced by lipid peroxidation. In fact, as indicated 

by the results from kainic acid and radiation findings, both of these changes may be 

brought about as a result of oxidative damage. We are currently exploring these 

possibilities. But in the case of the mAChR, it is clear that until some method is found 10 

restore the putative signal transduction deficits in aged individuals or AD patients, attempts 

to reduce cognitive deficits through cholinergic replacement therapy will continue to be 

unsuccessful (See Fowler et al., 1990). 

Table 1. Peak K+ -Evoked Striatal DA Release# As A Punction 

of Aging or Irradiation (Differences Prom HiKCI) 

Y (6 MO) A (24 mo) Y (3 mo) *YIRR (3mo) 

Oxo 50.22±12 0.59±1O 61.1 O± 12 13.17±10 

Carb 52.15±8 7.18±5 50. 06 ± 1 3 12.00±13 

88.00±11 50.29± 15 60.00± 14 90.76±15 

A23187 40.00±13 28.00±8 54.22±18 46.00±13 

*IGy 56Pe; oxo 500 uM; carb 500 uM; IP3 20 uM; A23187 100 uM 

#p moles/mg protein DA 
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Tbe agonist dependent hydrolysis of membrane phosphoinositides is a major signal 

transduction pathway in brain (Berridge 1985; Crews et aZ. 1988a). A variety of receptors 

including muscarinic cholinergic, <Xl-adrenergic, serotonergic, and a variety ofpeptides, 

couple to phosphoinositide hydrolysis via activation of phospholipase C (Berridge 1985, 

Gonzales and Crews 1985). Hydrolysis of one of these phosphoinositides, phosphatidyl

inosito14,5-bisphosphate [PtdIns(4,5)P21 results in the formation of 1,2 diacylglycerol 

(DAG) and inositoll,4,5-trisphosphate [lns(I,4,5)P31, both of which appear to have 

second messenger functions (Batty et aZ., 1989; Berridge and Irvine, 1989; Rana and 

Hokin, 1990). DAG remains in the membrane where it can activate protein kinase C 

(pKC), a family of calcium/phospholipid dependent kinases, that regulate numerous 

cellular functions and may playa role in neuronal plasticity and neuronal cell death. 

Ins(1,4,5)1>3 is released into the cytoplasm where it binds to specific receptors on the 

endoplasmic reticulum and releases intracellular Ca2+ into the cytoplasm. Specific 

phosphomonoesterases can rapidly metabolize Ins(1,4,5)P3 to inositoll,4-bisphosphate, 

inositol4-monophosphate and finally to free inositol via sequential dephosphorylation (Fig. 

1). Ins(1,4,5)P3 can be phosphorylated to Ins(I,3,4,5)P4 by a specific Ca2+/calmodulin 

sensitive 3-kinase (Batty et aZ., 1985; Irvine et aZ., 1986). Ins(I,3,4,5)P4 may also be a 

second messenger involved in a variety of functions including the ea2+ influx (Irvine et al., 

1986), release of intracellular ea2+ (Gawler et aZ., 1990) and sequestration of ea2+ 

released by Ins(1,4,S)P3 (Hill and Boynton, 1990; Boynton et aZ., 1990). Ins(I,3,4,S)P4 

is dephosphorylated by a S-phosphatase to inositol 1,3,4-trisphosphate. an inactive isomer. 

In addition, a variety of cyclic inositol phosphates are produced by the action of 

phospholipase C on phosphoinositides. Tbe cyclic inositol phosphates accumulate on 

prolonged agonist stimulation but their cellular functions are not clear (Bansal and Majerus, 

1990). 
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Fig. 1. Schematic diagram 0/ inositol phosphate metabolism. Neurotransmitters 
stimulate phospholipase C (PLC) causing the hydrolysis of membrane 
phosphoinositides generating second messengers Ins(1,4,5)P3 and 1,2-diacylglycerol 
(DAG). Ins(I,3 4,5)P4 has been suggested to playa role in the regulation of 
intracellular Ca2+. c, cyclic; Ins, myo-inositol; P, phosphate; PKC, protein kinase C; 
PtdIns, phosphatidylinositol. Numbers in parenthesis preceding P indicate position of 
phosphate groups on the inositol ring and those following P indicate the number of 
phosphate groups. Bold arrows indicates Li+ sensitivity. 

The anti-manic/depressive agent lithium is a useful tool for measuring agonist 

stimulated total inositol phosphate formation. This is due to its ability to increase their 

accumulation by preventing their breakdown by monophosphatases to free inositol. 

However, in addition to the increase of inositol monophosphates, lithium also reduces the 

formation of Ins(1,4,5)P3 and Ins(1,3,4,5)P4 (Kennedy et al., 1990). Therefore, 

measurement of InsO ,4,5)P3 and Ins(1 ,3,4,5)P 4 in the presence of Li+ may not reflect 

normal physiological events. To compare the effects of various agonists on the formation 

of [3H)Ins(I,4,5)P3 and [3H)Ins(1 ,3,4,5)P 4 in the absence of Li+, rat cerebral cortical 

slices were prelabeled with [3H]inositol for 60 min and challenged with various agonists 
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for 5 min (Fig. 2). The muscarinic agonist carbachol and, to a lesser degree, the 

glutamatergic agonist quisqualate, stimulated the formation of [3H]Ins(I,3,4,5)P4 and 

[3H]InsP3 in cerebral cortical slices. Norepinephrine (NE) did not significantly increase 

the formation of [3H]JnsP3 or [3H]Jns(I,3,4,5)P4. This lack ofNE response in the 

absence of Li+ is in contrast to results from previous studies showing that the total levels of 

NE stimulated inositol phosphate formation is comparable to that of carbachol when 

assayed in the presence ofLi+ (Gonzales et al., 1986). Jnterestingly, in the absence ofLi+, 

stimulation of Ins(I,4,5)P3 was approximately 1.5-2 fold over basal levels, whereas 

stimulation ofIns(1,3,4,5)P4 over basal levels was 8-14 fold. Thus, formation of 

Jns(l ,3,4,5)p 4 in the absence of Li+ provides a good signal for analysis of inositol 

polyphosphate formation. Sirnilar to NE, serotonin, arg-vasopressin and angiotensin 11 

failed to stimulate the formation of Jns(l ,4,5)P3 and Ins(l,3,4,5)P 4 in the absence of Li+ 

(data not shown). Differences in the agonist stimulated phosphoinositide hydrolysis in the 

presence and absence of Li+ may relate to differences in the mechanisms of receptor 

coupling to phosphoinositide hydrolysis as suggested by differential sensitivity to 

extracellular calcium (Nahorski et al. 1986, Crews et al. 1988a) and/or the fact that inositol 

polyphosphates are rapidly metabolized such that only agonists which cause a large 

sustained stimulation of PtdIns(4,5)P2 hydrolysis are detectable under these conditions. 

Most assays measuring agonist stimulated inositol polyphosphate formation are 

indirect since they involve prelabeling the membrane phosphoinositides with [3H]my<r 

inositol followed by separation of the [3H]labeled inositol phosphates formed after agonist 

stimulation. Even though it is assumed that equilibrium conditions are established. agonist 

stimulation may change the specific activity of individual inosito! polyphosphates. 

Recently, high affinity binding sites have been reported for Ins(I,3,4,5)P4 in a membrane 

fraction of porcine cerebellum (Donie and Reiser, 1989) and for Ins( 1,4,5)P3 in bovine 

adrenal cortex (Challiss et al., 1988). Because of the selectivity of Ins(1,3,4,5)P4 binding 
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under the assay conditions, it is a very useful tool for mass measurement of Ins(1 ,3,4,5}P4 

in a variety of tissues and cells. 

To investigate muscarinic cholinergic stimulated Ins(1,3,4,5}P4 mass formation, 

we incubated rat cerebra! cortical slices in KRB in the presence or absence of carbachol 

(Carb). After a 30 min stimulation period, inositol polyphosphates were extracted and 

Ins{l,3,4,5)P4 mass determined using [32P]Ins(l,3,4,5)P4 competition curve binding with 

the porcine P2 cerebellar binding protein. Similar to the effects of carbachol on 

[3H]Ins(I,3,4,5}P4 formation from prelabeled phosphoinositides (Fig. 2), muscarinic 

cholinergic receptor stimulation increased Ins(I,3,4,5)P4 mass formation by seven fold 

(buffer 5.3 ± 1; Carb 35± 10 pmoles/mg protein). Furthermore, addition of 260 j.1.M myo

inositol to the incubation buffer did not further increase formation of Ins(I,3,4,5}P4 mass 

in cerebra! cortical slices (data not shown). Taken together, these results show that 

measurements of [3H]Ins(I,3,4,5)P4 formation from prelabeled phosphoinositides 

accurately reflect mass formation of Ins(I,3,4,5)P4. 

A variety of muscarinic receptor subtypes exist that couple selectively 10 

biochemical second messenger systems (McKinney et al., 1991). Transfection and 

expression of genes for single muscarinic receptor subtypes in Chinese hamster ovary 

(CRD) cells that normally lack muscarinic receptors, allow studies on the selective coupling 

of these receptor subtypes to panicular second messengers. Since Ins(I,3,4,5}P4 appears 

to be an important second messen ger in the regulation of intracellular calcium, we measured 
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Fig. 3. Selective formation of inositol polyphosphate mass by muscarinic receptor 
subtypes. Chinese hamster ovary (CRD) cells transfected with Mt, M2, M3 or M4 
muscarinie acetyl choline receptors were incubated with 1 mM carbamylcholine (CCh) 
or buffer (KRB) for 5 min and the reaction was stopped with 1 Mice-cold 
trichloroacetic acid. Aliquots were extracted with 3 volume diethylether and 50 j.1.l 
aliquot was used for the Ins(1,3,4,5)P4 and Ins(l,4,5)P3 mass assay as described in 
legend to fig. 4 and fig. 5 respectively. Receptor was quantified with high affinity 
binding of [jH]quinuclidinyl benzilate (QNB). Shown are mean of 5-6 determinations 
in a single experiment. 
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agonist stimulated Ins( I ,3,4,5)P 4 mass fonnation in response to stimulation of various 

muscarinie receptor subtypes. To detennine the selectivity of fonnation of 

inositol polyphosphate mass by muscarinic receptor subtypes, CHO cells transfected with 

MI, M2, M3 or M4 muscarinic receptors were incubated with I mM carbachol (CCh) or 

buffer (KRB) for 5 min and the reaction was stopped with I Mice-cold trichloroacetic acid. 

The inositol polyphosphates were extracted, neutralized and mass levels of Ins(1,3,4,5)P4 

and Ins(1,4,5)P3 determined using [32P]lns(l,3,4,5)P4 and [3H]lns(l,4,5)p3 competition 

curves, respectively. Carbachol stimulation of MI. M2 and M3 receptors increased 

Ins(1,3,4,5)P4Ievels above basal by 13,4 and 5 fold, respectively (Fig. 3). When 

expressed as pmoles/nmole of muscarinic receptor, the MI signal was more robust than that 

of either the M2 or M3 signal. The M4 receptor is not linked to the phosphoinositide cycle 

and, as expected, did not stimulate Ins(I,3,4,5)P4 fonnation. Carbachol stimulated the 

formation oflns(1,4.5)P3 above basal in CHO cells containing MI and M3 receptors by 

1.7 and 2 fold, respectively, but not M2 or M4 receptors. Even though M2 receptors 

showed stimulated increase in Ins(I,3,4,5)P4, Ins(l,4,5)P3 was not increased. This may 

have been due to the rapid conversion of Ins(l,4,5)P3 to Ins(l,3,4,5)P4 or Ins(l,4)P2. 

A competition curve for [3H]lns(l,4,5)P3 using the P2 membrane fraction obtained 

from bovine adrenal cortex is shown in fig. 4. Bound and free Ins(l,4,5)P3 were 

separated by rapid fIltration. Nonspecific binding was determined in the presence of 10 

IJ.M Ins(l,4,5)P3. Computer assisted curve fitting (McPherson, 1983) for single site 

analysis gave a HilI coefficient of nearly one (0.98) and Scatchard plot analysis yielded a 

straight line with a receptor affinity of20 nM and density of 1.4 pmoles/mg protein (inset 

to fig. 4). A competition curve for [3H]lns(1,3,4,5)P4 using the P2 membrane fraction 

obtained from porcine cerebellum is shown in Fig. 5. In contrast to the Ins(1,4,5)P3 

binding curve, single site analysis of the Ins(1,3,4,5)P 4 binding curve gave a HilI 

coefficient of less than one (0.65) and Scatchard analysis yielded a curvilinear plot (inset to 

100 
Fig. 4./ns(l,4,5JP3 competi-
don curve using bovine adrenal 
gland binding protein. Bach 
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Fig. 5. Ins( 1 ,3,4,5)p 4 competition curve using porcine cerebellar binding protein. Each 
assay tube contained 13000 dpm of [32P]Ins(I,3,4,5)P4. 450 J.Lg ofporcine cerebellar P2 
membrane fraction and increasing concentrations of unlabeled Ins(I,3,4,5)P4 in 25 mM 
sodium acetate, 25 mM KH2P04 and 2 mM EDTA (pH 5.0) in a fmal volume of 200 J.Ll. 
Tubes were incubated for 30 min at 4·C (Challiss and Nahorski, 1990). Bound and free 
Ins(I,3,4,5)P4 were separated by rapid fIltration. Nonspecific binding was determined in 
the presence of 30 J.1M Ins(l,3,4,5)P4. Inset shows conversion to Scatchard plot. Shown 
are mean of a representative experiment done in duplicates. 

fig. 4). On the other hand, two site computer analysis using Ligand (Munson and 
Rodbard, 1980) showed a high affinity (KD, 6 nM; Bmax, 197 fmoles/mg protein) and a 

low affinity (KD, 125 nM; Bmax, 1.3 pmoles/mg protein) binding site. Multiple binding 

sites for Ins(l,3,4,5)P4 may reflect the multiple actions attributed to Ins(I,3,4,5)P4 in 

different systems. 

Many age related changes in physiological processes may be related to changes in 

signal transduction. Tbe release of acetylcholine from rat cortical neurons declines during 

senescence (Meyer et al., 1986; Crews et al., 1988b). Landfield and Pitler (1984) have 

reported electrophysiological evidence to suggest that there is an increase in the cytosolic 

calcium concentration of neurons during aging. As mentioned previously, Ins{1,4,5)P3 

and Ins(I,3,4,5)P4 appear to be important modulators of cytosolic calcium. Therefore, we 

examined muscarinic receptor stimulated [3H]inositol polyphosphate formation, as weIl as 

stimulation of other receptors that couple to phosphoinositide hydrolysis, in cerebral 

cortical and hippocampal slices prepared from young and senescent rats. Since the use of 

trace amounts of [3H]myo-inositol to measure hormone stimulated inositol polyphosphate 

fonnation is disrupted by Li+ (Kelly er al., 1988; Whitworth and Kendall, 1988), these 

experiments were perfonned in the absence of added Li+. In cerebral cortical slices from 
both young (6-8 months) and senescent (28-30 months) rats, carbachol and quisqualate 

were observed to stimulate the fonnation ofboth [3H]InsP3 and [3H]Ins{1,3,4,5)P4 (Fig. 

6). However, in the senescent animal, there was a significant (44%) decrease in carbachol 
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Fig. 6. Decreased carbachol stimulated 
[3H]inositoll,3,4,5-tetrakisphosphateJorma
tion in senescent rat cerebral cortieal slices. 
Young (6-8 month) or old (28-30 month) 
Fisher-344 rat brain cortical slices (300 j.l.g PU 
tube were incubated with 12 j.l.M [3H]inositol (6 
Ci/mmole) for 60 min. Buffer, carbachol (Carb, 
1 mM), quisqualic acid (Quis, 100 j.l.M) or nor
epinephrine (NE, 100 j.l.M) was added and the 
reaction stopped after 5 min incubation. Shown 
are mean ± sem of 7 experiments each done in 
triplicates. Asterisks indicate significant 
difference from their respective buffer value 
(**P < 0.01; ***p < 0.001; students t test). 
Plus symbol indicates significant difference 
from carbachol stimulated InsP4 from the young 
animal (+P < 0.05). 

stimulated [3H]Ins( 1 ,3,4,5)P 4 formation compared to that of the young animals. This age 

related reduction in carbachol stimulated Ins(I,3,4,5)P4 formation may show brain regional 

specificity since hippocampal slices from the same animals showed no similar decline in 

carbachol stimulated Ins{1,3,4,5)P4 formation. Previous studies ofphosphoinositide 

hydrolysis performed in the presence of Li+ have indicated little or no change in muscarinic 

stimulated total [3H]inositol phosphate formation during aging (Crews et al., 1986; 
Surichamom et al., 1989). Our observation of a decrease in muscarinic cholinergic 

stimulated Ins(I,3,4,5)P4 formation in cerebral cortical slices from senescent rats may 

suggest an age related change in inositol polyphosphate metabolism that was masked by the 

presence ofLi+ in previous studies. Ins(I,4,5)P3 can be phosphorylated to form 

Ins(1,3,4,5)P4 by the action of a specific inositol3-kinase (Bansal and Majerus 1990). 

Both Ins(1,4,5)P3 and Ins(I,3,4,5)P4 can be dephosphorylated to inactive isomers by the 

action ofinositol polyphosphate 5-phosphatase. Areduction in carbachol stimulated 

Ins{1,3,4,5)P4 formation could be secondary to a decrease in the activity of the 3-kinase 

and/or an increase in the 5-phosphatase. However, we did not find a similar reduction in 

quisqualate stimulated Ins(I,3,4,5)P4 formation. Such a reduction might be expected if 

there was an age related change in the activity of these enzymes. Therefore, additional 

experiments will be required to elucidate the mechanism of the selective decrease in 

muscarlnic stimulated Ins(I,3,4,5)P4 formation in the cerebral cortex of senescent rats. 

How might changes in Ca2+ regulation and Ca2+ mobilizing second messenger 

systems relate to changes in synaptic function that occur during normal aging and in the 

Alzheimer's diseased brain? In certain studies, Ins(1,3,4,5)P4 has been shown 10 maintain 

a low inttacellular free calcium concentration ([Ca2+]j) by sequestering ea2+ released by 

Ins(I,4,5)P3. Thus, decreased Ins(I,3,4,5)P4 formation could be related to increased 

[Ca2+]i during aging (Khachaturian 1987; Martinez et al., 1988). Although the 

significance of decreased carbachol stimulated Ins(I,3,4,5)P4 formation in cerebral cortex 
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of senescent rats is difficult to detennine at this time, increasing evidence suggesting a 

major second messenger action of this inositol polyphosphate may indicate this reduction 

contributes to decrements in neurotransmission that occur during the nonna! aging process. 

Calcium is nonnally a transient intracellular signal that mediates the actions of many 

neurotransmitters and honnones in brain and may playavital role in long-term aspects of 

nerve cell function. Increases in [Ca2+]i within a pennissive range are important in normal 

neuronal plasticity and growth, while sustained increases in [Ca2+]i can result in 

cytoskeletal disruption, neuritic degeneration and cell death. Alzheimer's disease is 

characterized pathologically by a loss and reduction in the size of neurons (primarily in the 

neocortex and hippocampus) ofthe brain (Ball 1987; Terry et al., 1981). Neuronalloss of 

calcium homeostasis may be a common pathway of neuronal degeneration, and it has been 

hypothesized that phannacological intervention in the modulation of the [Ca2+]i could 

reduce the neuronal death associated with Alzheimer's disease. 

Neurodegeneration in response to large increases in [Ca2+]i results in the fonnation 

of abnormal fonns of microtubule-associated proteins (tau and ubiquitin) similar to those 

found in Alzheimer's disease (Mattson, 1990). It has been suggested that the modified tau 

protein results from excessive calcium-dependent phosphorylation leading to neurofibrillary 

tangle formation (Grundke-Iqbal et al., 1986; Ueda et al., 1990). Similarly, calpain, a 

calcium-dependent protease that participates in the processing of the amyloid precursor 

protein, could contribute to the altered processing of this protein that appears to occur in 

Alzheimer's disease (Siman et al., 1990). Further implicating altered calcium homeostasis 

in Alzheimer's disease is the finding that cellular mechanisms for controlling intracellular 

calcium, including mitochondrial function, decline more in fibroblasts from Alzheimer's 

patients than those from nonnal aged patients (Peterson et al., 1986). Thus, disruption of 

calcium homeostasis could underlie a number of factors, including genetics, changes in 

excitatory amino acids, growth factors, aluminum and other environmental factors that may 

be involved in the etiology of Alzheimer's disease. 
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INTRODUCTION 

Alurninum and iron, the two most abundant elements in the earth's ernst, have very 

sirnilar coordination chemistryl. Both form insoluble hydroxides at physiological pR. 

Rowever, very early in evolution, living systems recognized the unique redox properties of 

iron and incorporated it in diverse biological reactions. Indeed, iron is essential to all forms 

of life. No such use has been discovered for alurninum and, until recently, it was 

considered harmless. Because all metal ions, including alurninum, are more soluble at acid 

pR, environmental insults such as acid rain have increased their bioavailability2,3. Living 

systems are yet to leam to cope with this new class of pollutants. 

The triumphs of scientific and technologie al advances have increased the average 

life-span ofhumans. Every individual alive today is expected to live beyond sixty-five and 

over forty percent would live beyond the age of eight-five4,5. The resulting increased 

time of exposure to environmental insult would also increase the diseases of aging. 

Alzheimer's disease (AD), is one such brain disorder common amongst the aged 

individuals6. 

The original observation of increased alurninum in the brains of AD patients 7 has 

been generally confmned8. More refmed techniques showed nonuniform accumulation of 

alurninum in the AD brains8. Arecent epiderniological study shows a higher risk of AD to 

individuals exposed to increased aluminum in the drinking water9. Despite this, the role of 

aluminum, if any, in AD remains controversial. To be sure, none of the suspected causes 

of AD6 have been unequivocally proven or rnied out. Nevertheless, the in vitro and in 

vivo data obtained so far strongly suggest that the neurotoxicity of aluminum is due to 

deregulation of several enzymatic reactions resuiting from direct interaction of aluminum 

with the enzymes and other proteins or indirectly by affecting the metabolism of iron. 
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Brain is a highly aerobic, specialized, and compartmentalized organ endowed with 

compensatory mechanisms to counter transient metabolic changes. Brain cells grow but, 

unlike liver ceIls, they do not regenerate or multiply. Therefore, the neuronal cell is well

suited for the accumulation of toxins and metabolic errors resulting from them. We argue 

that neurological disorders common in aged individuals result from the colocalized 

accumulation of a critical mass of metabolic errors in the brain, and aluminum and iron 

contribute to formulate this critical mass. The evidence in support of this hypothesis is 

summarized below. 

Aluminum and Energy Metabolism 

Glucose is the sole source of energy for a mature brain. Because brain contains 

negligible amounts of glucose-6-phosphatase, the supply of glucose via blood and its 

conversion to glucose-6-phosphate by hexokinase [Glucose + A TP·Mg(II) ~lucose-6-

phosphate + ADP'Mg(II)] are weIl regulated. This enzyme is inhibited by micromolar 

concentrations of aluminumlO. AI(ill) binds to ATP 107 times tighter than does Mg(II) 

and the ATP·AI complex competes with ATP·Mg in the hexokinase reaction. Indeed, at 

pR 3.0 and l000C, the rate of release of the terminal phosphate of A TP or ATP' Mg(II) 
(ATP ~ ADP + P043-) is significantly reduced in the presence of equimolar 

concentrations of AL3+ (unpublished, Joshi). In view of this evidence, a reduced 

hexokinase activity in the areas of the brain with elevated levels of aluminum is anticipated. 

Despite this, it is noteworthy that some A TP dependent enzymes such as 

phosphofructokinase and glucokinase are not affected by aluminum and pyruvate kinase is 

activatedll. 

Ofthe total glucose consumed by the brain, more than 80% is used in glycolysis 

and about 15 to 20% is used via hexose-monophosphate shunt which begins with two 

NADP+ dependent enzymes. Glucose-6-phosphate dehydrogenase (G6PD) generates 

NADPR and 6-phosphogluconic acid. The latter is oxidized by 6-phosphogluconate 
dehydrogenase to generate ribose-5-phosphate, C02, and the second NADPR. These 

reactions are the major source of NADPH essential for the synthesis of fatty acids. 1t is, 

therefore, no surprise that G6PD is localized in the myelinated areas of the brain and varies 

with the degree of myelination12. Brain G6PD is a tetramer. Two isozymes from pig and 

human brain have been purified to apparent homogeneity12. Both isozymes from either 

source bind one mole of aluminum per subunit and produce an inactive enzyme. The 
binding is tight (KDAI = 2-3mM) and the activity cannot be restored by dialysis even 

against EDTA14. The inactive enzyme has less helicity than the control15. Thus, the 

reduction in the hexokinase activity by aluminum is due to the complexation with ATP, one 

of the substrates of the reaction, while that of G6PD is to complexation with the protein. 

1nterestingly, the 6-phospho-gluconate dehydrogenase, a metal dependent enzyme is 

unaffected by aluminum14. 
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Relative concentrations of fructose-6-phosphate and fructose-l,6-bisphosphate 

regulate glycolysis. Their interconversion is catalyzed by phosphofructokinase and 

fructose-l,6-bisphosphatase. Recent evidence shows that in the brain it is the ribose-l ,5-

bisphosphate which is the initial modulator of the activity of phosphofructokinase while 

fructose-l,6-bisphosphate takes over this role sUbsequently16. Although the exact 

mechanism of ribose-l ,5-bisphosphate synthesis is yet to be established, it is clear that 

aluminum mediated reduction in the local concentrations of glucose-6-phosphate, ribose-5-

phosphate and NADPH would adversely affect cerebral metabolism. 

Physiologically relevant metal toxicity results from prolonged exposures to chronic 

levels ofthe toxicant. We observed that homogenates ofbrains ofrats fed lOOmM 
AICI3·6IhO in the drinking water for a year had about 25% reduced activity of hexokinase 

and G6PD18. To determine if these data were physiologically relevant, glucose 

metabolism in brains of rats similarly exposed for 2 years was measured using the [2-

deoxy_14C-glucose] method19. Accordingly, radiolabelIed 2-deoxyglucose is 

administered to the rat. The resulting 2-deoxyglucose-6-phosphate produced by the 

hexokinase reaction accumulates because it is a poor substrate for the subsequent reactions. 

Quantitation of the accumulated product by radioautography permits measurement of 

localized metabolism of glucose. Our data showed a statistically significant reduction in the 

metabolism of glucose in ventral pallidum and temporal cortex in aluminum-fed rats. These 

observations together with the reported impaired metabolism of glucose by rat brain in 

Yilm20, and reduced hexokinase in the AD brain21 reinforces the possible localized 

reduction in glucose metabolism in brain disorders mediated by aluminum. 

Aluminum and Calmodulin Functions 

Brain is the richest source of calmodulin. This smaIl molecular weight protein 
binds four molecules of calcium. The ca1modulin·C~ complex regulates numerous 

reactions of phosphorylation and dephosphorylation and therefore affects a variety of 
biological processes. Haug and his colleagues discovered that caImoduIin·Ca4 also binds 

aluminum at different sites and abolishes the biologicaI activity of calmodulin17. 

Iron and Brain MetaboIism 

In higher organisms, the two proteins which account for more than 90% of the non

heme iron are transferrin and ferritin22. Both proteins bind iron as weIl as other metaI 

ions22. Cellular concentrations of iron regulates the synthesis of ferritin and of the 

transferrin receptors. At low levels of iron more transferrin receptors are made, at high 

levels more ferritin mRNA is translated and the transferrin receptor concentration is 

reduced23. 

Transferrin, a glycoprotein of MW 80 kDa, is a single polypeptide chain with two 

metaI binding sites, one each at the N and C terminal ends. The binding sites have different 
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affinities for iron. Carbonate is essential for the binding of metal ions. In vivo. only 30% 

of the total binding sites are occupied with iron22. U sing, radioactive gallium as an 

"alurninum-like" metal ion, Farrer et al24 showed that transferrin from the sera of AD 

patients bound less gallium than the age-matched controls. They, therefore, suggested, by 

inference, that this defect in Al-binding capacity of transferrin permitted more alurninum to 

be transported to the brain24. However, the same reduced gallium binding would result if 

the presumed iron-free sites were actually occupied by alurninum24. Thus, this potentially 

attractive idea of defective transferrin in AD patients needs further clarification. 

In~, the biological activity of proteins such as calmodulin or G6PD abolished 

by alurninum can be restored by transferrin or citrate14,17. Recently, Roskam and 

Connor showed that the access of alurninum to various areas of the brain is probably via 

the transferrin-mediated receptor system and suggested that this system may also regulate 

the transport of other metal ions2S. Connor et al. further showed that although transferrin 

and its receptors are present throughout the brain, their distribution in the central nervous 

system is nonunifonn26. These data further support the notion of colocalizations of metal 

ions in the central nervous system. 

Transferrin delivers its iron to ferritin. Ferritin, Mr 480,000, is composed of 24 

subunits: Mr 21,000 (H) and 19,000 (L). The subunits form a protein shell which stores 

in its central cavity up to 4,500 moles of iron as Fe(lII)-hydroxy-phosphate per mole of 

protein. Whenever required, the iron is release as Fe(II). In the brain, about a third of the 

total non-heme iron is stored in ferritin27. This protein appears to have diverse biological 

functions28. Like transferrin it binds several metal ions in vitro and in viv029,30. 

However, unlike transferrin it is the holoferritin which binds larger amounts of nonferrous 

metal ions with affinities several orders of magnitude lower than that for iron31,32. 

Phosphate of the iron core seems to enhance this binding31. 

Indeed, in ~, at pH 6.5 ferritin bound aluminum. Furthermore, ferritin isolated 
from the brains of AD patients and from rats chronically exposed to A1C13·6H20 in the 

drinking water contained more aluminum than the corresponding age-matched controls30. 

Interestingly, ferritin isolated from livers of alurninum-fed rats did not contain excess 

aluminum. Unlike brain ceIls, liver ceIls regenerate. Thus, aluminum could be cleared 

from the cello By contrast, it accumulated in the brain. 

Alurninum affects the function of ferritin. In ~, aluminum reduced the rate of 

iron uptake by ferritin. Also, holoferritin is more resistant to precipitation by alurninum 

than apoferritin33. Taken together, it appears that areas of the brain enriched in aluminum 

would have more unsequestered iron to enhance the rate of ferritin synthesis. Indeed, the 

facts that larger quantity offerritin was isolated from the brains of AD patients and from AI

fed rats; increased concentrations of ferritin as weIl as of alurninum was associated with the 

senile plaques of AD34; and increased translatability of ferritin mRNA from the brains of 

Al-injected rnice3S, lend further support to the suggestion that aluminum interferes with the 

iron and iron regulatory proteins in the brain. 
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Iron. Aluminum. and Free Radicals 

Aerobic organisms produce H202 and the free radicals 02-, H02" and OH· during 

normal metabolism. These oxygenated species react with alrnost all types of 

macromolecules, inflict site-specific damage, thus altering their function. The role of 

transition meta! ions in this process is well-documented36 but that of aluminum appears 

indirect. Accordingly, aluminum alters the permeability ofthe blood-brain barrier37 and 

reversibly increases the permeability for sucrose38. In erythrocytes aluminum greatly 

enhances the lipid peroxidation initiated by iron. The effect is more pronounced at a pR 

below neutral39. 

Stadtman et al. reported oxidative denaturation of proteins when exposed to a 

mixture of Fe(III), a reductant, EDTA and 0:2. The resulting inactive proteins were more 

easily proteolysed and suggested that such oxidative stress contributed to aging40. Grant 

and Tabrosky reported that the formation of orthophosphate from phosphoprotein was 

linked to the autooxidation ofFe(II)41. Consistent with these two findings, 

phosphoglucomutase, a phosphoserine containing enzyme (Ser 116), lost its activity and 

70% of the enzyme bound phosphate by aerobic exposure to vitamin C, EDTA, and FeC13, 

or ferritin. The inactive enzyme was more susceptible to proteolysis42. This free radical 

mediated inactivation, dephosphorylation, and enhanced susceptibility to proteolysis may 

be relevant in the cerebra! disorders, especially where local concentrations of iron and 

aluminum are high. 

Aluminum. Proteases. and their Natural Inhibitors 

Amyloid plaques characteristic of AD are aggregates of a 42/43 amino acid long 

peptide (ß-amyloid peptide, ß-AP), generated by the proteolysis of the amyloid precursor 

proteins (APPs) containing 695, 715, 750, or 771 amino acids (ß-APP695,715,750,77I>. 

The three larger precUTSors (ß-APP715,750,771) also contain a 56 amino acid long 

segment near the C terminal end which is 60% homologous to the well-known bovine 

pancreatic trypsin inhibitor (bPTI). The role of AP in AD, is unknown, but it is believed to 

be involved in the etiology of AD43. 
Calcium ions (20mM) stabilize serine proteases against autolysis. We observed that 

in vitro at pH 6.5,200 mM AlC13·6H20 would activate a-chymotrypsin 2 fold; one mole 

of Al bound per mole of enzyme (HilI plot). The activation was immediate and reversible 

by dilution. More importantly, the aluminum-activated enzyme was resistant to the 

inhibition by the bPTI44 or by APP-fusion protein which contained the 56 amino acid long 

bPTI-like sequence (Clauberg and Joshi, manuscript submitted). 

This observation may be physiologically significant and underscores the role of 

colocalized concentrations of iron and aluminum in generating AP. Accordingly, an 

oxidative stress would generate oxygenated free radicals which would damage APPs and 

make them more susceptible to proteolysis. The a-chymotrypsin-like activity found in the 

brain and activated by aluminum would form AP despite the presence of the bPTI-like 
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inhibitor present in the APP sequence. The process would be further hastened by increased 

local concentrations ofFe(II), Fe(III), and Al if the local pH is acidic. Such localized pH 

changes in the brain have been reported under a variety of ischemic stresses to the cerebral 

tissue45. 

This role of aluminum in increasing the translatibility of brain ferritin mRNA 

implies that, at least in the brain, aluminum may mimic iron in regulating the synthesis of 

ferritin and transferrin. The recent discovery of a brain-specific ferritin mRNA species 

with a homology to the H-chain may lend support to this hypothesis (Dhar and Joshi, 

manuscript submitted). What would be the mechanism ofregulation? Extending the 

current models wherein an iron responsive element (IRE) regulates translation of brain 

ferritin mRNA, one might ask, "Is there a brain specific, aluminum-responsive element 

(ARE)? If so, would it also explain the microheterogeneity of H chain(s) of brain ferritin 

reported recently33? Is the genetic message for brain ferritin in normal brain altered in 

Alzheimer's brain? Could such alterations be familial and/or susceptible to environmental 

stress? In vivo, is the iron stored by brain ferritin released at the same rate as that stored in 

ferritin in other tissues?" 

Current experiments in our laboratory strongly suggest that the regulation of ferritin 

mRNA in AD brain is different than in normal brain (Dhar and Joshi, manuscript 

submitted). Whether such regulation is cell-type specific is yet to be established. In this 

context, increased association of ferritin with senile AD plaques and in the substantia nigra 

recently reported by Jellinger et al.46 confrrms the earlier reports34. In these studies, 

ferritin accumulation was detected by employing polyc1onal antibodies against human liver 

ferritin, which contains L as weH as H chain. In contrast, Dexter et a1.47 observed 

decreased ferritin in Parkinson's Disease brain using monoclonal antibodies against spleen 

ferritin, which is composed predominantly of L chain. Taken together, a disease dependent 

regulation of ferritin H chain appears possible. 

A schematic model of aluminum and iron interaction is proposed in Fig. 1. It must 

be emphasized that the effects of aluminum listed above and in Fig. 1 do not have to occur 

in the order given. This is especially true for brain which has built-in compensatory 

mechanisms. Sirnilarly, formation of AP may not be the cause of AD but rather an.rnd 

result of the disease. But assuming that the reaction !}-APP => ß-AP, aprerequisite for 

plaque formation is also aprerequisite for AD, the minimum condition for the reaction are 

the presence of ß-APP and protease(s). The reaction would be hastened if ß-APP is made 

more susceptible to proteolysis by prior oxidative damage (thus, requiring iron and 

oxygen) and a pH of 6.5 and aluminum to permit proteolysis inspite of the presence of the 

bPTI-like inhibitory sequence in it. Any variations in any of these conditions would affect 

the amyloid formation and also would offer an explanation for variations in the 

susceptibility of different individuals to AD. This may inc1ude "genetic predisposition" and 

the familial AD which constitute about 20% of the total cases. This unified hypothesis is 

particularly attractive for it recognizes the fact that all the differences between normal and 
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AD brains are Quantitative but nQ1 Qyalitative. Lack of elevated aluminum reported by some 

workers maybe compensated for by increased free radical mediated damage to !3-APP and 

membranes. The mutant ß-APP reported in some cases of familial AD48 may have a 

tertiary structure that is more susceptible to oxidative damage and/or proteolysis. 

Therefore, it is the critical mass of colocalized errors which may lead to the biogenesis of 

self-aggregating ß-AP and consequently to the AD plaques. 

environmental insults 

AI (inert) -------------------------------------> AI (bioavailable) 
~ 

~ 

Transferrin-Iike proteins in blood and olfactory tract 
~ ~ 
~ aging & resorption ~ 

B one --•.• -•. -••. -•. -.- .•.•..••••.••••••.• > brain 
~ 

~ 

Altered functions of hexokinase, G6PD, calmodulin, ferritin 

/ 
~------------

Oxygenated free radicals <....... Iron overload (microglia) 
~ 

~ 

Protein modification, lipid peroxidation, plaque formation 

Fig. 1. Schematic model of possible interactions and detrlmental effects between 

aluminum and iron in brain metabolism. 
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RNA METABOLISM IN HUMAN BRAIN DURING AGING AND IN 

ALZHEIMER'S DISEASE: RNA SYNTHESIS IN THE NUCLEI ISOLATED 

FROM POSTMORTEM BRAIN TISSUE 
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INTRODUCTION 
One of the major hindrances to carrying out the molecular research on the 

Alzheimer's Disease has been the absence of a satisfactory animal model. For this reason, 

we previously employed postmortem human brain tissue to probe the mechanism(s) 

responsible for the development of the brain lesions characteristic of AD pathology (Sajdel

Sulkowska et al. 1983a; 1983b; 1988a; Salim et al. 1988, Zain et al. 1988). As an 

extension of these earlier investigations, we explored the possibility of RNA synthesis in 

the postmortem human brain tissue directly. Such a possibility was suggested by several 

lines of experiments indicating preservation of specific cellular structures and functions up 

to 40 hours following the death (Berg et al., 1974; McKeown, 1978; Shishkin and 

Nikitina, 1977; Spokes 1978; SajdelSulkowska et al. 1988a). The ability to measure the 

RNA synthesis in the human tissue directly is of a potential significance since altered 

transcriptional process has been implicated in AD brain by in vitro studies (Lewis et al. 

1981; Marotta et al. 1986) and low levels of protein synthesis observed in living patients 

with Alzheimer's disease (Bustany et al. 1981, 1983). 

Initial studies from this laboratory involved measuring RNA synthesis under 

organotypic tissue culture conditions (Sajdel-Sulkowska, Manz, and Marotta, 1990). 

However, the low specific activity of the labeled product precluded further characterization 

of the RNA In the current studies, the RNA synthesis was measured in the isolated nuclei 

preparations. The high specific activity of RNA labeled with 32p aBowed us to employ 

ribonuclease proteetion assay. This assay, as weB as RNA-PCR technique, allowed us to 

examine the nature of newly made RNA. The methodology of these studies should be 

applicable not only to test the hypotheses concerning altered transcription as a factor in 
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molecular pathogenesis of AD, but also to investigations of brain RNA metabolism during 

nonna! aging and a wide range of neuropsychiatric disorders. 

RNA synthesjs by postmortem brajn tjssue under orgaootypjc culture 
conditions 

The conditions for incorporation of uridine by postmortem human brain tissue were 

based on studies of RNA metabolism in rodent brain (Watanabe, 1982; Giesing and 

Zilliken, 1980; Oehmichen and Zilles, 1984; Neto et al., 1983; Choi and Lapham, 1974; 

Satomi, 1983; Wiesman et al., 1980; Hansson and Partlow, 1980; DeBoni et al., 1984; 

Gahwiler, 1981; Lennette, 1975; Serra et al., 1983, 1985). The incorporation of 

radiolabeled uridine into RNA was quantitated according to the procedure of Munro and 

Fleck (1966) and expressed in terms of: 1. synthetic activity (radioactivity in the alkaline 

hydrolysed fraction of the homogenate normalized to the amount of DNA estimated by 

diphenylamine method); 2. specific activity (radioactivity normalized to the amount ofRNA 

estimated by orcinol method). Altematively the specific activity of phenol extracted RNA 

was measured directly. 

Cortical tissue specimens from a total of 29 control and Alzheimer's Disease cases, 

56-91 years of age, with postmortem intervals of 1.0-30 hours were examined. When 

incubated under organotypic tissue culture conditions, autopsied tissue incorporated 

[3H]uridine into alkaline hydrolysed/phenol extracted material for at least 90 min. (Fig 1) in 

cultures prepared from nondemented control and AD postmortem brains. 

The specific activity of RNA extracted with phenol from human sampies ranged 

from 2.1 to 8.8 x 105 dpm/mg RNA. By comparison, the fresh mouse tissues had specific 

activity value of 17.9 x 105. These results were comparable to earlier animal data. 

Giuffrida and coworkers (Serra et al., 1984, 1985) reported specific activity values of 12.0 

- 45.0 x 105 dpm/mg for RNA extracted from fresh rat cerebral brain cultures. 

Incorporation ofradiolabeled nucleotide was partial1y sensitive to actinomycin D and a

amanitin; DRB, an initiation inhibitor (Sehgal et al., 1976), produced nearly total inhibition 

(97.5%) of labeled uridine incorporation. The labeled product was sensitive to 

ribonuclease. These results are consistent with the presence of DNA-dependent RNA 

synthesis. 

Analysis of the RNA on denaturing agarose gels (Fig. 2) indicated that the 

radioactivity in human brain RNA was mainly associated with the region of 18S to 28S. 

RNA synthesis in the nuclei isolated trom postmortem human brain 
tjssue 

Due to the low specific activity of RNA labeled with tritiated uridine, further 

characterization of labeled product was virtually impossible. In order to utilize 32P-Iabeled 

UTP, the nuclei were prepared from the postmortem brain tissue of one control and two 

AD cases using sucrose procedure (Jacob, Sajdel and Munro, 1969). The nuclei were 

incubated in presence of 32P-labeled UTP under conditions favoring polymerase 11 activity 

and the synthesis of mRNA. The specific activity of RNA extracted with phenol was 1.3 x 
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Fig.1. Time course of [3H]uridine incorporation into RNA extracted 
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109 dpm/mg RNA or approximately four orders of magnitude higher than the value 

observed under tissue culture conditions. This high specific activity of RNA allowed us to 

examine the nature of newly made RNA. 

Characterjzatjon of BNA synthesjzed by nuclej jn vjtro 

In order to identify specific mRNA that may be synthesized by isolated nuclei in 
YitrQ, we have performed a ribonuclease protection assay (RP A) that allows identification 

of specific RNA species in a complex mixture of cellular RNA. In a conventional RP A 

assay, a labeled probe complementary to the target RNA is prepared. This is most 

frequently accomplished by inserting the probe fragment into plasmid containing T3, 17, or 

SP6 promoter and using the respective RNA polymerase, the radiolabeled antisense RNA 

of highly specific activity is generated. The labeled probe is hybridized to RNA and after 

hybridization, the mixture is treated with ribonuclease to degrade single stranded 

unhybridized probe. Labeled probe complimentary to RNA in the sampie mixture will be 

protected and can be detected following separation on a polyacrylamide. In order to detect 

a newly made radiolabeled mRNA, we used an unlabeled 140 bp human actin probe 

prepared from a plasmid containing SP6 promoter (manuscript in preparation). Phenol 

extracted RNA was hybridized with unlabeled actin probe. Following hybridization at 

42°C ovemight, the hybrid was digested with RNaseA!fl. The RNase-digested samples 

were analyzed on a 5% polyacrylamide gel (Fig. 3). The position of the radioactive band 

corresponding to the size of the actin probe can be observed in lane 2, indicating that actin 

mRNA is synthesized de novo by the nuclei prepared from the human postmortem brain 

tissue. 

In the second set of experiments, the RNA-PCR method has been applied to 

identify specific de novo synthesized RNA. Isolated nuclei were incubated with biotin-21-

UTP and the biotynylated RNA was subtracted using avidin-coated magnetic beads. 

(Sajdel-Sulkowska et al. manuscript in preparation). This method resulted in the isolation 

of newly made mRNA. In order to eliminate the nonspecific binding of RNA to the beads, 

32p RNA was coprocessed in parallel. cDNA was prepared using oligo dT and amplified 

with a pair 21-mer amyloid specific primers. The PCR products were isolated on 3% 

agarose gel and visualized by ethidium bromide staining (Fig.4). One can observe a 200 

bp band in the PCR product corresponding to cDNA prepared 

from biotynylated RNA but not from the 32P-Iabeled control. These results suggest that the 

nuclei preisolated from the human postmortem brain tissue synthesize the mRNA for 

amyloidprotein. 

Relatively few studies have explored the possibility of RNA synthesis in 

postrnortem tissue. Postmortem RNA synthesis was studied up to 24 hours in rat liver and 

skeletal muscle by Fomenko and Rebrov (1979). They concluded that the ability of 

postmortem tissue to synthesize RNA is more preserved in muscle tissue (75% and 53% at 

6 and 12 hours postrnortem) than in liver (50% and 30% at 3 and 8 hours). We did not 
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Fig. 4. PCR amplification of RNA synthesized by nuclei isolated from 
human postmortem brain tissue from AD case (73 yrs of age, 5.2 hrs) 
in absence (Iane I) or presence (Iane 2) of biotin-21-UTP and 
subtracted with avidin. cD NA was amplified with a pair of 21-mers 
specific for amyloid. Lane 3 shows amplification in absence of 
cDNA. 
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observe a significant change in RNA synthesis in mouse cortex with postmortem intervals 

of up to 6 hours when incubated under organotypic tissue culture conditions. Postmortem 

transcription studies may ultimately shed light on the contribution, if any, of transcriptional 

processes to reductions in AD brain RNA levels. Dur initial comparison of RNA synthesis 

in postmortem brain tissue from control and AD cases, incubated under organotypic culture 

conditions, should now be reevaluated using the isolated nuclei. 

SUMMARY 
The present studies provide experimental evidence for the preservation of 

transcriptional processes in the postmortem human brain. Cortical tissue specimens from a 

total of 29 control and Alzheimer's Disease cases, 56-91 years of age, with postmortem 

intervals of 1.0-3.0 hours were examined. When incubated under organotypic tissue 

culture conditions, autopsied tissues incorporated [3H]uridine into alkaline hydrolysed 

material for at least 90 min. Incorporation of labeled nucleotide into hydrolysate or in 

phenol extracts was sensitive to Actinomycin D, a-amanitin and DRB. The specific activity 

ofRNA ranged from 2.1-8.8x105 dpm/mg RNA. 

Nuclei prepared from the postmortem tissue incorporates 32p UTP to the specific 

activity of 1.3 x 109dpm/mg RNA. The high specific activity of RNA synthesized by 

nuclei allowed us to characterize newly made RNA. Two lines of experiments: 

ribonuclease protection assay and RNAPCR suggest that the RNA synthesized by the 

nuclei prepared from the human postmortem tissue reflects the RNA normally made in 

vivo. 

CONCLUSIONS 
Dur results are consistent with the interpretation that the transcriptional process of 

the human cortex remains partially intact for a limited time after clinical death. The methods 

described here appear suitable for postmortem brain transcriptional studies and broaden the 

scope of research that can utilize human postmortem tissue. As a result, questions 

concerning the regulation of transcription in human brain tissue can be addressed. One can 

evaluate total transcriptional activity as weIl as the synthesis of specific mRNA species of 

interest in control and AD postmortem brain tissue. Such a comparison should be helpful 

to assess possible contribution of transcription to molecular defect in AD. In addition, the 

effect of different factors, both physiological and pharmacological, on the metabolism of 

human brain RNA can be measured direct1y. We believe that these findings open a new 

window into the molecular approach to uniquely human neuropsychiatric disorders such as 

Alzheimer's Disease. This research was supported by Alzheimer's Disease Research (a 

program ofthe American Health Assistance Foundation), the National Institute on Aging 

Grant AG02126, the Axelrod Family Fund, the Katherine Smith Bolt Fund, and the 
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REGULATION OF GLUTAMATE RELEASE IN AGING 

Michael I. Meldrum, Patricia Moran, and Ralph Dawson Ir. 

Department of Pharmacodynamics, College of Pharmacy 
University ofFlorida, JHMHC BOX 100487 
Gainesville, Florida 32610 

INTRODUCI10N 

Several recent studies have reported that in hypoxie, ischemic and hypoglycemic

induced neuronal death, the necrotic changes appear to be due to an excessive release of 

excitatory amino acids (glutamate and aspartate)I.2.3.4. Competitive and noncompetitive 

antagonists have been shown to block or decrease neuronal cell death induced by these 

excitatory amino acids5•6•7 and have confirmed the specificity and importance of excitatory 

amino acids in excitotoxicity. Together these data suggest that within the central nervous 

system, the excessive or unregulated release of excitatory amino acids may playa 

predominant role in mediating neuronal cell death. 

The aging brain like the brain in neurodegenerative diseases is characterized by a 

decrease in weight and concomitant loss of neurons8•9. The exact mechanisms for the 

neuronalloss in aging and neurodegenerative diseases are not weIl understood. However, 

several studies have suggested a role for amino acid induced excitotoxicity in 

neurodegenerative disease such as Huntington's disease, Parkinsons disease, Amyotrophic 

lateral sclerosis, Olivopontocerebellar degeneration and Alzheimer's disease. Alzheimer's 

disease has received particular attention in terms of amino acid neurotransmitters since 

reductions in glutamate content, 3H-D-aspartic acid uptake and N-methyl-D-aspartic 

(NMDA) acid receptor number have been shown in postmortem tissue sampies from 

Alzheimer's patientslO.ll.12. The decrease in glutamate function particularly in the 

hippocampus and temporal cortex of Alzheimer's patients is very interesting with respect to 

the known role of glutamate in long-term potentiation and memory function in these brain 

areas. The abnormal or unregulated release of glutamate from nerve terminals over time 

would induce damage which eventually may lead to dysfunction and cell death. Therefore, 

further work is needed to determine the role, if any, of excitotoxicity in the neuronal cell 

death associated with aging and age related dementias such as Alzheimer's disease. 
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The regulation of the glutamate neuron in both normal and abnonnal situations is 

very important to our understanding of how the excitotoxic process may produce alterations 

in cell function which may lead to cell death. Because of the excitotoxic nature of excess 

glutamate, very tight presynaptic regulation of glutamate synthesis and release would seem 

to be a requirement to maintain normal neuronal function and to prevent excess glutamate 

from having detrimental effects. The hypothesis for the neurotoxic effects of excitatory 

amino acids in aging and Alzheimer's disease suggests that this exact regulation of 

glutamate neuronal function becomes less rigid during aging or the development of disease 

and that the excess glutamate accumulates in the synaptic cleft which overtime may lead to 

neuronal damage. A corollary of this hypothesis is that the abnormalities in release, 

synthesis and storage would of necessity be fairly small and be sustained over long periods 

of time as large increases in glutamate in the synapse would lead to severe damage in very 

short time periods. Therefore the determination of glutamatergic neuronal function in 

normal and aged brain is important. 

GLUTAMATE RELEASE IN SLICES OF ADULT AND AGED RAT BRAIN 

In an effort to understand the functioning of the glutamate nerve tenninal we have 

investigated glutamate release using an in vitro brain slice preparation from young and old 

rats. Bmin slices were obtained from the frontal and temporal cortex as well as the 

hippocampus of adult (6 month) and aged (24-28 months) male Fischer 344 (F344) rats. 

The slices were incubated in Krebs-Ringer-Bicarbonate buffer (KRB) in a shaking water 

bath maintained at 37 0 C bubbled with 95% 02 5% C02. The slices were incubated in 

minivials and serially transferred to new vials containing fresh warmed KRB at 5 minute 

intervals. The release of glutamate was induced by KRB buffer containing elevated 

potassium (56 mM) isotonically substituted for sodium. Two methods were used to 

quantitate the release of glutamate; in some experiments endogenous glutamate was 

measured, while in other experiments 3H-D-Aspartic acid (3H-D-ASP) was used. 3H-D

ASP was used as a marker for glutamate because it has been shown to share a common 

neuronal uptake pathway, is resistant to metabolism and appears to mimic glutamate release 

in the hippocampus. Endogenous glutamate release was measured by HPLC13, while 3H

D-ASP was measured using scintillation counting techniques. 

Glutamate release was reliably increased 3-5 fold over the basal release levels using 

this experimental design and release levels retumed to baseline in the fraction after the 

removal of the high potassium. The stimulation induced endogenous glutamate release was 

over 95% calcium dependent while the 3H-D-ASP release was approximately 85% calcium 

dependent. Uptake of 3H-Glutamate was also measured and found not to be different 

between young and old brain slices 13 . Comparisons in normal young animals of the dose 

response curves for temporal cortex and hippocampus release of endogenous glutamate and 

3H-D-ASP are shown in figure 1. Twenty millimolar potassium failed to significantly 
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Fig.l Dose response curves for endogenous glutamate and 3H-D-Aspartic acid (3H-D
ASP) release by KCI from temporal cortex and hippocampus of young rats. 
Significant levels of release were not seen until 40 mM KCI was used as the 
stimulus. The release also did not appear to plateau at the highest levels of KCI 
stimulation. 

increase glutamate release in either the cortex or the hippocampus; 3H-D-ASP release was 

also not significantly elevated by 20 mM KCl. Higher KCI concentrations produced 

significantly larger increases in glutamate release. A very interesting point of these curves is 

that glutamate release did not appear to plateau even at concentrations of 70-100 mM KCl. 

These release profiles are different from those seen with the classical neurotransmitters 

such as catecholamines from the same brain areas. Significant catecholarnine release can be 
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measured at 20 mM KCI and reaches a plateau around 56 mM KCI and then usually 

declines at higher levels of stimulation. There is some evidence to suggest that at the higher 

levels of stimulation some of the glutamate released may be from the metabolie pool and not 

from the neurotransmitter pool. It mayaiso be possible that the elevated potassium or 

lowered sodium may impede the neuronal reuptake mechanism, thereby leading to 

increased glutamate levels. At the highest levels of stimulation the glutamate uptake carrier 

has also been suggested to operate in reverse14• These data suggest that glutamate is also 

not easily released in response to low levels of stimulation. This is also a factor that could 

be of benefit in normal glutamate neurons to protect the brain from the excitotoxic effects of 

glutamate. Comparisons of glutamate and 3H-D-ASP release have also been made in adult 

and aged Fischer 344 rats13,15. In the frontal cortex, glutamate release induced by 56 mM 

KCI showed no significant differences between the adult and aged animals13. In the 

hippocampus glutamate release was slightly higher in each experiment in the aged than 

adult animals but did not re ach statistical significance (Figure 2). 3H-D-ASP release 
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Fig. 2. Endogenous glutamate release from hippocampus of young (8 month) and aged 
(28 month) Fischer 344 rats. Fraction 1 and 3 represent basal release and fraction 2 
represents 56 mM KCl induced release. All aged animals showed increased release 
over young animals however the variability exc1uded any statistical differences. 

induced by 56 mM KCl was also measured in frontal cortex and hippocampus of adult and 

aged F344 rats. 3H-D-ASP release in the frontal cortex like endogenous glutamate was not 

different between the two ages. In the hippocampus 3H-D-ASP release was again elevated 

in each experiment but because of the variability of the aged animals did not reach statistical 

significance (Figure 3). These trends toward elevated glutamate release in hippocampal and 
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cortical slices of aged F344 rats are even more provocative when one considers that total 

tissue content of glutamate is decreased 9-18 % in these regions in aged rats16. 

In an effort to evaluate the release process more closely in aged rats, 3H-D-ASP 

release was measured in a superfusion system where release was evoked by electrical field 

stimulation. This system allowed one to construct release response curves to several 

frequencies of stimulation in the same slice preparation. Stimulation frequencies of 2, 5, 

10, 15 and 20 hertz (Hz) were examined in both the temporal cortex and hippocampus13. 
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Fig. 3 ~H-D-Aspartic acid release from frontal cortex and hippocampal slices in 6 and 28 
month Fischer 344 rats. Release was induced by 56 mM KCl. The values shown 
are the per cent fractional release of 3H-D-ASP during the stimulation period. 
Release was not different in cortex and again all aged animals showed increased 
release however variability exiCluded any statistical differences. 

In these studies like the studies using KCI, moderately high frequencies of stimulation were 

required to induce release. Frequencies of 2 and 5 Hz did not induce 3H-D-ASP release 

that was significantly above baseline. A frequency of 10 Hz significantly increased release 

in the hippocampus in both adult and aged animals; however the increase in the aged 

animals was about double the increase seen in the adult animals (Figure 4). 

At higher frequencies the aged animals did not maintain the high release rates; 

however the adult animals maintained the similar release rates at 10, 15 and 20 Hz. The 

temporal cortex showed similar results except the maximal increase in the aged animals was 

not seen until 15 Hz. These data suggest that 3H-D-ASP release is increased in the aged 

animals under certain circumstances. Further studies are needed to document the 
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circumstances under which this increase occurs and to determine if the increase is 

maintained over extended periods of time. 

Glutamate neurotransmitter release has been shown to be regulated at several 

different levels within the nerve terminal itself. These include : 1) the availability of 

glutamine as aprecursor; 2) presynaptic receptors present on the nerve terminal; 3) the 

availability of calcium within the nerve terminal; and 4) the availability of glucose and the 

energy status of the neuron. It is important to understand the functioning of all of these 

systems in both normal and aged animals, therefore we will discuss how each of these may 

effect glutaminergic neuronal function. 
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Fig. 4 Frequency dependent release of 3H-D-ASP from hippocampal slices of 6 and 28 
month Fischer 344 rats. Slices were superfused and electrically stimulated (5 volts, 
1.5 msec duration) at frequencies of 2,5, 10, 15, and 20 Hz. Aged animals 
released significantly more 3H-D-ASP at 10 Hz than did 6 month animals. 

PRECURSOR CONTROL AND REGULATION OF GLUTAMATE RELEASE 

Substantial evidence exists supporting a role for glutamine (GLN) as a major 

precursor for the synthesis of neurotransmitter glutamate. Studies that have compared 

GLN and glucose as precursors of transmitter glutamate have consistently shown that GLN 

was more effective than glucose in labeling a releasable pool of glutamate in 

synaptosomes17, brain slices18 and in vivo studies19• The inhibition of GLN synthetase 

results in the decreased release of glutamate which is correlated with the degree of GLN 
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synthetase inhibition and can be reversed by GLN supplementation20. Studies have also 

shown that GLN supplementation of the incubation media can significantly enhance 

stimulated glutamate release from brain slices18.21 and synaptosomes17. McMahon and 

Nicholls22 have suggested that the increase in glutamate release seen after GLN loading is 

not reflective of the calcium-dependent neurotransmitter pool, but is due to 

extrasynaptosomal glutaminase activity. Our studies with brain slices13 clearly shows that 

GLN efflux decreases with increasing incubation times and it is logical to assurne that GLN 

supplementation of the incubation or superfusion media replenishes GLN lost from the 

nerve terminals due to outward diffusion. Moreover, we have shown that when 

ammonium chloride is present in the media, brain slices will rapidly convert it to GLN and 

both extracellular and tissue content of GLN increases23. Ammonia, however is a potent 

inhibitor of neuronal phosphate activated glutarninase (PAG)24.25.26 and although 

extracellular GLN concentration is increased 2-3 fold by 2.5 mM ammonia chloride, there 

was no increase in potassium stimulated glutamate release23. This suggests that when 

PAG is inhibited by ammonia there is no potentiation of glutamate release by elevated 

GLN. Fan et al27 have reported similar fmdings on the effects of ammonia on glutamate 

release. Previous studies have shown that inhibition of synaptosomal PAG activity by the 

irreversible inhibitor 6-diazo-5-oxo-norleucine significantly inhibits stimulated glutamate 

release25.28. Evidence also suggests that GLN newly taken up by neurons is converted by 

PAG into glutamate that is in a releasable poo129. Studies of cultured cerebellar granule 

cells also support the notion that the transmitter pool of glutamate is rapidly replenished 

with newly synthesized glutamate derived from GLN30. Thus the data on GLN 

supplementation and the effects of ammonia on GLN formation and PAG inhibition would 

suggest GLN serves as aprecursor for a pool ofreadily releasable glutamate which is 

sensitive to PAG inhibition by both ammonia and glutamate. 

Erecinska et apl has suggested that neuronal depolarization augments PAG activity. 

PAG activity is potentiated by calcium, but it is generally thought phosphate is the major 

positive physiological regulator of PAG31.32. Glutamate synthesis by glutaminase is 

tightly regulated through feedback inhibition by both products of the hydrolysis of GLN 

(glutamate and amrnonia). PAG is also inhibited by protons and has a pH optimum in the 

range of 8.5-9.()33. We have found that ammonia inhibition of PAG activity is 

significantly attenuated in the striatum and temporal cortex, but not hippocampus of aged 

rats (F344 and Sprague-Dawley)23.34. This suggests alterations in PAG activity during 

aging may disrupt the regulation of glutamate release by interfering with the normal 

feedback inhibition of glutamate on its own synthesis. Furthermore, both phosphate and 

calcium activation of PAG in the hippocampus was significantly attenuated in aged rats34• 

Therefore, the precursor control of glutamate release by GLN may be disrupted in aging 

due to age-related and brain specific changes in PAG regulation. These findings are of 

special interest due to the 10ss of glutaminase activity and reductions of glutaminase

positive neurons in cortical areas from Alzheimer's patients35.36. 
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PRESYNAPTIC MODULATION OF GLUTAMATE RELEASE 

The presynaptic modulation of neurotransmitter release is an important factor in the 

regulation of glutamate. To prevent excitotoxic damage within the brain regulation of 

glutamate release requires very precise control of transmitter release. There are several 

separate systems of presynaptic receptors which have been suggested to regulate glutamate 

release. These include receptors for kainic acid, adenosine, adrenergic and cholinergic 

agonists. There are, however, conflicting reports in the literature on the effects of each of 

these systems and part of the problem in interpreting these studies is the use of different 

brain areas for testing the effects; the use of variable levels of stimulation to induce release; 

and conflicting data obtained from brain slices and those obtained in synaptosomes. 

Therefore the presynaptic modulation of glutamate will be discussed in terms of studies we 

have preformed in brain slices. 

Ferkany and Coyle37 reported that kainic acid enhanced the release of glutamate . 

from brain slices. Others have reported the enhancement of potassium stimulated glutamate 

release by kainic acid from synaptosomes38,40. Our own13,15 studies in cortical and 

hippocampal slices have failed to show any enhancement of endogenous glutamate release 

by 1 or 5 mM kainic acid either alone or in the presence of 56 mM KCl. The results were 

similar in both adult and aged F344 rats. Martin et al41 and Connick and Stone42 have also 

reported the failure of kainic acid to stimulate glutamate release by itself. It has recently 

been suggested that kainic acid may inhibit the sodium-dependent glutamate reuptake 

system thereby increasing glutamate in the incubation media38,43 and this effect rnay lead to 

some of the confusion on the effects of kainate. 

Adenosine has been shown to inhibit significantly the release of glutamate in 

hippocampal brain slices and synaptosomes39,44,45. Adenosine at a concentration of 30 

~ inhibits glutamate release approxirnately 60 %45. In experiments using our protocol 

adenosine (30 IlM) was able to inhibit the release of endogenous glutamate to the same 

extent as reported by Burke and Nadler45. There was, however, no difference in the 

inhibitory effects of adenosine in the young (6 month) or old (28 month) F344 rats on the 

release of endogenous glutamate( 64 vs 67% inhibition respectively, n=5). 

Studies carried out so far on the possible regulation of the release of glutamate by 

cholinergic and adrenergic agents have provided conflicting results. The observations seem 

to suggest the results depend on the type ofpreparation (synaptosomes vs brain slices), the 

particular brain area tested (cortex, striatum, hippocampus, cerebellum) and whether 

endogenous glutamate or 14C-glutamate or 3H-D-ASP were used to monitor release46-54. 

These disparate findings are reviewed with respect to glutamate release in the cerebellum by 

Levi and Gall054. Because of the conflicting data we initiated studies to exarnine adrenergic 

and cholinergic regulation of endogenous glutamate release from rat cortical slices. Brain 

slices were incubated as described previously. The slices were stimulated twice at 30 

minute intervals, the first stimulation was done in normal KRB and the second stimulation 

was done in the presence of the adrenergic or cholinergic agent tested. The data are 
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expressed as apercent of the control ratio of the second stimulation (S2) divided by the fIrst 

stimulation (SI). The test compounds were added togetherwith the 56 mM KCl. 

Carbachol and pilocarpine (10 ~) both increased glutamate release signifIcantly (132 and 

139 %) compared to the control (fIgure 5). Pilocarpine (1I!M) elevated release but not 

signifIcantly. The increase in release by carbachol was blocked by the presence of 1 J,JM 

atropine, but was not blocked by the presence of 1 J,JM perenzepine, suggesting the increase 

in release was due to an action of cholinergic agonists on muscarinic M2 type receptors. 

Flint et al47 reported similar levels of stimulation by carbachol of glutamate release in their 

studies. Millan et al55 have recently reported using in vivo microdialysis that pilocarpine 

signifIcantly elevated both glutamate and aspartate release in dorsal hippocampus. This 

increased release was blocked by atropine. Guanabenz (10 I!M) produced a large (56%) 

increase in glutamate release, while clonidine (10 I!M) produced a more moderate increase 

(20%). Isoproterenol, on the other hand, did not signifIcantly increase the release of 

glutamate during the second stimulation (fIgure 5). This is in contrast '10 Dolphin46 who 

reported ~-adrenergic agonists enhanced glutamate release. Phenylepherine also failed to 

increase glutamate release signifIcantly suggesting the adrenergic effects were not mediated 

through alpha 1 or beta adrenergic receptors. Bromocriptine was tested as a dopaminergic 

agonist to determine if dopamine receptors modulated cortical glutamate release like that 

seen in the striatum53. Bromocriptine (100 I!M) was very effective in inhibiting glutamate 

release both in cortex and hippocampus.(fIgure 5). The level of inhibition of glutamate 

release by bromocriptine was similar to that reported for dopamine (100 ~) by Flint et 

a147. Further studies are needed to examine the function of cholinergic and adrenergic 

agonists on glutamate release in aging animals, especially since both the cholinergic and 

adrenergic systems are altered in Alzheimer's disease. 

REGULA nON OF GLUT AMA TE RELEASE BY CALCIUM 

The influx of extracellular calcium is known to be aprerequisite for 

neurotransmitter release. As mentioned previously the release of endogenous glutamate 

and 3H-D-ASP were both shown in our studies to be highly dependent on extracellular 

calcium for release to occur. The exact mechanism and route of calcium entry into the 

neuron, in order to facilitate release, is not completely understood. The neurophysiological 

evidence suggests the existence of three separate voltage-sensitive calcium channels 

involved in the influx of extracellular calcium. The voltage-sensitive channels have been 

labeled L (long), T (transient) and N (neuronal) (for review see56). The N type channel 

has been suggested to be the channel involved in the influx of calcium necessary for 

neurotransmitter release from the neuron55. 

Omega-conotoxin GVIA is a potent voltage-sensitive calcium channel antagonist 

which has been shown to inhibit norepinephrine, dopamine, serotonin, GABA, and 

acetylcholine release within the central nervous system57. In an effort to evaluate whether 

differences in calcium activated glutamate release occurred in the aging process, we 
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examined the effects of conotoxin on 3H-D-ASP release15. Brain slices from hippocampus 

and temporal cortex were obtained from adult (6 month) and aged (30 month) F344 rats. 

Tbe slices were stimulated twice electrically (15 Hz, 40 volts, 1.5 msec duration) and the 

release of 3H-D-ASP was measured. Conotoxin (5xlO-9 M) was present 30 minutes prior 

to the second stimulation. This protocol inhibited 3H-norepinephrine release from similar 

hippocampal slices by 60 %. Interestingly, conotoxin failed to inhibit the stimulated release 

of 3H-D-ASP at either age or in either brain area (figure 6). Mangano et al58 have also 

recently reported the failure of conotoxin to inhibit stimulated 3H-D-ASP release in 

hippocampal slices; however, verapamil, diltiazam, and dextromethorhan, all L type 

channel antagonists did inhibit stimulated release. Barnes and Davies59 have also reported 

that verapamil and diltizam inhibit endogenous glutamate release over similar concentration 

ranges as was seen with 3H-D-ASP. 

In an effort to examine the type of calcium channel involved in 3H-D-ASP release, 

experiments were done using neomycin, which is an aminoglycoside antibiotic whose 

neurotoxicity is thought to be mediated through voltage-sensitive calcium channels60. 

Neomycin in !iM concentrations interacts primarily with the N-type channel while at mM 

concentrations it can effect L-type channels61 . 3H-D-ASP release was measured in 

experiments using neomycin present during the second stimulation. Three micromolar 

neomycin had no effect on stimulated 3H-D-ASP release in either hippocampus or temporal 

cortex. Neomycin (lmM) produced approximately a 50 % inhibition of stimulated release 

in both brain areas (Figure 6). These data suggest that a nonconventional calcium channel 

may be involved in the release of glutamate. Tbe presence of a novel calcium channel on 

glutamate terminals needs further investigation. 

REGULA nON OF GLUT AMA 1E RELEASE BY GLUCOSE A V AlLABILITY 

Tbe excessive and uncontrolled release of excitatory amino acids are thought to be 

responsible for the neuronalloss which occurs due to severe hypoglycemia3.62. Both 

glutamate and aspartate release from brain tissue is elevated when the glucose concentration 

is reduced either in viv061 or in vitr063.64.65. Interestingly, hypoglycernia seems to 

preferentially increase aspartate release and aspartate is a more potent agonist at the NMDA 

receptor than is glutamate. The effects of 30 minutes of glucose deprivation on glutamate 

release from cortical slices ofyoung (6 month) and old (30 month) F344 rats is presented 

in figure 7. The results of this experiment shows that glucose deprivation alone does not 

stimulate basal release, but in the presence of 56 mM KCI there is a significant potentiation 

of glutamate release when compared to KCI-stimulated amino acid release in the presence 

of 11.1 mM glucose. There were no age-related differences in glutamate release in 

response to glucose deprivation. It is of interest to note that aspartate release was not 

significantly stimulated by KCI except under the conditions of hypoglycemia (unpublished 

observations). These data also emphasize the importance of GLN as aprecursor of 

glutamate since glutamate release was enhanced in the absence of extracellular glucose. 
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Aspartate and glucose are linked metabolically by the enzyme aspartate 

aminotransferase66•67• Thus, reduction in the availability of glucose appears to shift the 

equilibrium of aspartate aminotransferase in the direction of increased cytosolic aspartate 

production. Novolli et al68 have shown that the excitotoxicity of NMDA agonists is 

enhanced when there is decreased availability or utilization of glucose. Normal aging and 

Alzheimer's disease are associated with deficits in brain glucose utilization and energy 

metabolism69•70. Therefore, in aging and Alzheimer's disease both the pre-and 

postsynaptic mechanisms responsible for mediating excitotoxicity are potentially enhanced. 

Further studies are needed to examine the link between neuronal metabolism and the control 

of excitatory amino acid release in aging. 

CONCLUSIONS 

The studies presented in this paper have been an attempt to understand the control 

and release of glutamate in normal and aged animals. Glutamate has the potential to be a 

potent neurotoxin while at the same time it functions as an excitatory neurotransmitter 

playing a major role in leaming and memory. Therefore it is important to understand the 

control and regulation of neurotransmitter glutamate to determine if defects in regulation 

lead to endogenous glutamate functioning as a neurotoxin. There does appear to be age 

associated increases in 3H-D-ASP release in aged F344 and age associated differences in 

the precursor regulation of glutamate in F344 rats. There also appears to be a modified 

calcium channel involved in the release of glutamate which needs to be evaluated for age 

associated effects. The wide spread interest in glutamate receptor subtypes and its 

excitotoxicity require a much deeper understanding of glutamate regulation and the effects 

of aging in order to understand completely the function of neuronal glutamate 
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INTRODUCTION 

Alzheimer's disease (AD) is a neurological disorder that largely affects the elderly 

population (mean onset = 7th-8th decade of life) and is characterized behaviorally by a 

progressive loss of both memory and cognitive function (1,2). AD occurs more frequently 

in females than males (1,2) and is generally associated with patients that weigh less and 

have decreased body fat composition (3-5). The survival time from the time of clinical 

determination of the disease to death is quite variable and ranges between 2 imd 10 years 

with death ultimately caused by bronchiopneumonia or cardiovascular collapse (6,7). 

Neuropathological changes associated with AD include a marked neural degeneration 

and cellioss primarily within the cerebral cortex and hippocampus which is characterized 

by large numbers of senile plaques and neurofibrillary tangles throughout these two brain 

regions (1,2,8). The senile plaques consist of clusters of degenerating neurites surrounding 

a central core containing aß-amyloid protein. The ß-amyloid protein has also been shown to 

be a component of the paired helical filaments found in the neurofibrillary tangles (8). 

Early studies investigating the neurochemical changes associated with AD have 

clearly established that cholinergic function in the basal forebrain, cortex and hippocampus 

is severely compromised in AD patients (1,2,9-11). Further, the degree of cholinergic logs 

to these brain structures appears to correlate positively to the severity of dementia (1,2,9-

11). More recent studies have indicated that AD may not be primarily a disorder of 

ascending cholinergic projections but, instead, reflects a more widespread degeneration of 

multiple neurotransmitters including noradrenergic, serotonergic, y-aminobutyrate (GABA) 

and excitatory amino acid systems in both cortical and subcortical brain structures including 

the amygdala, hippocampus, striatum and hypothalamus (12-14). 

Interestingly, Rossor ~ al (15) observed that the extent of neurochemical deficits 

observed in AD may be used 10 differentiate the types of AD involved. In patients dying in 
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their 9th and 10th decades of life (late-onset AD), neurochemical analysis indicated that 

these patients had a relatively pure cholinergic deficit; whereas, younger patients dying in 

their 7th and 8th decades (early onset or presenile AD) had a more extensive cholinergic 

deficit with significant abnormalities in noradrenergic and GABA neural systems as weIl as 

the neuropeptide somatostatin. 

Although alterations in a number of neuropeptides have been documented in AD 

(16,17), the most consistent finding is a significant and selective loss of somatostatin in 

cortical tissue of AD brains (16-24). Somatostatinergic cells occupy '" 5% of cortical 

neurons where the peptide acts as a neurotransmitter/neuromodulator in intrinsic cortical 

neurons (16,17,20,22). These somatostatin-containing intrinsic or local neurons are 

confined largely to layers II, m, and VI of the temporal, entorhinal, frontal and parietal 

cortices (16,17,20,22). In addition to a diminution of cortical somatostatin content, a 

reduction in cerebrospinal fluid somatostatin levels has also been observed (23-25) as weH 

as a significant lowering of somatostatin receptor numbers within both the cortex and 

hippocampus in AD (19). 

Relatively litde attention has been paid to changes in somatostatin in subcortical 

regions despite clear neuropathological changes in these structures in AD. The only 

increase in somatostatin content in AD has been observed in the substantia innominata of 

the basal forebrain (26). Nemeroff f:1. aJ. (27) reported significant reductions in the 

amygdala, nuc1eus accumbens and posterior hippocampus, however, these changes have 

not been confirmed by subsequent investigations (16,17,20,22,28,29). 

In a more recent study, Nemeroff fi ill (29) demonstrated a significant loss of 

somatostatin content within the hypothalamus of AD subjects. This latter finding is of 

significance because it now provides a plausible explanation for some of the observed 

alterations in the endocrine axis in patients diagnosed with AD, especially those related to 

growth hormone (GR) secretion (see below). It is the alterations in the GH secretory axis 

with aging and the possible use of GH as a therapeutic agent in the metabolic treatment of 

AD that will be the major focus of the remainder of this chapter. 

NEURAL REGULATION OF GROWTH HORMONE SECRETION 

Human GH is a single-chained polypeptide of approximately 21-22 kilodaltons and 

is synthesized, stored and released from the anterior pituitary gland from specialized ceHs 

called somatotropes (30-32). The physiological effects of GH are quite varied ranging from 

the c1assical prepubenal and pubertal stimulation of longitudinal bone growth (33,34) and 

regulation of metabolic balance (inc1uding carbohydrate, lipid and protein metabolism) of 

an organism (34-36) to the more recent finding of modulation of immune function (37-39). 

These physiological effects of GH on bodily processes can be subdivided into those 

that occur by direct actions of GH on target tissues or indirecd y via the release of lower 

molecular weight proteins collectively termed somatomedins or insulin-like growth factors 

(30-34). Somatomedin C or insulin like growth factor-l (IGF-l) appears to be the principle 

428 



faetor that mediates the indireet effects of GH. Earlier reports suggested that the IGF-l was 

synthesized within the liver and released into the blood in response to GH (endocrine 

actions ofIGF-l, 30-34). However, more reeent studies, through the availability of 

specifie eDNA probes and measurements of mRNA have demonstrated that other tissues 

inc1uding kidney, heart, lung, muscle bone and neural tissue ean synthesize and release 

IGF-l (33,34,40,41). This target-tissue derived IGF-l, like the liver, is released in 

response to GH and may, in fact, mediate the known direct actions of GH on target tissues 

via an autocrine/paracrine mechanism (33,34,40,41). 

Frequent sampling of blood has permitted researchers to identify spontaneous 

fluetuations in GH in a variety of species inc1uding man, primates, sheep, dogs and rats 

(30-32). In adult rats, plasma GH levels fluetuate dramatieally throughout the day with 

males displaying GH secretory patterns which are distinct from those of females (30-

32,42,43). Episodie GH secretion also occurs in man (30-32,44), however, there has been 

no elear demonstration of any sex-dependent GH secretion. Instead, a charaeteristic sleep

associated rise in GH has been consistently observed (30-32,44,45). This burst of GH 

seeretion usually oceurs within the first 2 hours of sleep onset during slow wave sleep and 

may aecount for approximately 90% of the total daily secretion of GH in man. 

Physiologie GH secretion is primarily eontrolled by a eomplex interaction of two 

hypothalamieally derived peptides; somatostatin, a peptide that inhibits GH release, and 

growth hormone-releasing faetor (GRF), a peptide that stimulates GH seeretion (30-32). 

Somatostatin, a tetradecapeptide first isolated from sheep hypothalami, inhibits GH 

seeretion in a11 species tested (46-48). Two peptides, one eontaining 41 amino acids and the 

other 44 amino acids, with GH-releasing aetivity have been isolated from human pancreatic 

tumor tissue (49). Subsequently, a 43 amino acid peptide with potent GH releasing actions 

has been isolated and eharaeterized from rat hypothalamie extraets (49). 

GRF increases GH secretion both in vitro and in vivo in a dose dependent manner 

(49). These effects of GRF are inhibited by eoneomitant somatostatin exposure. However, 

GRF does not interfere with the receptor binding of somatostatin (49) suggesting that GRF 

and somatostatin interact with different receptors at the anterior pituitary. 

Studies, using eleetrical stimulation techniques and destruetive focallesions have 

identified two funetional hypothalamic regions involved in modulating rhythmie GH 

secretion. The first region, the medial preoptie/periventrieular area (mPOA), eontains 

somatostatin neuronal perikarya whieh send axons to terminate in the externallayer of the 

median eminenee (ME). Damage to the mPOA or the somatostatinergic fibers leaving this 

region of the hypothalamus results in both increased basal GH levels and GH pulse 

frequency (30-32,46-48). 

The arcuate and ventromedial nuclei (ARC-VMN) comprise the second region. Using 

immunocytochemical methods, the ARC-VMN has been shown to be the location of GRF 

neurons which send fibers to the external zone of the ME (30-32,48). Electrical stimulation 
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of these nuclei elicits GH secretion, whereas destructive lesions of this region suppress 

spontaneous GH secretion (30-32,49). 

The availability of specific antisera against both somatostatin and GRF has provided 

an additional method to study the function of both peptides in the regulation of GH 

secretion. Passive irnmunization with somatostatin antiserum elevates basal (trough) plasma 

GH levels without blunting GH pulse amplitudes (50), whereas administration of GRF

antiserum abolishes spontaneous GH pulses (51,52). These data suggest that somatostatin 

is responsible for the low trough levels and GRF is responsible for the temporal 

fluctuations in spontaneous GH secretion. Thus, the dynamic GH secretory process is 

accomplished by the complex integration of both somatostatin and GRF actions (30-32,52-

54). 

The release of both somatostatin and GRF from the hypothalamus is, in turn, 

modulated by other neuropeptides and putative neurotransmitters (30-32). Principal 

amongst the neurotransmitters are both norepinephrine and acetylcholine which both 

stimulate GH secretion. Interestingly, it appears that noradrenergic and cholinergic appear 

to occur via different mechanisms. GH secretion induced by noradrenergic agents is 

mediated by GRF, since the GH response is abolished in rats treated with GRF-antiserum 

(30-32,55). Cholinergic stimulation of GH secretion, on the other hand, appears to be 

mediated via a decrease in the release of hypothalamic somatostatin and not to any direct 

effect on the pituitary or via modulation of GRF release (31,56,57). 

INFLUENCE OF AGE ON THE GH SECRETORY AXIS 

In accordance with the physiological need of GH, episodic GH secretion is greatest 

during adolescence when body growth is maximal and remains relatively high during early 

adulthood. However, as man ages physiological GH secretion becomes dramatically 

impaired. This amelioration of spontaneous GH secretion occurs to such an extent that 

during the 7th to 8th decade of life spontaneous GH bursts throughout the day are virtually 

absent and the sleep-associated rise in GH is severely attenuated or absent (43,58-63). This 

dampening of GH secretion during aging has been observed across all animal species 

tested, including monkeys (64), sheep (65), and laboratory rats (66-69). It appears that this 

age-associated reduction in GH secretion is the result of a selective but severe reduction of 

individual GH pulse amplitudes and not any major alteration in GH pulse frequency or 

basal GH levels (58-68). Associated with this diminution in physiological GH is a 

significant lowering ofIGF-llevels (59,61-63,70,71). 

Thus, the phenomena of "protein wasting" or loss of lean body mass, reduction in 

bone density and increase in fat deposits normally observed in both aging animals and 

humans may be, in part, the result of a compromised GH secretory axis. These 

observations, taken together, have stimulated numerous studies investigating the primary 

alteration(s) in GH secretion in aged individuals and have also sparked recent debates about 

the possible use of GH replacement therapy in the elderly (see below). 
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The majority of evidence indicates that the primary cause of reduced GB secretion 

observed in aged humans and laboratory animals most likely reflects some disturbance in 

hypothalamic control mechanisms and not to any significant alteration within the pituitary 

itself (58,61,62). Thus, the deficit seen in aged animals may be related to disruption of the 

GRF-pituitary axis; whereby areduction in either the synthesis/release of GRF from the 

hypothalamus or diminished pituitary sensitivity to this facilitatory peptide may be the 

causative factOf. Altematively, an increase in somatostatin tone within the hypothalamus 

may be causative to the age-associated decline in GB secretion (see below). 

In middle-aged (14 months) rats both basal and K+-stimulated GRF release from 

incubated hypothalamicexplants was not different form younger (2-3 month) controls (72). 

In association, hypothalamic GRF content as determined by radioimmunoassay (RIA) was 

not significantly diminished in 14 month old rats (72). Thus, the GRF secretory axis does 

not appear to be significantly altered in middle aged animals. 

GRF release from hypothalamic tissue from old animals has not been reported. 

Bowever, immunocytochemical studies have not detected any significant alteration in GRF 

cell body distribution or staining intensity within the arcuate nucleus of the hypothalamus 

of old (24 month) rats (73). On the other hand, a significant reduction in staining intensity 

ofGRF terminals was observed in the median eminence (ME) of old animals (73,74), 

however, this reduction in ME-GRF has not been confrrmed by radioimmunoassay 

(31,75). Interestingly, in situ analysis ofGRF mRNA in the hypothalamus showed a 45% 

decrease in old (24 month) animals (74). Collectively these data suggest that both the 

synthesis and release of GRF are reduced in old animals. Owing to the fact that GRF is a 

principle factor involved in the synthesis and release of GH from the pituitary (30-32,49), 

this reduction in GRF synthesis/release may be a major cause of the observed reduction in 

pituitary GB content in old animals (31,58,61). 

Numerous studies investigating the GB response to GRF in laboratory animals and 

man have been performed in recent years, but have been met with variable results. 111l!i1m. 
studies utilizing dispersed pituitary cells have observed both areduction in GRF-induced 

GB release (75) as weIl as a compromised adenylate cyclase response in old animals (76). 

In contrast, Sonntag and coworkers have failed to demonstrate an iI1 vitro age-associated 

decline in the GB response to GRF in incubated pituitary slices (58,77,78). Thus, the 

reason for the discrepancy in the iI1 Y.im!. GB response to GRF may be related to the 

different illl!i1m. methodological techniques employed. 

With respect to iI1 vivo GRF-induced GB secretion, the overwhelming majority of 

studies have reported a significant attenuation of the GB rise in response to GRF in both 

old rats (58,69,74-78) and elderly man (62,79-81). Interestingly, Sonntag and Gough (78) 

were unable to observe an age-associated decline in the GH response to an single iv bolus 

dose of 50 Ilg/kg GRF in norepinephrine-depleted rats. This discrepancy was attributed to 

enhanced endogenous somatostatin secretion in these animals (78, see below). 

431 



Similarly, Pavlov e1.!Jl. (82) were unable to fmd an age-associated decline in ORF in 

healthy aged men. The reason for this latter discrepancy is not entirely clear. Bowever, it is 

possible that the inclusion of subjects up to 49 years of age in the young control group 

effectively lowered the OB response in controls to rnask significance in the elderly group 

of subjects (62). An altemative explanation rnay be related to the effect of body fat on OB 

secretion. Pavlov e1. aL(82) selected and nonnalized the three age groups on the basis of 

body rnass index (BMI) of between 20 and 29 kgms/m2, thus rninimizing any effect of 

obesity on the OB response to ORF. It has been weH established that aging is associated 

with an increase in the prevalence of obesity. Furthennore, basal GB secretion as wen as 

the GB rise to GRF have been reported to be consistently comprornised in obese 

individuals (56,57,83). Bowever, when obese patients underwent body weight reduction 

programs the GRF-induced GB response was normalized (83). Thus, body fat stores rnay 

be a causative factor to the reduced GB response to GRF in older individuals. 

In addition to the OB response to GRF further studies have clearly demonstrated that 

the GB responses to both morphine and clonidine are also dampened in old rats 

(58,67,69). A sirnilar age-associated reduction in clonidine-induced GB secretion has also 

been demonstrated in man (84). These findings are not surprizing in view ofthe evidence 

that both morphine- and clonidine-induced GB secretion is the result of stimulation of GRF 

release (49,55). 

Interestingly, Sonntag J:1 !Jl. (85) have reported that repetitive administration of L-dopa 

to old animals can restore individual OB secretory amplitudes to those of young animals. 

Considering that GRF is responsible for the individual GB secretory pulses and 

norepinephrine appears to modulate the release of GRF from the hypothalamus and 

norepinephrine is reduced in older individuals (61), then it is possible that the reduction in 

GB secretion observed during aging may be related to this reduction in noradrenergic 

activity within the hypothalamus. 

In addition to a deficit in GRF regulation, there is increasing evidence that the age

associated reduction in OB secretion rnay, in part, be the result of increased somato

statinergic tone. Paradoxically, the bulk ofthe evidence indicates that within the 

hypothalamus there is an age-related decline in somatostatin content (58,61) as wen as an 

attenuation in somatostatin gene expression (86). Bowever, when somatostatin release 

from perifused ME tissue was monitored it was found that the release of somatostatin from 

ME of old rats was increased in response to 55 mM potassium ion and that a greater 

proportion of immunoreactive somatostatin is released in the form of somatostatin-28 (87). 

Somatostatin-28 is a molecular fonn of somatostatin with more potent GB-inhibiting 

activity than somatostatin-14 (46-48). Thus, these latter data suggest that an increased 

fractional release of somatostatin as weIl as a preferential release of the more potent fonn of 

somatostatin (sornatostatin-28) may be an underlying cause of the reduced OB levels in old 

rats despite reduced synthesis of somatostatin within the hypothalamus (86). 
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Furthennore, Spik and Sonntag (87) have demonstrated that somatostatin produced a 

more potent inhibition of il1 ~ ORF-induced OB release from pituitary slices in old 

versus middle-aged and young rats. Bowever, this increase in pituitary sensitivity did not 

appear to related to a elevation in number or affmity of pituitary somatostatin receptors. 

Thus, these data are consistent with the notion that the pituitary from old rats is also more 

sensitive to the inhibitory effects of somatostatin and that, perhaps, alterations in post

receptor mechanisms are involved in mediating this age-associated change in pituitary 

sensitivity. 

Passive immunization studies with anti-somatostatin serum have shed further light on 

the role somatostatin plays in modulating the decline in OB secretion through aging. The 

administration of somatostatin antiserum increases OB levels more in old (18-20 month) 

than young (3 to 4 month) male rats (58,67). Furthennore, Sonntag and Oough (78) have 

demonstrated that ORF-induced OB secretion is nonnalized in old (20-22 mon), pento

barbital-anesthetized male rats after passive immunization with somatostatin antiserum. 

It should be noted that in man the OB response to insulin-induced hypoglycemia and 

arginine does not appear to be compromised in older individuals (62,89,90). Interestingly, 

both insulin- and arginine-induced OB secretion appear to be mediated by an inhibition of 

somatostatin secretion (62,91,92). Thus, it would be predicted that the OB response to 

agents that inhibit somatostatin release might be nonnalized if somatostatin secretion is 

augmented in aged man. 

Previous studies have found that acetylcholine acts to inhibit the release of 

somatostatin from hypothalamic segments i!! vitro via a muscarinic mechanism (31,93). 

When cholinergic activity was enhanced in elderly subjects by pretreatrnent with the 

cholinesterase inhibitor pyridostigmine, the OB rise to exogenous ORF was partially 

restored (94). Thus, an increase in hypothalarnic somatostatin release is implicated in the 

diminished OB response to ORF in the elderly. 

In following one might propose that the observed age-associated increase in 

somatostatinergic tone may be related to an attenuation of cholinergic activity within the 

hypothalamus. Although there are reports of a reduction in cholinergic activity in the brain 

during nonnal aging (95), defmitive studies on hypothalarnic cholinergic activity have not 

been done. There is evidence that muscarinic receptor density is reduced without any loss 

in affinity in the hypothalamus of old rats (96), but whether this is the result of dampened 

cholinergic activity is not known. Nevertheless, in pathological conditions in which 

cholinergic activity is found to be compromised in the hypothalamus, such as early onset 

AD, an exacerbated alteration in OB control may be observed. 

TUE GU SECRETORY AXIS IN ALZUEIMER'S DISEASE 

Studies on the modulation of OB secretion in AD has become of increasing 

diagnostic interest to clinicians over the last decade. Because of the reported decrease in 

hypothalamic somatostatin levels in AD (29), it was thought that perhaps an alteration in 
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GH secretion might be used to differentially diagnose AD patients from other forms of 

dementias or other psychiatric illness. It should be reemphasized that, because AD is 

genera1ly a disease ofthe elderly, both basal GH levels as weil as provocative GH secretion 

are universally diminished in AD patients when compared to young control subjects. When 

basal and stimulated GH secretion are compared between age-matched controls and AD 

patients some differences have been observed. 

A number of studies have reported elevated basal GH levels compared to age-matched 

controls, however, the differences appear to be confined only to the moming hours (97-

1(0) and are more pronounced in female AD patients (100). Associated with this elevation 

in basal GH secretion is an elevation in serum IGF-llevels (101). However, these findings 

on physiological GH secretion have not been consistently found as no differences in the 

diurnal variation of GH secretion have also been observed in AD patients (102,103). 

Interestingly, Davis J:1. a1 (104) found that the sleep-associated GH rise was blunted in three 

AD patients. 

It is difficult to reconcile the differences in basal and sleep-associated GH secretion in 

AD. Although the studies identifying elevated basal GH levels are suggestive of the known 

reduced somatostatin tone in Alzheimer's patients, the reduction of sleep-associated GH 

secretion appears paradoxical. An inhibition of somatostatin release from the hypothalamus 

is, in part, a factor in the sleep-associated rise in GH. Furthermore, there is evidence that 

cholinergic mechanisms are involved in both sleep-associated GH secretion as weIl as in 

inhibiting the release of somatostatin (30,31,44,45,56,57,93). In AD patients both 

cholinergic as weil as somatostatinergic activity are compromised, and it may be this 

reduction in both neurotransmitter systems that contributes to the variable GH data 

observed in AD. 

In accordance, conflicting results from studies investigating cholinergic-induced GH 

secretion in AD have also been reported. The GH response to the cholinesterase inhibitors 

edrophonium (105) or physostigmine (104,106) was reported to be normal in AD patients. 

However, Thienhaus f:1 a1 (97) found that the GH response to edrophonium was 

significantly diminished in AD and was correlated with the cognitive and functional deficits 

of the patients. Elevated basal GH levels and gender differences have been mentioned as 

possible factors in explaining the variable responses to edrophonium (105). 

An alternative explanation for the diminished GH rise during sleep in AD is that the 

release of GRF from the hypothalamus is compromised. There is evidence of a significant 

reduction in norepinephrine and the enzyme associated with NE synthesis, dopamine-ß

hydroxylase in both cortical and subcortical regions inc1uding the hypothalamus of AD 

patients (9-15). This fmding along with the observation that the norepinephrine facilitates 

the release of GRF (49,55) imply that altered release of GRF mayaiso be causative to 

diminished sleep-associated GH secretion. This apparent noradrenergic defect can be 

bypassed by the administration of noradrenergic drugs as both c1onidine-induced (107) as 
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weIl as L-dopa stimulated GH secretion (108) appears normal in AD patients. Davis &1. a/. 
(103) have observed a positive correlation of GH levels to CSF levels of the 

norepinephrine metabolite methoxy-5-hydroxyphenyl-ethyleneglycol (MHPG). Thus, 

those AD patients with lower CSF-MHPG levels tended to have lower plasma GH levels; 

thereby linking reduced NE functioning with diminished GH secretion. 

Studies investigating GRF-induced GH secretion have also yielded conflicting 

results. Neither Nemeroff &1. aJ. (109) nor Thomas &1. aJ. (110) were able to find any 

difference in the GH response to GRF in AD patients versus age-matched controls. 

However, a slight delay in the GH peak: response was noted (109). Interestingly, when AD 

patients were separated and classified as early-onset or late-onset AD and compared 10 age

matched controls an enhanced GH response was observed in early-onset AD patients when 

compared to either late-onset AD or controls (111). Considering that early-onset AD 

patients have been found to have a more pronounced cholinergic deficit as weIl as a more 

globalloss of other neurotransmitters including somatostatin (1,2,15), the augrnented rlse 

of GH to GRF in early-onset AD may be indicative of reduced somatostatinergic tone. 

These fmdings have aroused interest in using the GH response to GRF as an antemortem 

marker for determining early- vs late-onset AD. However, in a recent report (112) an 

enhanced GH response to GRF was not observed in early-onset AD patients. In fact, the 

GH response to GRF was diminished in these early-onset AD subjects. Thus, these latter 

findings place doubt on the usefulness of GRF-induced GH secretion as a marker for AD 

subtypes. 

With respect to other provocative tests of the GH secretory axis in AD, doparmnergic 

regulation of GH secretion does not appear to be affected in AD as the GH response to 

apomorphine, a dopamine receptor agonist, was found to be normal (113) or only slightly 

attenuated (102). Furthermore, 1RH-induced GH secretion has been reported to be normal 

in AD patients (98,110,114). 

GH REPLACEMENT THERAPY IN THE ELDERLY WITH POSSIBLE 
APPLICATION OF METABOLIC CONTROL IN ALZHEIMER'S 
PATIENTS 

Because of the ubiquitous and potent anabolie actions of GH, the use of GH 

replacement therapy has stimulated numerous basic and clinical studies in recent years. 

Prior to 1985 human GH preparations were derlved from postmortem pituitaries and, thus, 

was in relatively short supply and high demand for a discreet population of individuals. 

These individuals were children who were clinically determined to be deficient in GH 

secretion. 

With the development of recombinant human GH (rhGH) technology and FDA 

approval in 1985 for clinical use of rhGH, however, we have now entered into a perlod 

where the use of human GH is no longer restricted by supply. Now the potential use of 

human GH is only limited by the imagination of the basic and clinical investigator (115, see 

below) and issues of efficacy and saftey. 
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The use of GH has even gone outside the clinic and has entered the world of sports. 

Both amateur and professional athletes are resorting, in increasing numbers, to the 

uncontrolled and unsupervised use of GH with the idea that, because of the combined 

lipolytic and protein anabolic effects of GH the agent will ultimately enhance their 

performance on the playing field (115-117). It is noteworthy to mention that the use ofGH 

as an aid to athletic performance is also deemed illegal and is banned by most goveming 

athletic boards including the National Collegiate Athletic Association and the United States 

Olympic Committee. 

Interestingly, to date there have been no defmitive studies supporting the notion that 

GH can even promote athletic performance (115-117). The cost ofGH therapy is 

prohibitively expensive to most athletes ($1,000-$1,500/2 mon) and can, over a long term, 

lead to morphological and metabolic characteristics of the GH excess syndromes of 

giantism or acromegaly (116). This latter fact becomes even more apparent when one 

considers that most of the athletes are using the drug under non-medically supervised 

conditions. Because of the potential toxic side-effects of long-term or high dose GH 

therapy, its clinical use is carefully monitored at all times and a therapeutic regirnen is 

usually geared to each individual receiving GH treatment (118). Thus, it still remains 

unclear whether the cost, both financially and medically, of GH therapy will ultimately 

outweigh the benefits of treatment in athletes. 

In addition to the expanded use of long-term replacement GH therapy for GH 

deficient children, short-term GH therapy has been investigated in a number of other 

clinical situations. Disorders that are generally associated with increased rates of catabolism 

such as thermal injury (bums), malnutrition and pre- and post-surgical therapy have special 

needs for compounds, like GH, that have significant anabolic activity. 

Replacement GH therapy has been shown to increase the rate of post-bum wound 

and graft healing and decrease the average hospital stay of bum patients (119,120). In 

normal volunteers receiving hypocaloric parenteral nutrition, GH replacement therapy (10 

mg/daily for 1 week) resulted in a significant retention of both nitrogen and phosphorus, 

and a decline in blood potassium and urea nitrogen (121). Thus, exogenous GH therapy 

can promote a net positive nitrogen balance even in the face of diminished caloric intake and 

irnplies that GH can induce anabolie events during states of compromised energy intake. 

This feature makes GH therapy quite attractive for a myriad of patients who are either going 

to surgery or going through post-surgical recovery (120-123). 

In following GH therapy can be administered to malnourished patients prior to 

surgery to replenish protein stores and prepare the patient for surgery (120,121). 

Following surgery GH treatment has been found to dramatically promote surgical wound 

healing in both well-nourished and malnourished subjects (120,122,123). 

Because GH has potent lipolytic and protein conserving activity, its use in the 

treatment of metabolic disorders such as obesity has been considered. In the past the lirnited 

supply of GH prevented its application to metabolic disorders. However, now that rhGH is 
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available to investigators, studies are now underway investigating GH replacement as a 

possible adjunct therapy in obesity. Clemmons and Underwood (124) have found in an 

initial study that concurrent GH therapy along with a controlled diet regimen resulted in an 

elevation of serum IGF-llevels with a conservation of lean body mass despite reduced 

caloric intake. Interestingly, the specific loss of fat tissue although not significant, showed 

marked individual variations. 

The fact may be that just by taking GH alone will not result in significant body weight 

reduction. However, the use of GH as an adjunctive therapy to both diet and exercise will 

conserve lean body mass and may act to promote fat loss. It appears that an individual 

program of GH therapy will have to be developed for each patient undergoing supervised 

weight loss. Whether GH will ever become the new "diet pill" willlikely have to await 

numerous controlled clinical trials and experimental programs. 

Outside of the GH deficient child, an area in which GH replacement therapy may 

have its most significant and potentially beneficial effects is its use in the elderly patient. 

Classical aging is a complicated process which involves an alteration of a number of 

physiological processes such as; loss of lean body mass (protein wasting), reduction of 

skin thickness, dirninished tissue repair mechanisms, decreased bone density, loss of 

energy, altered immune function and increased production offat deposits (71,125-129). 

Importantly, all of the above listed physiological consequences are either indirectly or 

directly affected by GH (30-39). This latter fact, along with the observation that GH 

secretion dirninishes with age (see above) has initiated a campaign to investigate the effects 

of GH replacement therapy in aged man. 

Early clinical studies on the use of GH replacement in older individuals demonstrated 

variable results. Although both short-term (7 to 14 days) and long-term (6-24 months) GH 

replacement therapy both elevated serum IGF-l levels and increased body weights in 

middle-aged (age ranges from 23 to 77 years), changes on body composition were less 

marked (125). Retention of nitrogen and phosphorous, indicators of protein conservation, 

was observed during short-term GH therapy but was quite variable in patients receiving 

long-term GH therapy. Furthermore, neither bone density nor skin thickness was 

dramatically altered while on long-term GH therapy. The authors proposed that by 

elevating the GH dose or increasing the period of replacement therapy more consistent data 

may been obtained. Another possible shortcoming in this study was that the subjects were 

not clearly separated into defined age groups. In following, one wonders if the older 

individuals demonstrated an increased physiological response to the GH therapy. 

More recent studies investigating the effects of GH therapy in aged subjects have 

provided more positive results. Binnerts ~ a1. (126) found that low dose (25 Ilg/kglday and 

50 Jlg/kg/day) GH therapy over two four day intervals interspersed by a five day control 

period produced a significant increase serum IGF-l, body weight, and protein conservation 

without a demonstrable effect on carbohydrate balance in elderly patients with evidence of 

recent weight loss. Sirnilar findings were recently reported by Kaiser t:1 a1. (127) who found 
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that GH replacement therapy (100 Jlg/kg/day) over a three week period to malnourished 

elderly individuals resulted in an increase in mid-arm muscle circumference, body weight, 

serum IGF-llevels, and urinary nitrogen retention without any noted clinical edema or 

hyperglycemia. These data indicate that GH therapy in malnourished elderly subjects can 

attenuate or reverse protein wasting without provoking undue carbohydrate imbalance. 

Similar findings of protein conservation while on GH replacement were reported by 

Marcus e1 aJ. (128) in normal healthy volunteers over 60 years of age. In this study patients 

were placed on a formulated diet and received one of three doses of GH (25, 6O,or 120 

Jlg/kg/day) over a seven day period. All subjects demonstrated a significant increase in both 

serum IGF-l levels and urinary nitrogen retention with areduction in fasting plasma 

cholesterol. However, and a mild carbohydrate intolerance on oral glucose tolerance testing 

was noted in these patients. Furthermore, markers for enhanced bone formation as 

indicated by an elevation in both serum parathyroid hormone and osteocalcin along with an 

increase in urinary calcium and hydroxyproline, were also observed in subjects on GH 

replacement therapy. These data imply that GH replacement can also attenuate loss of bone 

density in aged individuals. 

Perhaps the most noted effects of GH replacement therapy in aged individuals were 

observed by Rudman e1 aJ. (129). In this study aged men, selected for low serum IGF-l 

levels and ranging between 61 and 81 years of age, were adrninistered either saline or GH 

(30 Jlg/kg) three times a week for a six month period of time. This GH replacement 

paradigm resulted in a significant increase in serum IGF-l levels, lean body mass, skin 

thickness, and lumbar vertebral bone density with a concomitant 14.4% decrease in adipose 

tissue mass. Interestingly, bone density of the proximal femur or radius was not enhanced 

in GH-treated subjects. Noteworthy was that some adverse side affects of prolonged GH 

therapy such as elevated fasting blood glucose levels and systolic blood pressure were 

observed in patients on GH therapy. However, no edema, ventricular hypertrophy, local 

reaction to GH injection or alteration in blood lipid profiles were noted. 

This latter study indicates that prolonged GH therapy can reduce body fat deposits 

while conserving skin thickness, bone density and muscle mass in the elderly. However, 

one shortcoming of the study of Rudrnan e1 al. (129) is that only subjects with low serum 

IGF-llevels are included in the investigation. Ultimately a group of aged individuals with 

normal blood IGF-l concentrations should be tested to determine if similar results can be 

obtained with prolonged GH therapy. Further, the fact that manifestations of diabetes 

(elevated fasting blood glucose levels) and hypertension (elevated systolic pressure) were 

observed in patients given chronic low-dose GH therapy which normalized blood IGF-l 

levels to those of young individuals are troublesome and indicates that caution should be 

used even when physiologic doses of GH are utilized in elderly. Thus, properly designed 

and controlled studies cor-relating the GH dose and serum IGF-l levels with both the 

beneficial and adverse effects of GH need to be done in the elderly. 
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The rash of recent reports of the beneficial effects of GH therapy in elderly patients 

have stimulated a number of recent editorials and comments concerning the rational use of 

GH therapy in the aged (130-133). Principal amongst the comments was the fact that the 

risks ofGH therapy in the aged still outweigh the benefits (130,132). The prospect of 

increased incidence of cancer in patients receiving GH therapy has also been mentioned 

especiall y in light of the fact of the increased cancer rate in acromegliacs (131,133). 

However, one must consider that acromegliacsgenerally have continuously elevated 

plasma GH and IGF-l levels for prolonged periods of times and not normalized GH or 

IGF-llevels that have been observed in GH replacement studies in the elderly. 

Notwithstanding, there is evidence that GH therapy promoted chronic myelocytic 

leukemia in a 14 year old child with growth failure following cranial irradiation (134). 

Conversely, GH therapy was not associated with any increase in the rate of brain tumor 

recurrence in hypopituitary children following brain tumor resection or irradiation (135). 

Furthermore, data from a recent study indicated that daily administration of GH for 14 days 

inhibited spontaneous prostate tumor metastasis in rats (136). Thus, the increased risk of 

cancer while on GH therapy remains unresolved. 

Perhaps, the use ofinterrnittent low dose GH therapy may diminish both the adverse 

side effects of GH and/or the chance of cancer development. Considering that physiological 

GH secretion is also episodic (see above), intermittent GH therapy may even increase the 

biological effectiveness of the hormone in the elderly. Further studies are needed to clarify 

these points. 

The argument of ethics of GH therapy in aging subjects has also come into question 

(130,131). That is; is it proper to treat aging yet otherwise healthy individuals with GH? 

This situation was noted as sirnilar to that for postmenopausal estrogen replacement (131). 

The question has been asked as to whether a 10% increase in muscle mass along with a 

15% decrease in fat tissue is indicative of substantial improvement in muscle strength or 

quality of life (130). Perhaps not, but the fact that GH may prevent further muscle 

deterioration or fat accumulation may prove to be important finding and should stimulate 

more thorough studies on the subject. Until all aspects (dosage/injection regimens, duration 

oftreatment, beneficial effects and adverse side effects) ofGH therapy have been 

rigorously investigated and clearly defmed, its use in the treatment of aging in normal 

patients should remain experimental. 

However, the observation that GH replacement therapy can induce beneficial results 

in elderly malnourished and catabolic patients (127,128) should not go unnoticed. These 

studies provide evidence that GH therapy may be used to stabilize metabolism during states 

of increased catabolism such as post surgical recovery. It should be noted, however, that 

GH administration did not promote muscle regeneration in old (27 month) rats despite 

normal-ization of serum IGF-llevels (137). 

GH therapy may also provide preparative metabolie support for elderly patients prior 
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to surgery or may possibly used to stabilize metabolic wasting in an illness associated with 

increased catabolism such as AD. To date, studies investigating GH therapy in AD patients 

have not been reported. It is possible that GH treatment may prove especially beneficial 

during the latter or advanced phases of AD when metabolic wasting becomes even more 

accelerated (3-7). 

Whether GH therapy can impact on the course of neurological change in the AD 

patient is entirely unknown at this time. The fact that IGF-l is sensitive to GH withln the 

CNS (40,41) is noteworthy. Further, there is evidence that GH can induce neural 

regeneration and repair in peripheral nerve (138), but whether GH therapy increases neural 

IGF-l levels in the brain of aged subjects or whether IGF-l is even involved in neural 

repair mechanisms has not been clarified. Furthennore, the complexity of the neurological 

involvement in AD dictates that not one but a multiple of drugs may be required to stern the 

tide of pathological change during the course of AD. The role of GH most likely will be 

limited to metabolic control in AD. 

Ethical questions also arise in the therapeutic treatment of AD patients with GH. If 

GH therapy can improve the metabolic state of the patient despite continued 10ss of 

cognitive function, would the patient notice an "improvement of the quality of life" and, 

furthennore, would the AD patient care. Should one want to improve metabolic wasting in 

an individual who is not entirely cognizant of their surroundings? This is a very important 

question in light of the pronounced psychological burden and financial impact of both 

medical and support services that the AD patient places on the immediate family andlor 

community. 

On the other hand, drug therapy studies for AD patients have been increasing 

dramatically in recent years (139). If a drug or series of drugs are found to improve 

cognitive deficits in Alzheimer's patients but metabolic wasting continues, would it not be 

prudent to develop adjunctive GH therapy to aid in stabilizing metabolic loss; thereby 

improving the "quality of life" of these individuals. 
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Insufficient oral intake of food and undemutrition are eommon oceurrenees in the 

elderly. Community based surveys of elderly populations and studies of institutionalized 

elderly patients have found a signifieant percentage to have low food intake and to be 

undemourished (1). In one survey, ealorie intake of less then 1 ()()() keaVday was found 

for more than one sixth of eommunity-living elderly over age 60 in the United States (2). 

Studies of elderly residents of nursing homes and hospitals have also revealed a high 

pereentage of persons to be undemourished, a situation associated with poor health 

outeomes (3-10). In a reeent 2-year longitudinal studyon a group of 300 outpatients at a 

Veterans Hospital, 11-13% demonstrated a signifieant (5 kg or more) weight loss over the 

period of follow-up (11). Weight loss is also commonly observed in patients with 

dementia of the Alzheimer's type (DA T). Several recent studies have shown that DAT 

patients weigh less (12-14) and have lower body fat (12,13) then non-demented or multi

infarct demented patients. 

The impression of many clinicians in the field of geriatrie medicine is that the 

elderly, unlike younger patients, do not completely recover weight loss following aperiod 

ofreduced intake (usually associated with an illness). Recurrent individual stresses might 

then lead to the syndrome of "geriatrie failure to thrive," with successively more weight 

loss predisposing to illness and an eventual poor outeome. In one longitudinal study, a 

group of economieally and socially stable, healthy elderly subjects did not have signifieant 

undemutrition or weight loss over time (15). This therefore suggests that aging per se is 

not necessarily eausal of poor weight maintenance. Rather, a dysfunetional response of 

the aging, demented person to stress-associated weight loss may be critieal. Furthermore, 
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this does not appear to be related to lack of appetite (13), lack of intake (12, 13), increased 

energy consumption (12,13) or malabsorption (13). 

Risk factors and mechanisms of undemutrition in the elderly have been poorly 

explored. Weight loss in the elderly may occur secondarily to complex psychosocial 

factors, medical illness, sensory deprivation and/or drugs. Mechanisms of weight loss 

may include prlmary disturbances in appetite and body weight control, possibly related to 

disturbances of neurotransmitter andlor peripheral humoral regulation of feeding. Low 

fasting blood sugar and hyperinsulinemia have been observed in Azheimer's patients (16). 

Primary abnorrnalities of energy expenditure associated with aging are also possible. 

Primary disturbances in weight homeostasis in elderly patients could be related to aging, 

disease or hoth. 

Because all these mechanisms might interact in complex ways to cause 

undemutrition in humans, it is difficult to study this problem in an appropriately controlled 

manner. It is known that in young individuals the induction of a caloric deficit provokes a 

counterregulatory compensatory response which is usually reflected in enhanced hunger 

and food seeking behavior, leading to precise body weight control (13,14,16). No studies 

have been reported which evaluate whether this counterregulatory response functions 

norrnally in elderly individuals. Further research therefore may depend on animal models, 

but at present there are no adequate animal models to examine the mechanisms of 

disturbances of body weight control in aging. 

Therefore, to assist the search for possible mechanisms of disturbed weight 

homeostasis of aging, our initial aim was the development of a suitable animal model. 

Rats were used because their weight regulatory and feeding systems are a frequently used 

model of those in humans; because they are relatively inexpensive and easy to maintain; 

and because there is a large data base of relevant nutritional experiments in which rats 

served as subjects. Extensive experience in our laboratory has found that following a 

caloric deficit, young rats norrnalize their weight within 10 to 14 days ofrefeeding 

(18,20,23,25,26). Although Fisher 344 rats have been widely used as animal models for 

aging, this model was not considered adequate for the present goals since they have 

significant abnorrnalities in water and electrolyte balance as well as a high occurrence of 

certain tumors (21). These factors could significantly interfere with interpretation of 

findings related to weight control. We therefore opted to study Long-Evans rats since 

much of our previous work uses this strain and since they are not as susceptible to 

metabolie disturbances as Fisher 344 rats. 

We sought to determine whether a successive worsening of weight homeostasis 

occurs with increased age, or altematively, whether an age threshold exists, beyond which 

disturbances of weight homeostasis occur. Our hypothesis was that with increasing age 

rats will require increasing time to regain baseline (control) body weight levels after caloric 

restrietion. 
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We also sought to detennine whether a successive worsening of weight 

homeostasis occurs with successive stresses in aged rats compared to younger rats. This 

possibility is especially interesting since it might be a plausible mechanism for the 

commonly observed "geriatric failure to thrive" following multiple clinical insults. 

According to this model, when compared to younger rats, aged rats would be unable or 

slower to recover their body weight with successive caloric restrictions. Thus, older 

animals would demonstrate a stepwise decline of weight with each successive period of 

caloric stress. 

Finally we sought to explore possible mechanisms of disturbances of weight 

homeostasis in the aged rat model. For example, our initial inquiry will help determine 

whether any observed abnormality of body weight regulation in older animals is related to 

energy intake or energy expenditure. This chapter necessarily represents a progress report 

of sorts since the overall project will require several years. 

OVERALL PROJECf DESIGN 

The overall design of the project is to test the ability of rats of different ages to 

normalize their body weight through refeeding after a "stress" period of caloric 

deprivation. In addition to these between-group comparisons, a within-groups, 

longitudinal design is also used. For this, rats are subjected to repeated caloric 

deprivations every 6 months over aperiod of 2 years, and their ability to normalize their 

body weight after each deprivation assessed. Initially, male rats only were used, as most 

body weight studies have been performed using males in order to minimize the variations 

due to hormonal cycling in female rats. Once the pattern is understood in males, 

comparable studies will be done on females. 

EXPERIMENTAL PROTOCOLS 

Animals were housed individually had and underwent a 2-week baseline period 

during which had ad lib food (pelleted chow). All animals had stable body weights during 

this interval. Experimental animals then underwent food restriction until their body weight 

had dropped to 75 % of baseline. Once an animal reached its target (low) body weight, it 

was retumed to ad lib food. Body weights and food intake were taken daily during the 

baseline and refeeding period. Core temperature was measured with a rectal probe 

once!week at four different time periods during the day/night cycle (Early Light, Middle 

Light, Early Dark and Middle Dark). Plasma sampies were obtained from the tip of the tail 

for determination of plasma insulin and glucose concentrations. General activity was 

measured for each rat once during each period (baseline; caloric restriction; refeeding). 

Control anirnals underwent the same procedures except that their caloric intake was 

never restricted. 

ONE-YEAR COHORT 

A prelirninary experiment was conducted on 10 male Long-Evans rats (aged 13-15 
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months). The animals were ranked by body weight and randomly assigned to one of two 

groups of equal average weight. 

Experienee with young animals (90 days) had revealed that experimental animals 

normally require 10-14 days to regain body weights to eontrollevels after reduction to 75 

% baseline weight (20,23,25,26). Our hypothesis was that aged rats would not recover 

their historie body weights (andlor the body weights of the eontrol group), or else would 

reeover it more slowly when compared to a younger eohort. One year of age is not 

partieularly old for a rat, sueh that the stress of weight loss and regain should not be 

expeeted to be too harsh. We therefore started with this age. 

At baseline, neither mean body weights nor food intake of the experimental and 

eontrol groups differed signifieantly. Weight loss during the ealorie restrietion period took 

eonsiderably longer than expected based on previous work with young animals. 

Experimental animals required between 23 and 30 days (Mean=25 days) to lose 25% of 

their body weight on a regirnen of 50 % baseline food intake per day. Previous data 

suggest that it takes young animals «4 months old) between 10 and 14 days to lose the 

same percentage of weight under sirnilar eonditions. None of the experimental animals 

reattained their historie body weight within 3 weeks of refeeding. The weekly mean body 

weights of this eohort during the refeeding phase are summarized in Table 1. 

Table 1 

Mean Body Weight in g (±SD) 

Baseline 
1st Week Refeeding 
2nd Week Refeeding 
3rd Week Refeeding 
4th Week Refeeding 
5th Week Refeeding 

Experirnentals 
(n=5) 

619.8 (40) 
520.0 (32) # * 
558.6 (36) # 
575.7 (41) # 
578.3 (42) # 
588.7 (40) # 

# p<O.Ol vs Baseline, One-tailed t-test. 
* p<0.05 vs Controls, One-tailed t-test. 

Controls 
(n=5) 

622.6 (54) 
614.1 (73) 
615.7 (74) 
602.8 (86) 
614.3 (74) 
609.8 (73) 

Food intake was signifieantly increased for the experimental rats during the 

refeeding phase. Food intake is summarized in Table 2 and averaged over l-week 

intervals. The lower body weights in previously restrieted rats persisted throughout the 

refeeding period despite signifieantly elevated food intake eompared to baseline. Although 

food intake was inereased in the experimental group, it was apparently insufficient to 

enable lost body weight to be regained as quickly as oceurs in young animals. 
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Table 2 

Mean Food Intake in g/day (±SD) 

Experimentals 
(n=5) 

Baseline 
1st Week Refeeding 
2nd Week Refeeding 
3rd Week Refeeding 
4th Week Refeeding 
5th Week Refeeding 

25.7 (4.4) 
32.9 (0.5) t * 
32.1 (5.1) t 
31.4 (3.4) tt * 
28.6 (4.2) t 
30.1 (3.8) tt 

t p<0.05 vs Baseline, One tailed t-test. 
* p<0.05 vs Controls, One tailed t-test. 

Table 3 

Mean Core Temperature in 0 C. (±SD) 

Experimentals 

Early Light 
(0.7) * 

Middle Light 
(0.8) 

Early Dark 
(0.8) * 

Middle Dark 
(1.0) 

Controls 

Early Light 
(0.9) 

Middle Light 
(0.9) 

Early Dark 
(1. 0) 

Middle Dark 
(1.1) 

Baseline 

34.3 (0.7) * 

34.0 (0.7) 

33.8 (0.6) 

34.8 (0.9) 

33.5 (0.8) 

33.9 (0.6) 

33.6 (0.9) 

34.2 (1.0) 

Restricted 

33.5 (0.6) tt 

33.8 (0.8) 

34.5 (0.8) 

34.4 (0.8) 

33.5 (0.7) 

33.8 (0.8) 

34.2 (0.8) 

34.0 (1.0) 

tt p=0.006 vs Baseline, One way ANOVA with Scheffe 
* pSO.05 vs Controls, One tailed t-test. 

Controls 
(n=5) 

24.0 (1.7) 
25.0 (2.4) 
27.3 (3.5) 
26.6 (2.3) 
27.0 (4.7) 
29.1 (4.2) 

Refeeding 

33.9 

33.9 

34.3 

34.3 

33.5 

33.7 

33.8 

34.0 

One possible explanation for the increased food intake without nonnalized body 

weight would be an elevation of basal metabolism; i.e .• formerly restricted rats could be 

burning excess calories rather then storing them. As a preliminary estimate of this we 

determined core temperatures for both groups during the three periods of the study. Core 

temperatures are presented in Table 3. Core temperatures of the experimental group were 

significandy lower then baseline during early light of the food restricted period. Mean core 

temperature was significandy but only slightly increased during refeeding compared to 
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controls during the early light and early dark time periods of refeeding. Overall, there was 

no major difference between the two conditions on this measure. 

Plasma sampies taken from the tip of the tail during the 1 st and 3rd week of food 

restriction and during the 3rd and 4th week of refeeding were analyzed for albumin 

concentration as a rough indication of the nutritional status of the animals. Plasma albumin 

concentrations are presented in Table 4. 

Contrary to predictions, experimental animals had increased plasma albumin 

concentration vs controls fOT the fIrst week of food restriction. Overall, however, there 

was little difference between the groups. 

Table 4 

Mean Plasma Albumin Concentration g/L 
(±SD) 

Experimentals 
(n=5) 

1st Week Restricted 1. 52 (0.08) * 
3rd Week Restricted 1. 44 (0.17) 

3rd Week Refeeding 1. 63 (0.10) 
4th Week Refeeding 1. 52 (0.13) 

* p<O.05 vs Controls, Two tailed t-test. 

4-MONTH COHORT 

Controls 
(n=5) 

1.36 (0.11) 
1.38 (0.15) 

1.45 (0.13) 
1.55 (0.07) 

This group was composed of 23 male Long-Evans rats aged 4 months. It was 

believed that this group of actively growing animals would exhibit comparable behaviOT as 

2-month old animals, but would have a somewhat more steady baseline body weight and 

food intake. The experimental procedure was essentially the same as that fOT the 12-month 

group. The only difference was that it was anticipated that the control group would 

continue to gain weight. Therefore, control and experimental rats were paired by weight 

and the weight loss criterion (-25%) was calculated as the percent difference between the 

two matched animals. 

At baseline, neither mean body weight nOT food intake of the experimental and 

control groups differed signifIcantly. During food restriction, the experimental groups 

required more days to reach criterion than had the older group (Mean = 55 days vs 28 days 

for the 4 and 12 mo. respectively). Examination of the body weight data suggests that the 

criterion difference was eventually reached not so much because the restricted animals lost 

weight but because the control animals kept growing. It is also notable though that body 

weights of the restricted animals were signifIcantly reduced compared to controls fOT the 

entire refeeding period. Mean weekly body weights are summarized in Table 5 and food 

456 



intake of the experimental animals during the refeeding phase was increased as 

summarized in Table 6. 

Table 5 

Mean Body Weight in g (±SD) 

Baseline 
1st Week Refeeding 
2nd Week Refeeding 
3rd Week Refeeding 
4th Week Refeeding 
5th Week Refeeding 
6th Week Refeeding 

Experimentals 
(n=12) 

496.4 (44) * # 
486.3 (47) * # 
517.2 (48) * # 
535.3 (50) * # 
545.7 (53) * # 
553.2 (55) * # 
556.9 (51) * # 

# p<O.Ol vs Baseline, One-tailed t-test. 
* p<0.05 vs Controls, One-tailed t-test. 

Table 6 

Mean Food Intake in g/day (±SD) 

Baseline 
1st Week Refeeding 
2nd Week Refeeding 
3rd Week Refeeding 
4th Week Refeeding 
5th Week Refeeding 
6th Week Refeeding 

Experimentals 
(n=12) 

28.6 (3.8) 
35.2 (3.4) # * 
33.1 (4.3) # * 
31.6 (2.3) # * 
20.0 (2.2) 
30.0 (2.6) 
29.4 (2.3) 

# p<0.05 vs Baseline, One tailed t-test. 
* p<0.05 vs Controls, One tailed t-test. 

Table 7 

Controls 
(n=l1) 

499.9 (29) 
575.8 (36) 
581.3 (37) 
589.2 (36) 
594.1 (34) 
597.8 (33) 
598.5 (32) 

Controls 
(n=l1) 

29.6 (2.4) 
29.5 (2.8) 
28.9 (3.1) 
29.6 (2.4) 
28.7 (2.4) 
28.7 (2.3) 
28.0 (2.3) 

General Activity in counts/hr (±SD) 

Baseline 
Calorically Restricted 
Refeeding 

Experimentals 
(n=12) 

531 (136) 
429 (130) # 
452 (91) # 

# p<0.05 vs Baseline, One tailed t-test. 

Controls 
(n=l1) 

562 (103) 
543 (141) 
555 (149) 

General activity counts are summarized in Table 7. General activity of the 

restricted animals showed an apparent decline during the restrietion period which was 
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statistically significant. Activity remained lower then baseHne during the refeeding period. 

This suggests an attempt on the part of the restricted animals to prevent further weight 

loss. 

DISCUSSION 

As is evident from the data, this represents but a progress report in a long-term 

parametric study of age on weight negotiation in rats. All that can be said so far is that 

when rats are actively growing, they lose weight slowly; and that as rats get older, they 

apparendy have great difficulty in catching up with controls after aperiod of food 

restriction. Definitive conclusions must wait until further groups are completed. 
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SECTION VII 

ANIMAL MODELS FOR ALZHEIMER'S DISEASE 

Animal models are extremely important in our effort to understand human diseases. For 

obvious ethical reasons, human experimentation is limited in its scope and is heavily dependent 

upon case reports, retrospective studies and prospective evaluations using lirnited sampIe sizes 

and with strict limitations on invasive procedures. By contrast, animal evaluations allow us to 

readily control a variety ofvariables (i.e. genetic background, sex, age, drug doses, sampling 

time, etc), to directly sampIe the tissue believed to be involved in the disease process and to 

employ the appropriate number of subjects in studies. In this regard, animal models are an 

indispensable tool for the study of the mechanism of disease and, as a result, for the development 

of appropriate therapies. 

The usefulness of an animal model is dependent upon the extent to which the model 

duplicates the human disease. Unfortunately, no animal model has yet been discovered which 

exhibits the neuropathology of Alzheimer's disease. As a result, we are left with in vitro systems 

and in vivo models which express particular aspects of the clinicaVpathological components of 

Alzheimer's disease, inc1uding memory deficits and degeneration-regeneration of various 

neuronal systems. While these models are evaluated individually in the six chapters in this 

section, their importance lies in their collective contribution to our understanding of this 

neurodegenerative disease. 

Dr. Blusztajn and collaborators describe an in vitro cellline, produced by the fusion of 

embryonic sepal neurons with rat neuroblastoma cells. They describe the expression in this cell 

line of the cholinergic phenotypes of acetylcholine synthesis and storage, high affinity choline 

uptake and dipolarization-induced release of the neurotransmitter. This cellline should be a 

useful model to study the molecular mechanisms of neurotrophic factors and other 

physiologically relevant substances on cholinergic neurons. 

An in vivo model is employed by Dr. Ginn and Peterson to exarnine the role of 

axoplasmic transport in the selective vulnerability of cholinergic neurons to degeneration in 

Alzheimer's disease. They were able to demonstrate that colchicine exerted neurotoxic effects on 

septohippocampal cholinergic neurons and blocked the retrograde transport of nerve growth 

factor, events which they propose are causally related. As such, they purpose that microtubule 

disruption may be a contributing event in the etiology of Alzheimer' s disease. 
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Dr. Bennett and associates address the issue of the role of the observed decline in cerebral 

metabolism in the etiology of Alzheimer's disease. They induced a chronie and selective 

inhibition of mitochondrial cytochrome oxidase and evaluated the effects on behavioral tasks of 

assessing learning and memory in adult male rats. They observed that inhibition of cytochrome 

oxidase impaired perfonnance on three different tests of leaming, suggesting that the cytochrome 

oxidase deficit reported in Alzheimer's patients may playa role in the cognitive decline during the 

course of this neurodegenerative disease. 

Dr. Vyas and colleagues reports on their efforts to determine the role of albumin in the 

transport of peripheral amyloid into the central nervous system. They provide evidence that 

amyloid binds to albumin in vitro and proposes that forms of albumin with increased affmity for 

aluminium may be readily transported across the blood-brain barrier. As such, albumin could 

serve as the vector for the delivery of peripheral amyloid to the CNS and may thereby be 

involved in amyloid disposition associated with Alzheimer's disease. This model system may 

prove useful in evaluations of the source of brain amyloid in Alzheimer' s disease and in 

assessing the neurotoxic effects of peripherally administered amyloid. 

Finally, Dr. Takeda and associates describe a model for transmitting some of the 

neuropathology of Alzheimer's dis~se. They inoculate, by brain injection, hamsters with buffy 

coats (leukocytes, lymphocytes and macrophases) from Alzheimer's patients or their siblings. 

After 18 months, they observe neuropathologies in various brain region of the hamsters which 

are not observed following inoculation with buffy coats from control patients. While the factor 

which is transmitted is not known, this model is of interest in the study of a possible slow viral 

involvement in Alzheimer' s disease. 
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INTRODUenON 

Degeneration of the basal forebrain cholinergic neurons in patients with Alzheimer's 

disease (AD) is weH documented (Bowen et al., 1976; McGeer et al" 1984; Perry et al., 

1987) and probably contributes to the memory loss characteristic of this disorder. In order 

to develop experimental approaches to study AD and to design treatment strategies, it 

would be useful to establish preparations of cells which derive from the basal forebrain and 

which express the cholinergic phenotype. Such preparations would also be beneficial in 

assessing the actions of new compounds on acetylcholine (ACh) storage and release as weH 

as in elucidating the biochemical mechanism of drug action. Cholinergic ceHlines offer 

such a model system because they are homogeneous, and permit easy analysis of a large 

variety of treatments in a weH controHed environment. We have developed celllines 

derived from fusion of the murine neuroblastoma ceHs, N18TG2 (which lack cholinergic 

markers), with postnatal day 21 mouse brain septal neurons (Lee et al., 1990). Here we 

describe some features of one such ceHline, SN56.B5.G4, and show that these propenies 

are similar to those characteristic of septa! neurons. 

MATERIALS AND MElliODS 

Cell culture 

The SN56.B5.G4 cells were created by fusing N18TG2 mouse neuroblastoma ceHs 

with murine (strain C57BU6) neurons from postnatal day 21 septa (Hammond et al., 1990; 

Lee et al., 1990). The SN56.B5.G4 were maintained at 37°C in an atmosphere of 95% 

air, 5% C02 in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal 

bovine serum (FBS), and 50 Ilglm1 gentamicine. 
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ACh accumulation 

To measure [14C]ACh accumulation, the cells were incubated at 37°C in a 

physiological salt solution (containing in mM: NaCl, 135; KCI, 5; CaCI2, 1; MgC12, 0.75; 

glucose, 5; eserine, 0.015; HEPES, 10; pR 7.4) in the presence of [14C]choline. The 

[14C]ACh synthesized by the cells was extracted, purified by HPLC (Liscovitch et al., 

1985; Richardson et al., 1989) and its radioactivity was determined. 

ACh release 

To measure [14C]ACh release the cens were incubated for 180 min. at 37°C in L-15 

medium containing 10 j.1M [14C]choline and 15 11M eserine. The cells were washed with 

L-15 medium (as above) and then incubated for an additional 30 min. in a physiological salt 

solution (containing in mM: NaCI, 135; CaCI2, 1; MgCI2, 0.75; glucose, 5; eserine; 0.015; 

HEPES, 10; pR 7.4) and either 5 mM (control) or 40 mM potassium chloride (the 

concentration of sodium chloride was reduced to 100 mM). The media were collected and 

[14C]ACh released from the cells was purified by HPLC (Liscovitch et al., 1985; 

Richardson et al., 1989) and its radioactivity determined. 

RESULTS 

SN56.B5.G4 cells extend neurites 

SN56.B5.G4 cens grown in basal medium were polygonal in appeamce and 

extended few neurites. Since the analogs of the second messenger, cyclic AMP (cAMP), 

have been shown to cause neurite outgrowth in murine neuroblastoma celliines (Prasad 

and Kumar, 1974), rat pheochromocytoma cells (PC12)(Green and Tischler, 1976), and 

the neuroblastoma x glioma hybrid cells (NG108-15)(Daniels and Ramprecht, 1974), we 

added 1 mM N6,o2'-dibutyryl-adenosine-3'-5'-cyclic monophosphate (dbcAMP), a cell 

permeant analog of cAMP, or 10 11M forskolin, an activator of adenylate cyclase, to the 

medium. These treatments slowed down cell division and caused neurite outgrowth. 

Because the dbcAMP molecule can be hydrolyzed to liberate free butyric acid, we tested the 

effect of 2 mM butyrate in our cultures. Under those conditions the cens were rounder than 

controls and few neurites were observed. 

SN56,B5.G4 cens synthesize ACh from choline taken "p by a sodium-dependent high

affinity transport 

In the initial step of ACh synthesis in nerve endings, choline is taken up from the 

extracellular space by a sodium-dependent high-affmity uptake system 

(SDHACU)(Suszkiw and Pilar, 1976). We determined the apparent affinity for choline of 

the ACh synthetic process by incubating the cells for 10 rnin. in a medium ofvarying 

[14C]choline concentration and measuring [14C]ACh accumulation. The processes of 

[14C]ACh accumulation was saturable with choline exhibiting an apparent Km of 4.6 J..lM, 

i.e. in the range characteristic of SDHACU. When the cells were incubated in medium in 

which sodium was replaced by lithium, accumulation of [14C]ACh from 111M 
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[14C]choline was diminished to 29% of control. Similar results have been obtained by 

others using primary cultures of rat septum (Keller et al., 1987; Bostwick et al., 1989). 

These data suggest that SN56.B5.G4 cells express SDHACU and that their ACh is 

synthesized from choline taken up by this system. 

SN56.B5.G4 cells release ACh upon de.polarization 

SN56.B5.G4 cells prelabeled with 10 JlM [14C]choline and then incubated for an 

additional 30 min. in a physiological salt solution containing either 5 or 40 mM K+ released 

little [14C]ACh. However, when the cells were treated with 1 mM dbcAMP for two days, 

[14C]ACh release was reliably observed and depolarization led to elevation of ACh release. 

These data demonstrate that SN56.B5.G4 cells are capable of depolarization-evoked ACh 

release but exposure to dbcAMP is necessary to allow the cells to express components of 

an ACh releasing mechanism which are missing in undifferentiated cells. 

ACh synthesis in SN56.B5.G4 cells is enhanced by pharmacologic agents 

In order to investigate whether there was a correlation between neurite extension and 

ACh synthesis, the cells were grown for two days in basal medium or in the presence of 1 

mM dbcAMP, 10)lM forskolin, or 2 mM butyrate. Choline acetyltransferase (CAT) 

activity [measured in cell homogenates by the method of Fonnum, 1975)] as weIl as the 

accumulation of [14C]ACh in cells incubated with [14C]choline was determined. The 

specific activity of CA T was elevated approximately 2.7-3 fold by each of the treatments. 

However, cells treated with butyrate did not extend neurites indicating that morphological 

differentiation did not correlate with elevations in CAT activity. Increased [14C]ACh 

accumulation (2.5 fold) was observed in dbcAMP- and in butyrate-treated cells but not in 

cells grown in the presence of forskolin. Thus even though the forskolin-treated cells had 

an elevated CAT activity, they failed to accumulate large amounts of [14C]ACh. Because 

stimulated [14C]ACh accumulation was observed both in neurite-bearing (i.e. dbcAMP

treated) as weIl as in neurite-free (i.e. butyrate-treated) cells it is concluded that the 

enhancement of the cholinergic phenotype is regulated independently from neurite 

extension. 

DISCUSSION 

The SN56.B5.G4 cells were selected for these studies from our other septallines 

based on their CAT activity. In addition, SN56.B5.G4 cells have SDHACU, a property 

which sets them apart from a variety of CAT -expressing celllines including NS20 

neuroblastoma cells (Lanks et al., 1974), NG 108-15 neuroblastoma x glioma cells 

(McGee, 1980), PC12 pheochromocytoma cells (Melega and Howard, 1981), and LA-N-2 

neuroblastoma cells (Richardson et al., 1989), all of which synthesize ACh from choline 
taken up by the low-affinity carrier. Thus the SN56.B5.G4 cells resemble septal neurons, 
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which are capable of expressing SDHACU in primary cultures (Keller et al., 1987). 

SN56.B5.G4 cells grown in basal medium failed to release ACh reliably. We 

hypothesized that a differentiating treatment might be found which would permit 

neurotransmitter release. We used a cAMP analog, dbcAMP, because it has been shown 

that certain neuronal celllines extend neurites and, in some cases, respond by elevations in 

CAT activity when incubated with dbcAMP (Prasad and Kumar, 1974; Daniels and 

Hamprecht, 1974; Green and Tischler, 1976). SN56.B5.G4 cells treated with dbcAMP 

released ACh and this release was almost doubled by depolarization. The permissive effect 

of dbcAMP on ACh release in these cells may be due to either differentiation of the 

excitable properties of cell membranes, including expression of specific ion channels, or 

differentiation of ACh release mechanisms such as vesicular storage of ACh, or to 

synthesis of proteins involved in vesicular release. 

The ability to release ACh in dbcAMP-treated cells accompanied neurite outgrowth 

and stimulation of CAT activity and ACh synthesis. The latter effect of dbcAMP was 

maximal after two days of treatment suggesting that it was mediated by changes in CAT 

gene expression, translation, or CA T protein turnover rather than by a direct enzyme 

activation. If these effects of dbcAMP were due to the cAMP moiety of this molecule, then 

cells treated with forskolin, which activates the adenylate cyclase and increases the 

intracellular cAMP concentration, should respond similarly. Consistent with this prediction 

the forskolin-treated (10 IlM; 2 days) cells developed neurites and had CAT activity similar 

to that of dbcAMP-treated cells, and three-fold higher than the controls. Surprisingly, even 

though CAT activity was elevated in forskolin-treated cells, no stimulation in [14C]ACh 

accumulation occurred. Perhaps in these cells, ACh synthesis was limited by the 

availability of acetylCoA. The molecule of dbcAMP permeates into cells due to its butyrate 

moieties. Hydrolysis of dbcAMP yields free butyrate which has been shown to stimulate 

CAT activity in neuroblastoma cells (Prasad and Kumar, 1974; Szutowicz et al., 1983; 

Casper and Davies, 1989). In SN56.B5.G4 cells butyrate caused elevations in CAT 

activity and stimulated ACh synthesis. The latter effect may be due to the conversion of 

butyrate to acetylCoA necessary for ACh synthesis (Bielarczyk and Szutowicz, 1989). 

Each ofthe three treatments used (dbcAMP, forskolin; butyrate) hada characteristic 

effect on SN56.B5.G4 cells. Forskolin and dbcAMP caused neurite outgrowth, 

suggesting that adenylate cyclase activation was involved in the morphological 

differentiation of these cells. Butyrate stimulated CAT and [14C]ACh accumulation and 

prevented neurite extension, indicating that morphological differentiation was not 

necessarily associated with the enhancement of the cholinergic phenotype. DbcAMP, 

which provides both cAMP and butyrate to the cells, stimulated CAT, enhanced [14C]ACh 

accumulation, and caused neurite outgrowth. 

Taken together, the data presented above show that SN56.B5.G4 cells are 

characterized by ACh synthesis and storage, SDHACU, and depolarization-evoked ACh 

release. These are properties characteristic of the cholinergic phenotype (Blusztajn and 

Wurtman, 1983). Treatment with dbcAMP causes both morphological and neurochemical 
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differentiation. It will be imponant to detennine whether physiologically relevant agents 

alter the cholinergic phenotype. The list of such molecules includes: nerve growth factor 

(Hefti et al., 1985), basic fibroblast growth factor (Vaca et al., 1989), ciliary neurotrophic 

factor (Saadat et al., 1989), CAT development factor (McManaman et al., 1988), 

cholinergic differentiation factor (Fukada, 1985) or leukemia inhibitory factor (Yamamori et 

al., 1989), membrane-derived factor (Adler et al., 1989), and target-derived neuronal 

cholinergic differentiation factor (Rao and Landis, 1990). It is wonh noting that 

granulocyte-macrophage colony-stimulating factor (Kamegai et al., 1990a) and interleukin 

3 (Kamegai et al., 1990b) have been reponed to stimulate CA T activity in septal neurons as 

well as in one of our celliines (SN6.10.2.2) derived from embryonic septum, indicating 

that these cells will be useful as models to study the molecular mechanisms of action of 

these and other growth- and differentiating factors on the cholinergic phenotype. 
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SELECTIVE DEATH OF CHOLINERGIC SEPTOHIPPOCAMPAL 

NEURONS INDUCED BY COLCHICINE: TUE ROLE OF 

AXOPLASMIC TRANSPORT 

Sheryl R. Ginn and Gary M. Peterson 

East Carolina University School of Medicine 
Greenville, NC 27858-4354 

Alzheimer's disease (AD) is characterized in part by the degeneration of specific 

sets and types of neurons. Of particular interest is the dramatic loss of cholinergic neurons 

in the basal forebrain (Coyle et al., 1983). Another characteristic feature of the AD brain is 

the presence of neurofibrillary tangles and amyloid-containing plaques (Terry and 

Katzman, 1983). The cause ofthese degenerative events is not known, and in fact the 

relationship between plaques and tangles and neuronal degeneration is unclear. It has been 

hypothesized that impairment of the microtubule system and disruption ofaxoplasmic 

transport play an important role in the pathogenesis of the disease (Gajdusek, 1985; 

Matsuyama and Jarvik, 1989) possibly resulting in plaques, tangles and neuronal 

degeneration. In the present chapter we shall describe our own work using the microtubule 

inhibitor colchicine for inducing the selective death of cholinergic neurons in the medial 

septum. In preparation for this, we shall first give a brief review of the structure and 

function of microtubules and of the action of colchicine. 

MICROTUBULES 
Microtubules are the most widely-distributed component of the cytoskeleton and 

play numerous roles within the neuron, such as movement of vesicles and granules, 

distribution of cell surface receptors, and axoplasmic transport (Slobada, 1980). 

Microtubules are composed of tubulin, a dimeric protein containing two similar subunits, a. 

and ß (Gozes, 1982). In addition, microtubules also contain microtubule-associated 

proteins, ofwhich five have currently been identified (MAP1-4 and tau) (see Olmsted, 

1986 for review). All MAPs stabilize microtubules in the cell and facilitate polymerization 

of tubulin in vitro; the C-terminal end of tau, MAP2, and MAP4 contain binding sites for 
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tubulin (Ennulat et al., 1989; Himmler et al., 1989; Lee et al., 1988; Lewis et al., 1988). 

All five MAPs have been identified in the brain. MAP2 appears to be localized to dendritic 

microtubules (DeCarnilli et al., 1984), whereas MAPI and tau appear to be confined to the 

axon (Binder et al., 1985; Huber and Matus, 1984; Kosik and Finch, 1987). It has been 

reported that tau is the major structural protein found in paired helical filaments (PHF; 

Delacourte and Defossez, 1986; Grundke-Iqbal et al., 1986; Wischik et al., 1988), the 

major component of neurofibrillary tangles. Several studies have found that microtubules 

are either reduced in number (Paula-Barbosa et al., 1987) or absent (Gray et al., 1987) in 

AD tissue. Indeed, there appears to be an inverse relationship between PHFs and 

microtubules. That is, as the number of dendritic PHFs and PHF-like strands increase, 

neurofilarnentous networks normally found in the dendrite decrease (Metuzals et al., 1988). 

In addition, neurofibrillary tangles, which are composed of PHFs, can be induced by the 

application of anti-microtubule drugs such as vincristine (Seil and Lampert, 1968) or 

maytanprine (Sato et al., 1985). Colchicine, which binds tubulin, has also been shown to 

induce neurofibrillary degeneration (Peterson and Murray, 1966; Wisniewski and Terry, 

1967) and to have certain sirnilarities to aluminum-induced neuronal degeneration 

(Wisniewski and Terry, 1967), which is also specific for cholinergic neurons (Gulya et al., 

1990). Thus, microtubules play an important role in neuronal function; impairment of this 

system could jeopardize these functions, resulting in neuronal degeneration or death. 

COLCHICINE 
Colchicine, an alkaloid derived from the autumn crocus, Colchicum autumnale, 

is well known for its ability to block spindie formation during mitosis (Wilson and 

Friedkin, 1967). Colchicine also binds tubulin (Borisy and Taylor, 1967), thereby 

blocking axoplasmic transport (Hanson and Edstrom, 1978), a function of absolute 

importance to neurons (Slobada, 1980). Colchicine has been shown to be a selective 

neurotoxin for certain populations of neurons in the brain and, although the mechanism by 

which it causes neuronal death is not well understood, it appears to involve the 

depolymerization of microtubules (Steward et al., 1984) and the concornitant blockade of 

axoplasmic transport. The granule cells in the hippocampal dentate gyros are selectively 

killed (Goldschmidt and Steward, 1980; 1982) as are the cholinergic neurons in the 

supracommissural septa! nucleus (Contestabile and Villani, 1984; Fonnum and 

Contestabile, 1984). Furthermore, Sofroniew and colleagues (1987) have reported that 

cholinergic neurons in the medial septum become shrunken 24 to 48 hours after 

intracerebroventricular injections of colchicine. Although they reported no evidence of 

degeneration within this time period, our data indicate that the cholinergic neurons 

degenerate over a longer time course (Peterson and McGinty, 1988). Thus, there is 

evidence for a specific neurotoxic effect of colchicine on various types of neurons and, in 

particular, on the cholinergic neurons of the septal region. Given that there is some 

relationship between rnicrotubule integrity and neuronal viability, the specific degeneration 
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of cholinergic neurons in the medial septum, which follows the injection of colchicine into 

the lateral ventricle, offers an interesting and potentially clinically relevant model of 

neuronal degeneration. 

COLCHICINE AS A NEUROTOXIN FOR SEPT AL CHOLINERGIC 
NEURONS 

Considerable experimental data indicate that the septohippocampal cholinergic 

neurons are dependent on nerve growth factor (NGF), which is produced in the 

hippocampus (Korsching et al., 1985) and transported from there to the somata by 

retrograde axoplasmic transport (Seiler and Schwab, 1984). Transection ofthe 

septohippocampal axons results in the degeneration of these neurons (Armstrong et al., 

1987), a process which can be prevented or reversed by the exogenous application of NGF 

(Hefti, 1986; Kromer, 1987; Williams et al., 1986). To test the role ofaxoplasmic 

transport without physically cutting the axons, we reasoned that injections of colchicine 

into the vicinity of the axons should block all axoplasmic transport and thus reproduce the 

degeneration which occurs following axotomy. Female Sprague-Dawley rats were 

anesthetized and placed into a stereotaxic apparatus for either unilateral or bilateral 

injections of colchicine into the lateral ventricles (ICV). Each animal received a total of 10 

Ilg colchicine and the volume of each injection was 2.5 111. Thus, for the bilateral 

injections, the concentration of co1chicine was half that of the unilateral injections, but the 

total amount of colchicine being delivered was the same. Control tissue was collected from 

rats which had received ICV saline or from the hemisphere contralateral to the injection. 

Animals were allowed to survive for 1 to 3 weeks following colchicine treatment and then 

killed by aldehyde perfusion under deep Nembutal anesthesia. Brains were removed, 

sectioned, and processed for histological examination. Adjacent sets of sections were 

collected and stained by one of several methods to identify specific features of neurons. 

Cholinergic neurons were stained immunocytochemically for choline acetyltransferase 

(ChA T) or histochemically for acety1cholinesterase (AChE). GABAergic neurons were 

stained immunocytochemically for glutamic acid decarboxylase (GAD). One set of sections 

was stained with thionin to give a Nissl template. Immunocytochemically-labeled neurons 

were counted at three rostrocaudallevels of the medial septum and verticallimb of the 

diagonal band (MSDB), which a previous study showed to have the greatest number of 

retrogradely labeled septohippocampal neurons (Peterson, 1989). Cells in each tissue 

section were counted by two independent raters, blind to the experimental status of the 

tissue. The counts were then averaged together to yield one 

count for each animal for both the MS and vDB. The data from these counts were analyzed 

using either an analysis of variance (ANOVA) or independent t-tests. 

Following unilateral injections, we observed a dramatic loss of cholinergic 

neurons (mean reduction of 80%) in the ipsilateral medial septum (Peterson and McGinty, 

1988) one week following the colchicine injections. The loss of cholinergic cells was 

restricted to the side ipsilateral to the injection. No loss of GABAergic neurons was 
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detected (Peterson and McGinty, 1988). Bilateral injections resulted in reductions in the 

number of ChAT-immunoreactive ceIls on both sides, but the reduction was less dramatic 

(mean reduction of 60%) than foIlowing unilateral injections. The reduction in numbers of 

cholinergic neurons (Fig. 1) (Ginn and Peterson, 1991a) and the absence of effect on 

GABAergic neurons remained consistent 2 and 3 weeks foIlowing the injection (Ginn and 

B 

.. 

.. 

fu.....l ChA T -immunoreactive somata in the MSDB 3 weeks following 
bilateral ICV saline (A) or colchicine (B). Bar = 500 Jlm. Reproduced 
from Ginn and Peterson, 1991 a, with permission of the publisher. 

Peterson, 1990). Interestingly, the effect of colchicine on cholinergic neurons in the vDB 

was less dramatic than in the MS (Ginn and Peterson, 1991a). The cholinergic innervation 

of the hippocampus, as indicated by AChE staining, was also drastically reduced (Fig. 2). 

The reduction in staining was greatest in the molecular and granule ceIllayers as weIl as in 

the hilus. The density of AChE-positive fibers was also reduced in CA1 and CA3, 
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panicularly in stratum lacunosum-moleculare. Although dentate granule cells are known to 

be selectively killed by injections of colchicine into the dentate gyros (Goldschmidt and 

Steward, 1980), ICV injections had no significant effect on the number of granule cells 

(Ginn and Peterson, 1991a). The reduction of cholinergic tibers in the hippocampus is 

sufficient to disrupt the cholinergic component of hippocampal theta activity (RSA; Gilbert 

and Peterson, 1991) and to induce sprouting of sympathetic fibers (Ginn and Peterson, 

1991a), phenomena which have been associated with removal ofthe septal input to the 

hippocampus (Bland, 1986; Loy et al., 1980). Bilateral injections also disrupt the 

acquisition and retention of spatial memory in a water maze (unpublished observations). 

Fig. 2 AChE-positive fibers in the dentate gyrus one week following 
ICV colchicine. (A) Contralateral to side of injection. (B) Ipsilateral to 
the injection. Note the greatly reduced number of stained fibers in 
both the hilus (H) and the molecular layer (ML) relative to A. 
Reproduced from Peterson and McGinty, 1988, with permission of 
the publisher. 

MECHANISM OF ACTION 
Whereas the previous experiments indicate colchicine's efficacy as a neurotoxin, 

they do not address the issue of the mechanism whereby such toxicity occurs. Since 

colchicine blocks axoplasmic transport and septal cholinergic cells apparently receive 

trophic support from retrogradely transported NGF, it would seem logical that the loss of 

cholinergic neurons following colchicine is due to blockade ofaxonally transported NGF. 

In support of this, we have found that hippocampal NGF content (as determined by 

ELISA) almost doubles two weeks following intraventricular colchicine and remains 

elevated at three weeks (Peterson and Ginn, 1990). One interpretation of these data is that 

colchicine blocks the retrograde transport of NGF from the hippocampus to the septum. 

To test the hypothesis that intraventricular colchicine blocks axoplasmic transport in the 

475 



septohippocampal system, female Sprague-Dawley rats were injected with the fluorescent 

dye Fluoro-Gold (FG) into 2 sites within the right and left ventral (temporal) hippocampi 

followed immediately by ICV colchicine. Two days later the animals were killed, the 

brains removed, sectioned, and stained as described above, except that in this study one set 

of septa! sections was mounted unstained for visualization of the fluorescent marker. FG

labeled cells in the MSDB were counted as described above. These data were analyzed 

with independent t-tests. The number of FG-labeled neurons in the MS were reduced by 

approximately 70% 2 days following ICV colchicine injections, but the numbers of ChA T

immunoreactive neurons were not significantly reduced (Peterson and Ginn, 1990). 

In a related study, 125I-NGF was injected into the two sites used in the FG 

study and followed immediately with ICV colchicine. Twenty-four hours later the animals 

were killed by aldehyde perfusion. The brains were then removed and embedded in 

paraffin and cut on a rotary microtome at a thickness of 10 J.lm. Two sets of adjacent 

sections were mounted onto slides, deparaffinized, and coated with Kodak NTB-3 

emulsion. One set was photographically developed after three weeks exposure and the 

second set was developed after 8 weeks. The sections were stained through the emulsion 

with thionin. Analysis of the number of silver labeled cells in the MSDB showed that 

colchicine reduced the transport of the radioligand (Peterson and Ginn, 1990). Together, 

the reduced numbers ofFG- and 1251-labeled cells, in the absence of cellloss, indicate that 

intraventricular colchicine blocks axoplasmic transport in the septohippocampal system. It 

is tempting to speculate that the loss of cholinergic neurons in the medial septum which is 

induced by colchicine is due to the blockade ofaxoplasmic transport of NGF. 

It is possible that colchicine is having some toxic effect which is unrelated to its 

action on tubulin and axonal transport. To test for this, a group of rats received ICV 

injections of lumicolchicine, the structural isomer of colchicine which is without effects on 

tubulin and axoplasmic transport (Banks and Till, 1975; Wilson and Friedkin, 1967). 

Lumicolchicine had no effects on either the number of FG-labeled or ChAT

immunoreactive neurons in the MSDB (Peterson and Ginn, 1990), providing support for 

the hypothesis that colchicine's effects on axoplasmic transport mechanisms are responsible 

for colchicine-induced neurotoxicity in the MSDB. 

ICV colchicine may diffuse through the CSF to locations distant from the site of 

the injection (e.g. striatum; Peterson and McGinty, 1988) and it is possible that the 

degeneration of septal cholinergic cells results from its diffusion into the medial septum. 

This is unlikely since there is a net flow of CSF "down stream" towards the third ventric1e 

and any diffusion of colchicine towards the septum would necessarily have to be "up 

stream". In an attempt to control for the effects of diffusion of colchicine, and to restrict its 

actions to the axons in the fornix, injections (10 J.lg in 1 J.ll) were placed directly into the 

body of the fornix in three rats. After a survival of 3 weeks, the numbers of ChAT

irnmunoreactive somata in the medial septum were significantly reduced (mean reduction of 

75%) (Ginn and Peterson, 1990). 
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CELL DEATH VS CELL LOSS? 
Transections of the timbria-fomix (FFX), which carry the majority of 

septohippocampal tibers (Lewis and Shute, 1967), result in a profound reduction in the 

number of ChAT-immunoreactive somata in the MS (Annstrong et al., 1987; Daitz and 

Powell, 1954; Gage et al., 1986). These reductions are generally believed to be indicative 

of cell death. However, it has been reported that the application of NGF, even after 

maximal cellloss has occurred, increases the number ChAT-immunoreactive neurons 

compared to non-NGF treated animals (Hagg et al., 1988). Such results suggest that the 

neurons were not dead following the insult, but rather had become refractory to histological 

detection and NGF stimulated their recovery. Support for this hypothesis comes from a 

study in which FG was injected into the hippocampus followed one week later by FFX. 

Even at 10 weeks post-transection less than 25% of septohippocampal neurons were lost 

(Peterson et al., 1990). The cells that remained were reduced in somal area by nearly 50% 

of control. These results suggest that previous reports of cellloss following FFX may 

have been over-estimations of the actual degree of cell death, especially if only large

diameter neurons were counted. These results further indicate that cellloss does not 

necessarily indicate cell death. 

This same caveat applies to the loss of cholinergic neurons following colchicine: 

the 60-80% reduction in numbers of ChAT-immunoreactive neurons in the medial septum 

which is induced by colchicine may not represent true cell death. To address this issue, FG 

was injected into 5 sites along the septotemporal axis of the hippocampus of female 

Sprague-Dawley rats (see Peterson et al., 1990 for injection parameters). One week later 

these animals were injected with colchicine as described above. Three weeks following the 

colchicine injections, the rats were kiiled and the brains collected and prepared as described 

above. FG-labeled cells were counted as described above. In addition, the area, shape 

factor, diameter and perimeter of FG-labeled cells in the MSDB were measured using a 

computer assisted image-analysis system (Bioquant, R & M Biometrics, Nashville, TN). 

Approximately 50% of the FG-Iabeled neurons in the MSDB were lost 3 weeks following 

ICV co1chicine injections. The neurons which remained were not shrunken, but rather 

retained their normal shape and size (Ginn and Peterson, 1991b). The cells which 

remained are presumably the GABAergic neurons (Amara! and Kurz, 1985; Köhler et al., 

1984; Wainer et al., 1985) which are not affected by colchicine. These results suggest that 

co1chicine results in a selective, real, and profound loss of cholinergic neurons in the 

MSDB and thus may provide a valuable model for the study of neuronal degeneration. 

CONCLUSIONS AND SPECULA TIONS 
The presen t results show that co1chicine injections reduce the number of ChA T

immunoreactive neurons in the medial septum and the number of AChE-positive tibers in 

the hippocampus. This appears to be related to blockade ofaxoplasmic transport as these 
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injections block retrograde transport of a fluorescent dye and of 125I-NGF. Additionally, 

hippocampal NGF levels almost double following injections of the alkaloid. Based on 

these observations, we hypothesize that colchicine-induced neurotoxicity occurs as a result 

of the alkaloid's disruption of tubulin, rendering the neuron incapable of transporting NGF 

and thus inducing death of septohippocampal cholinergic neurons. GABAergic (GAD

immunoreactive) neurons are not affected by colchicine during the period exarnined 

presumably because they are less dependent upon a retrogradely transported neurotrophic 

substance and/or take longer to degenerate (Peterson et al., 1987). That cholinergic 

neurons apparently die following colchicine, but not following transection of their axons, 

may be due to the ability of the transected axons to continue to transport NGF (perhaps 

from glia), whereas the colchicine treated axons are incapable of transport from any source. 

Other groups have used colchicine as a neurotoxin in the basal forebrain and 

have examined its effects on cell morphology and on behavior. Colchicine has proven 

useful as a neurotoxin in the nucleus basalis magnocellularis (NBM), where it reduces the 

number of ChA T -immunoreactive neurons (Mundy and Tilson, 1990). In addition, 

colchicine injections confined to the NBM reduced ChA T activity as well the number of 

nicotinic binding sites in the neocortex (Tilson et al., 1989). Together, these results 

indicate that colchicine can be used as a neurotoxin in the septohippocampal and 

basalocortical systems, both of which show degenerative changes in AD. 

As a consequence of its anatornical and biochemical effects, performance deficits 

have been observed in animals in a variety of behavioral tasks. We have observed deficits 

in acquisition and retention of platform location in the Morris water maze following ICV 

colchicine (unpublished observations). Colchicine injections confined to the NBM disrupt 

passive avoidance retention as weIl as the reference memory component of the Morris water 

maze, although the latter response dissipated with repeated training (Mundy et a1., 1990). 

Furthermore, behavioral deficits have been observed following intrahippocampal (Tandon 

et al., 1988), intradentate (Emerich and Walsh, 1989, 1990; McLamb et al., 1988) and 

intrafimbrial (DiPatre et al., 1990) colchicine injections. Finally, continuous infusions of 

colchicine disrupt both acquisition and retention of a food-rewarded operant conditioning 

task (Bensimon and Chermat, 1991). This last study is extremely interesting in that the 

dosage of colchicine used disrupts microtuble assembly without producing neurotoxic 

effects, although such effects were not explicitly examined. In addition, lumicolchicine had 

no effects on the acquisition or retention of the task, once again providing support for the 

hypothesis that microtubule disruption underlies colchicine-induced behavioral deficits. 

Further support for this hypothesis comes from studies which show that gangliosides, 

which are known to potentiate the actions of NGF both in vivo and in vitro (Cuello et al., 

1989; DiParte et a1., 1989), and to increase the expression of genes coding for Cl and ß 

tubulin following neuronal damage (Yavin, et a1., 1987), prevent the cognitive deficits 

associated with ICV co1chicine injections (Emerich and Walsh, 1991; Walsh et a1., 1989). 
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Matsuyama and Jarvik (1989) have hypothesized that a defect in the microtubule 

system may be a primary cause of the pathogenesis of Alzheimer's disease. This is very 

interesting in view of our work on colchicine-induced neuronal degeneration. As discussed 

above, colchicine is known to bind tubulin, one of the constituent proteins of microtubules 

and thereby disrupt the integrity of the microtubular system. This would result in the 

blockage ofaxoplasmic transport, particularly of NGF, which has been shown to be 

synthesized in the hippocarnpal formation (Korsehing et al., 1985), to be retrogradely 

transported to cholinergic neurons in the MSDB (Seiler and Schwab, 1984), and to be 

necessary for their survival (Hefti, 1986; Kromer, 1987; Williams et al., 1986). 

Furthermore, NGF has been reported to increase total tubulin (Drubin et al., 1985) and 

MAP2 (Black et al., 1986) levels in PC12 cells, as weH as to induce tau and MAP1 (Drubin 

et al., 1985), both of which promote microtubule assembly. Thus, colchicine's effects on 

microtubules provides a valuable model for studying whether damage to the cytoskeleton 

underlies the neuropathology of AD. Without doubt, the issue is complex, but does 

suggest that rather than anempting to replace ACh in AD patients or apply neurotrophic 

support, it may be more practical to stimulate microtubule assembly pharmacologicaHy in 

an anempt to ameliorate the neuropathological degeneration observed in Alzheimer's 

Disease. 
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INTRODUCTION 
Patients suffering from Alzheimer's disease (AD), as weH as other dementing 

disorders, show global decreases in markers of cerebral metabolism such as blood flow, 

oxygen uptake and glucose utilization (Phelps, Mazziotta, and Huang, 1982). The 

question arises, however, as to whether these changes are of etiological significance. 

Blass, Sheu and Cedarbaum (1988) have distinguished between primary, secondary and 

tertiary disorders of energy metabolism. A primary disorder is a defect of the ceHular 

machinery of energy metabolism. These defects are inborn errors and primarily affect the 

CNS. The CNS is more sensitive to a decline in energy metabolism than other organs are, 

and is therefore a major target of damage when this function is impaired. A secondary 

disorder of energy metabolism is not metabolie in origin, but rather a consequence of a 

triggering pathology which damages mitochondrial function. Sequelae from the 

subsequent dysfunction of energy metabolism, then, produce cellular pathology and 

contribute to the overall disease process. A tertiary disorder of energy metabolism is one in 

which the abnormal markers of energy metabolism are purely a consequence of neuronal 

degeneration. In the latter class, the decline in energy metabolism occurs late in the disease 

and is trivial as a pathophysiological process in the disease. The classification of AD within 

this schema is unknown. 
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The fmding of a dedine in metabolic markers in vivo does not distinguish between 

a dysfunction of energy metabolism that is pathogenic and one that solely reflects cell 

death. There is a growing body of evidence which suggests that abnormalities of oxidative 

metabolism, defined here as the mitochondrial processes of the Kreb's cyde and oxidative 

phosphorylation, are pathogenic rather than being merely a consequence of 

neurodegeneration in AD. Numerous perturbations of mitochondrial function, which may 

reflect a dysfunction of oxidative phosphorylation, have been shown in biopsies of brain 

tissue and non-neuronal tissue from AD patients. For example, several studies indicate that 

there is a partial uncoupling of oxidative phosphorylation in biopsies of AD brain tissue 

(Sims et al., 1983; Sims et al., 1987). Similar findings of abnormal oxidation of glucose 

and glutamine in cultured fibroblasts from AD patients suggest that these changes in 

oxidative metabolism in AD are found in non-neural mitochondria as weIl (Sims, Finegan 

and Blass, 1985; Sims, Finegan and Blass, 1987). The finding of markers of abnormal 

mitochondrial function in tissues that are not known to be a target of damage in AD 

suggests that a mitochondrial defect may fit the defmition of a primary or secondary defect 

in AD. In recent work, Blass and his colleagues (1990) reported that the addition of an 

uncoupler of oxidative phosphorylation to the medium of cultured skin fibroblasts from 

healthy human subjects increased the immunoreactive antibody reactions to two 

Alzheimer's-linked antigens, paired helical filaments and ALZ-50. This finding suggests 

that an error of oxidative phosphorylation may trigger the induction of paired helical 

filaments and ALZ-50 in AD brain tissue. 

Parker, Filley and Parks (1990) recently identified a specific mitochondrial defect in 

blood platelets from AD patients. These investigators found a profound decrease in the 

activity of cytochrome oxidase, the terminal enzyme of the respiratory chain. Other 

respiratory chain enzymes were unaffected. Blood platelets are not known to be a target 

tissue in AD; therefore, the cytochrome oxidase deficiency in blood platelets may represent 

a defect that occurs in mitochondria of an cells. The selective and widespread nature of this 

cytochrome oxidase dysfunction is consistent with the definition of a primary or secondary 

defect in AD. 

In the present series of experiments, we modeled the cytochrome oxidase deficiency 

by pharmacologically producing a chronic and selective inhibition of this enzyme in rats. 

AD patients experience an increasing irnpairment of leaming and memory over the course 

of the disease. We therefore investigated cytochrome oxidase-deficient rats on a battery of 

behavioral tasks assessing learning and memory. The hippocampus is a major target of 

damage in AD (Ball et al., 1985). Moreover, the hippocampus has a crucial role in memory 

formation in humans and other mammals (Berger and Thompson, 1978; Scoville and 

Milner, 1957; Squire, 1986; Zola-Morgan and Squire, 1986). Thus, hippocampal

dependent leaming was a major focus of our investigation. We also tested the effect of 

cytochrome oxidase inhibition on a measure of hippocampal plasticity, long-term 

potentiation (L TP). L TP is a well-described model of memory which has been studied 
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most extensively in the hippocampus (Teyler and Discenna, 1987). These experiments 

were designed to determine whether the selective inhibition of cytochrome oxidase impairs 

leaming and memory and/or hippocampal plasticity. 

METHons and RESUL TS 
For all experiments, adult male Sprague-Dawley rats were chronically treated with a 

selective inhibitor of cytochrome oxidase, sodium azide (Aldrich). Sodium azide (400 

jll/hour) or physiological saline was delivered subcutaneously to each subject via a 

continuous-release osmotic minipump (Alzet 2MIA) for one to four weeks prior to testing 

(Bennett et al., 1990; Bennett et al., in press). 

The dose of sodium azide was chosen based upon a previous investigation of dose 

and time response characteristics of respiratory chain enzyme activity during chronic azide 

treatment. The activity of the respiratory chain enzymes was measured from brains of the 

rats which had been tested on the fIrst behavioral task (Figure 1). The rats were sacrifIced 

by decapitation approximately 2 weeks after pump implantation and assayed for activities of 

mitochondrial enzyme complexes I - IV. Whole brains except for the cerebellum and 

hindbrain were used for mitochondrial extraction. Cell body and synaptic membrane 

mitochondria were isolated by the method of Clark and Nicklas (1970). Respiratory 

enzyme complexes were assayed as follows: Complex I (NADH:ubiquinone 

oxidoreductase) was assayed spectrophotometrically in sonicated mitochondria by 
following the decrease in the absorption ofNADH (WhitfIeld et al., 1981) using 60 jlM Q1 

and 2 mM KCN. Complex II/Complex III (succinate:cytochrome &;. oxidoreductase) were 

assayed as described by Stumpf and Parks, 1981. For Complex land Complexes MII, 
activity was expressed as jlmoVmin/mg of mitochondrial protein. Complex IV 

(cytochrome oxidase) was assayed as a cyanide-sensitive ferrocytochrome &;. oxidase in 

cholate solubilized mitochondria (WhitfIeld et al., 1981) in 20 mM potassium phosphate, 

pH 7.0 and 25 jlM reduced cytochrome &;. reductase prepared by ascorbate reduction and 

purified over Sephadex 0-50. The oxidation of reduced cytochrome &;. was followed at 550 

nrn. Activity was expressed as a fIrst order rate constant (rate constant!sec/mg 

mitochondrial protein). 

Chronic azide treatment produced a significant inhibition of cytochrome oxidase in 

mitochondria of both cell bodies and synaptic membranes. The magnitude of the decrease 

was 35% in the cell body mitochondria and 39% in the synaptic membrane rnitochondria. 

Based upon preliminary fIndings, this level of inhibition represents a steady-state degree of 

inhibition which is reached within 48 hours of pump implantation. Azide treatment did not 

signifIcantly alter the activity of any other respiratory chain enzyme complex. 

Behavior 
AZIDE and CONTROL rats were tested on a shock-motivated, two-way shuttle box 

task as described by Bennett et al., in press. Overall, the AZIDE group was signifIcantly 

impaired with respect to the CONTROL group as measured by escape latency [repeated 
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FIGURE 1. Respiratory chain enzyme activity from brains of AZIDE and CONfROL rats. Cell 
body (C8) and synaptic membrane (SM) mitochondrial enzyme activity. Complexes I and WIll 
activities are expressed as mean c± S.E.M.) mmoVmin/mg of mitochondrial proteinj Cytochrome 
oxidase (Complex IV) activity is expressed as mean (±S.E.M.) rate constantlsec/mg of 
mitochondrial protein. CO) denotes Student-I comparisons of AZIDE versus CONTROL: p < 0.05, for 
a given respiratory chain enzyme. Reprinted with permission from Mosby Yearbook. 
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measures MANOVA main effectoftreatment: F (1,13) = 8.79, p =0.01]. The CONTROL 

rats showed evidenee of signifieant learning over trials (first day versus last day, t = 2.02, 

p < 0.05); whereas, the AZIDE group did not (first day versus last day: t = 0.11; p > 
0.1). 
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DAYS OF TRAINING 
FIGURE 2. Shuttle Box Task. AZIDE (n = 7); CONTROL (n = 8). Data expressed in blocks of 15 
trials denoting the mean (± S.E.M.) daily performances. The repeated measures MANOVA (derived 
from the individual scores) revealed significant main effect of treatment: F(1,13) = 9.21, p < 0.01; 
significant main effect of time: F(1l,143) = 2.59, P < 0.01; and a significant treatment by time 
interaction: F(1l,143) = 2.70, P < 0.05. CO) denotes trial block significantly different from first trial 
block Ct = 2.02, P < 0.05). Reprinted with permission from Mosby Yearbook. 

Sensory and Motor Function 
After eompletion of this task, rats were tested on measures of footshock sensitivity 

and motor activity. The results of the psychometrie Flineh-Jump test and the test of 

spontaneous aetivity in an open field did not indicate any signifieant differences between 

the CONTROL and the AZIDE groups. Thus, the differences in performances were not 

attributable to an azide-indueed sensory or a motor deficit. 
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TABLE 1 

ACTIVITY 
Line Crossings 
(x ± S.E.M.) 

FOOTSHOCKSENSITIVITY 
Flinch Jump 

(x ± S.E.M.) (x ± S.E.M.) 

----------------------------------------

AZIDE 7 47.6 ± 8.13 225 ± 23.1 605 ± 62.7 

--------------------------------------

CON1ROL 8 50.0 ± 2.81 230 ± 9.33 603 ± 15.9 

--------------------------------------------
AZIDE and CONTROL groups were not significantly 

different in their motor activity or sensitivity to footshock. 

8-Arm Radial Maze 
Two additional groups of rats were tested on a spatial task, the 8-arrn radial maze 

using a modification of the method of Barnes et al. (21) as described previously (Bennett et 

al., in press). Azide treatment impaired performance on the radial maze task. Mean correct 

choices for this task are shown in Figure 3; mean errors are shown in Figure 4. Overall, 

AZIDE rats performed warse than did the CONTROL rats on the measure of correct 

choices [repeated measures MANOVA main effect oftreatment: F (1,16)= 5.06, p < 

0.05]. The impairment was manifested as a delayed acquisition of the test; the two groups 

reached asymptote performance levels that did not differ significantly. 

There was no overall statistically significant difference between the error rates of the 

two groups [repeated measures MANOVA: F (1,16) = 2.12, P = 0.16, NS]; nor was there 

a significant difference on the first day of testing. There was, however, a significant lag in 

learning by the AZIDE group. The CONTROL group exhibited a steady decline in the 

number of errors over the first five days of training. The decrease in the number of errors 

by the CONTROL group reached statistical significance on Day 5 (t = 3.31, P < 0.01, Day 

1 versus Day 5). In contrast, the decrease in the number of errors for the AZIDE group did 

not reach statistical significance until Day 7 (t = 3.98, p < 0.01, Day 1 versus Day 7). 

Thus, by this measure also, the AZIDE group was impaired in acquisition of performance 

of this task, but eventually reached an asymptote performance level that was not 

significantly different from the CONTROL group. 

The fmding of similar error rates for the two groups overall and on Day 1 indicates 

that the AZIDE rats were neither failing to move about the maze nor were they hypermotor. 

This result provides additional evidence that the AZIDE-induced impairments on the 

behavioral tests reflect a learning deficit rather than a motor impairment. 
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FIGURE 3. 8-Arm Radial Maze Correet Choices. AZIDE (n = 9); CONTROL (n = 9). Mean (± 
S.E.M.) number of eoueet ehoiees per group in daily 10 minute trials. For trials 1 - 12, repeated 
measured MANOVA main effeet of treatment: F 0,16) = 5.04, p < 0.05; Main effeet of time: F 
01,176)= 32.77, p < 0.01; Treatment by time interaetion: F (11,176) = 1.19, p > 0.1, NS). For trials 1-
6 (aequisition), repeated measured MANOVA main effeet of treatment: F (1,16) = 5.61, P < 0.05; 
Main effeet of time: F (5,80) = 19.52, P < 0.01; Treatment by time interaetion: F (5,80) = 0.43, p > 
0.1, NS). Reprinted with permission from Mosby Yearbook. 
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FIGURE 4. 8-Arm Radial Maze Errors. AZIDE (n = 9); CONTROL (n = 9). Mean (± S.E.M.) number 
of errors per group in daily 10 minute trials. Repeated measures MANOVA for Trials 1 - 12: Main effect 
of treatment: F 0,16) = 2.12, P > 0.1, NS; Main effect of time: F (11,176) = 17.61, p < 0.01; 
Treatment by time interaction: F (11,176) = 0.84, p > 0.1, NS. Compared with the first day of 
training, the first day in which there was a significant decrease in error number was Day 5 for the 
CONTROL group (t = 3.31, p < 0.01) and Day 7 for the AZIDE group (t = 3.98, P < 0.01). Thus, the 
decline in errors for the AZIDE group lagged that of the CONTROL group by two days of training. 
Reprinted with permission from Mosby Yearbook. 

Morris Water Maze 
AZIDE and CONTROL rats were tested in a water tank according to a modification 

of the method of Morris (1984). Individual rats were given daily trials for 7 days in a 

water tank filled with opaque water (24-250 C) in which the task was to swim to a hidden 

platform that occupied a fixed position relative to conspicuous extramaze cues. Group 

performances, which reflect the mean swim-times on four daily trials, are reported in 

Figure 5. 

The AZIDE rats exhibited overall poorer performance across trials [repeated 

measures MANOVA main effect: F(1,17) = 18.6; P < 0.01). Both groups showed 

significant learning over trials [repeated measures MANOVAtime effect: F(6,102) = 5.93; 

p < 0.01; no significant treatment by time interaction F(6,102) = 0.84, p > 0.1]. First day 

performances did not differ significantly between groups (t = 1.17, NS), indicating that the 

deficit was not due to a motor impairment. 
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FIGURE 5. Mords Water Maze. AZIDE (n = 11); CONTROL (n = 8). Data points are group mean 
swim-times of fOUf daily trials. Repeated measures MANOVA effect of treatment: F(1,17) = 18.6; p < 
0.01; Effect of time: F(6,102) = 5.93; p < 0.01; Treatment by time interaction: F(6,l02) = 0.84, p > 
0.1, NS. AZIDE versus CONTROL Day 1 performances did not differ significantly (t = 1.17, P > 0.1, 
NS). 

Hippocampal Plasticity 
CONTROL and AZIDE rats were tested in an electrophysiological experiment 

investigating the induction and expression of a low-threshold form ofLTP in the 

hippocampus, PB potentiation, according to methods described previously (Diamond et al., 

1989). For this experiment, the hippocampal commissure was the site of stimulation and 

evoked responses were recorded in the pyramidal celllayer of CAl. PB potentiation 

stimulation parameters induce L TP with fewer total pulses than required for traditional L TP 

induction because the pulses are pattemed to mimic aspects of endogenous hippocampal 

activity (Diamond et al., 1988; Larson et al. , 1986; Rose and Dunwiddie, 1986). 

We defined the long-Iasting response to the potentiating stimulus as the mean 

magnitude of the population spike evoked responses to test stimuli in the 21-30 minute 

interval after the stimulus train was delivered. PB potentiation was defined as a 

statistically significant increase in the mean population spike magnitude during this interval. 

The population spike reflects the synchronous firing of the CA 1 hippocampal pyramidal 

ceHs. Population spike data recorded from AZIDE and CONTROL rats are summarized in 

Figure 6. 
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AZIDE treatment signifieantly impaired PB potentiation. There was an overall main 

effect of treatment for the two groups [repeated measures MANOVA F(l,lO) = 6.83, P < 
0.05], with the AZIDE group showing the lower response magnitude. Although both 

groups showed signifieant PB potentiation, the AZIDE group had a signifieantly lower 

magnitude of this long-Iasting response than did the CONTROL group. 

There was no signifieant differenee between the groups in the short-tenn 

eomponent of plastieity, post-tetanie potentiation (PIP): Evoked responses during the first 

minute after the tetanizing stimulus did not differ signifieantly between groups (t = 0.23, P 

> 0.1). There were no signifieant differences between the AZIDE and CONTROL groups 

either in magnitude of baseline population spikes or in the stimulus eurrent intensities used 

to evoke the baseline responses (data reported in Figure 6 eaption). These results, together 

with the lack of a differenee in PIP magnitudes between the two groups, indieate that the 

AZIDE-treated rats exhibited normal synaptie transmission and short-term plasticity. 
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FIGURE 6. Primed Burst (PB) Potentiation. AZIDE (n - 6); CONfROL (n .. 6). Data points are 
mean (± S.E.M.) magnitude of population spike evoked potentials. Pattemed stimulus train 
delivered at time zero. Baseline eurrent intensity for AZIDE group x = 69 IlA ± 10.3; for CONfROL 
group x - 62 j.LA± 10.2 (Azide versusControl: t - 0.48, P > 0.1, NS). Baseline magnitude of population 
spike for AZIDE group: x ~ 1.56 mV ± 0.10; for CONfROL group x - 1.65 mV ± 0.17 (Azide versus 
Contro!: t = 0.45, p > 0.1, NS). Repeated measured MANOVA (sampled at 2 minute intervals): Main 
effect of treatment: F (1,10) = 6.83, p < 0.05; Main effect of time: F (19,190) .. 16.51, p< 0.01; 
Treatment by time interaction: F (19,190) = 1.91, p < 0.05). Reprinted with permission from Mosby 
Yearbook. 
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DISCUSSION 
Chronic AZIDE treatment produced 35-39% inhibition of cytochrome oxidase in 

mitochondria of rat brain cell bodies and synaptic membranes. This investigation was 

based upon a clinical finding of a 50% overall reduction of cytochrome oxidase activity in 

the AD population tested (Parker, Filley and Parks, 1990). Thus, this experimental 

manipulation is a conservative model of this defect 

AZIDE treatment impaired perfonnance on three behavioral tasks. One task, the 

two-way shuttle box task, is a behavioral measure that is relatively insensitive to 

hippocampal damage. The two spatial tasks, the radial anTI maze and the Morris water 

maze, are both sensitive indices of hippocampal damage. AZIDE rats were not impaired on 

measures of sensitivity to footshock and spontaneous activity in an open field Further, the 

error rates on Day 1 in the radial maze and the swim times on Day 1 in the Morris water 

maze were comparable for AZIDE and CONTROL groups. Taken together, these data 

indicate that the azide-induced performance deficits reflected a generalized leaming 

impairment rather than being secondary to a sensory or motor deficit. 

AZIDE treatment also impaired an expression of long-term hippocampal plasticity, 

PB potentiation. The magnitude of PB potentiation was significantly lower in the AZIDE 

group. The findings of similar magnitudes of baseline evoked potentials and PTP suggest 

that AZIDE treatment did not impair normal synaptic transmission or short term plasticity. 

The results of the electrophysiological measures paralleled the results of the spatial tasks: 

AZIDE treatment impaired, but did not abolish, both hippocampal PB potentiation and 

spatiallearning. 

The proposal that a specific mitochondrial enzyme defect produces a distinctive 

pattern of brain damage gains support from related data emerging from the study of 

Parkinson's disease, a neurodegenerative disease of unknown etiology which is 

characterized by selective damage of the basal ganglia. Recent findings of Parker, Boyson 

and Parks (1989) show Complex I of the respiratory chain to be dysfunctional in 

Parkinson's disease. Further, the neurotoxin MPTP, which produces selective damage to 

the basal ganglia and Parkinson-like symptoms, is also an inhibitor of Complex I 

(Langston et al., 1983; Ramsey, Salach and Singer, 1986; Ramsey and Singer, 1986; 

Vyars, Heikkila and Nicklas, 1986). 

There is empirical evidence of differential sensitivity within the CNS to disruptions 

of oxidative metabolism. Some neuronal populations of the hippocampus, CAI pyramidal 

cells for example, are more wlnerable to cell death after hypoxia and ischemia, both of 

which produce intermediary metabolism sequelae similar to respiratory inhibition 

(Cummings et al., 1984; Volpe and Birst, 1983). There is also direct evidence that a 

specific dysfunction of cytochrome oxidase causes differential damage within the CNS. In 

recent work, Eells and her colleagues (1990) have shown that neurotoxic effect of methanol 

poisoning is secondary to cytochrome oxidase inhibition and that there are regional 

differences in the vulnerability of the retina to this toxin. 
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A dysfunction of the cytochrome oxidase enzyme would be predicted to produce 

numerous changes in oxidative metabolism. We have not yet investigated the 

mechanism(s) for the leaming and neurophysiological deficits produced by cytochrome 

oxidase inhibition. Tbe following is abrief discussion of some of these candidate 

mechanisms. 

First, the inhibition of cytochrome oxidase can be expected to perturb aerobic 

respiration. Tbis process is coupled to the phosphorylation of ADP to ATP. Therefore, a 

decline in cellular function may be a direct result of the predicted decrease in energy stores. 

Second, when the activity of cytochrome oxidase is insufficient to catalyze 
completely the final reduction step of molecular oxygen to H20, high-energy electrons are 

diverted from the electron transport chain. These electrons are associated with active 

oxygen species, such as the superoxide and hydroxyl radicals, which are cytotoxic (Graf et 
al., 1984; Imlay and Linn, 1988). Free radical damage has also been proposed to 

contribute to neurodegeneration in AD (Halliwell, 1989). 

Third, the inhibition of the mitochondrial respiratory chain also shifts the 

equilibrium potential from NAD+ to NADH, as NADH is unable to donate its electrons to 

the chain. There are numerous NAD+-linked enzymes that would be predicted to be 

inhibited by a decrease in the bioavailability of NAD+. For example, an impairment of 

pyruvate dehydrogenase, a NAD+-linked enzyme, has been shown to decreases 

acetylcholine (ACh) synthesis (Gibson and Blass, 1975). A decline in ACh synthesis and 

release has been shown under conditions of mild hypoxia and hypoglycemia (Gibson and 

Blass, 1976), and is associated with aging (Gibson and Peterson, 1981). A profound 

decrease in ACh is a well-described concomitant of AD which may underlie part of the 

learning and memory deficits in this disease (Whitehouse et al., 1981). These findings 

suggest that the cytochrome oxidase defect in the present animal model and in human AD 

may impair the function of the cholinergic system. 

Glutamate dehydrogenase, another NAD+ -linked enzyme, catalyzes the oxidative 

deamination of glutamate upon its entry into the Krebs cycle as Il-ketoglutaric acid 

(Lehninger, 1970). An inhibition of glutamate dehydrogenase activity may be predicted to 

increase endogenous glutamate levels. Prolonged exposure to elevated levels of glutamate 

may lead to NMDA-mediated excitotoxicity which has been proposed to playa role in the 

pathogenesis of AD (Clark, 1989; Greenamyre and Young, 1990). 

Finally, Sapolsky and his colleagues (Armanini et al., 1990) reported recently that 

the metabolie inhibitor 3-acetylpyridine (3AP), which uncouples electron transport from 

oxidative phosphorylation, produces massive damage to the dentate granule cell population 

when given to rats concurrently with high levels of corticosterone. This cell population 

receives input to the hippocampus from the perforant path. These data, together with the 

findings of hippocampal damage after hypoxia-ischemia, suggest that AZIDE-treated rats 

should be examined to determine whether cellloss in the hippocampus or dentate may 
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provide an anatomical basis for the deficit found on hippocampal-dependent tasks after 

AZIDE treatment 

The determination of mechanisms by which a cytochrome oxidase deficiency might 

develop in humans is of considerable clinical significance. The majority of AD cases 

appear to be sporadie as opposed to familial. Mitochondrially-encoded defects can appear 

to be sporadie if the maternal mitochondria are heteroplasmic (Bolhuis et aZ., 1990; Holt, 

Miller and Harding, 1989; Shoffner et aZ., 1990). Therefore, mitochondrial genetic 

transmission might account for a non-Mendelian pattern of genetic transmission of AD. 

There is recent evidence from the laboratory of S.I Rapoport (Chandrasekan et aZ., 1990) 
that the mitochondrial gene for cytochrome oxidase subunit I has a heterogeneous 

distribution that corresponds to the patten of susceptibility of brain darnage in AD. These 

investigators reported that brain regions that are preferentially affected in AD have a higher 

expression of mRNA for a homologous sequence for the mitochondrial cytochrome 

oxidase subunit I gene than do brain regions that are relatively spared in AD. A 

dysfunction of this gene would be one candidate for a locus of a mitochondrially

transmitted genetic abnormality. 

Alternatively, the use of a toxin in the present animal model of AD suggests the 

possibility that similar environmental toxins may be pathogenic. For example, two 

components of air pollution and of cigarette smoke, cyanide and carbon monoxide, are 

known to be inhibitors of cytochrome oxidase. If these or other environmental toxins are 

part of the etiology of AD, it is likely that the toxic load might vary according to individual 

susceptibility based on genetic or other factors. 

In summary, we have shown in these experiments that a dysfunction of cytochrome 

oxidase can mimic some aspects of AD. AZIDE-treated rats were significantly impaired on 

three behavioral measures of learning. The deficit does not appear to be secondary to a 

sensory or a motor impairment. Furthermore, AZIDE rats were impaired in the expression 

of a low-threshold form of hippocampal LTP, PB potentiation. Taken together, the results 

of these experiments indicate that chronic AZIDE treatment produces a generalized learning 

deficit and impairs long-term hippocampal plasticity in rats. These data suggest that once 

cytochrome oxidase is impaired in AD patients -- whether it is an initial triggering event or 

not -- this concomitant of AD alone is sufficient to produce some sequelae of the disease. 

These fmdings are consistent with the hypothesis that a defect of cytochrome oxidase has a 

pathogenic role in AD. The development of an animal model reflecting this newly-defined 

aspect of AD should prove to be a valuable tool in screening treatments to mitigate darnage 

resulting from this enzyme defect. 
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INTRODUCTION 

Amyloidosis is a major pathological change that occurs during aging and to a 

greater extent in Alzheimer's Disease. In amyloidosis, there is the abnormal deposition of 

proteins or peptides in a fibrillar form usually in the extracellular spaces1,2. All the types 

of amyloid fibrils share the following properties: 1) ß-pleated sheet secondary structure, 2) 

green birefringence under polarized light after Congo red staining, and 3) a fibrillar 

quatemary structure with a typical electron microscopic appearance. Moreover, a1l 

amyloids share the physical property ofbeing poorly soluble under physiological 

conditions. Selkoe3 and Glenner4 have hypothesized over the years that the origin of the 

amyloid deposits in the Alzheimer brain was from a source outside of the brain. The 

insolubility of the amyloid protein would indicate, as in the case of some vitamins, that a 

transport protein is necessary. Albumin, lipoproteins and other plasma proteins have been 

suggested as the ß-amyloid protein transporter. 

In this regard, arecent study by Glick5 has correlated the pathogenesis of various 

dementias with a relative insufficiency of magnesium (Mg2+) in the brain. Such 

insufficiency may be attributable to low intake of Mg2+ or high intake of a neurotoxic metal 

such as aluminum (AI3+), which inhibits activity of Fe2+ - or Mg2+-requiring enzymes. 

Glick has hypothesized that Alzheimer's Disease may involve a defective transport process, 

characterized by both an abnormally high incorporation of A13+ and an abnormally low 

incorporation of Mg2+ into brain neurons. Both albumin and transferrin have been shown 

to bind A13+ 6. 

It is interesting that A13+ deposition in the brains of Alzheimer disease victims has 

been observed over the years7-1O. These and other studies have shown that: 1) A13+ salts 

induced neuronal degenerations in cultured human neurons11, 2) A13+ inhibited some 
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enzymes such as acetylcholinesterase12 and was strongly competitive to Ca2+ 13 and 3) 

A13+ affected the choline uptake in rat brain synaptosomesl4. Also Zatta and cOlleagues15 

have hypothesized that Alzheimer patients may have more mobile aluminum possibly due to 

a protein-Al3+ complex and that the toxic character of lipophilic aluminum may implicate 

lipoproteins or other plasma proteins as aluminum carriers to the brain. 

Zatta et al. 15 and Glick's5,16 hypotheses about an aluminum carrier may relate to 

an observation by Joachim et al. 17 who reported the existence of ß-amyloid peptides in 

non-neuronal tissues and blood vessels of Alzheimer's Disease patients but did not detect 

any smal1 circulating ß-amyloid peptides 18. By binding to an A13+-albumin complex, 

serum-derived ß-amy1oid peptides would not on1y alter the tertiary structure of a carrier 

protein, such as, albumin, but the amyloid also might escape immunochemical detection if 

its own three dimensional confonnation were altered as a result of binding to the protein, 

Le. ß-sheet to random-coil or a-helical structure. 

Gersten and Hearing 19 have pointed out that albumin possesses the sequence 

varlability and binding ability to accommodate a great variety of ligands. This complex 

formation would enable albumin to interact with cell surface receptors functioning either in 

intercellular communication or in response to environmental stimuli. It is possible that 

serum-derived ß-amyloid might enhance the attachment of albumin to brain tissue of 

Alzheimer's Disease patients, either by anchoring the albumin to the neuronal cell surface 

with a region of the amyloid interacting with the cell membrane, or by altering the tertiary 

structure and charge of the albumin so as to enable the blood-brain cationic albumin 

transport system to move the complex into the brain20. Over 20 electrophoretic variants of 

human serum albumin have been reported and not all of these variants have been related to 

amino acid sequence differences. Topological changes induced by tight ligand binding 

remain a possibility. Serum albumin has been shown to function enzymatically as a fatty 

acid esterase, a p-nitrophenyl acetate esterase and a lactamase. This suggests that albumin 

molecu1es have a physically flexible structure. This flexible structure is also demonstrated 

by the ability of albumin molecules to 1) associate with each other to fonn dimers and 

oligomers, 2) to associate with albumin polypeptide fragments which leads to 

electrophoretic heterogeneity, and 3) fonn relatively stable complexes with other protein 

molecules 19. 

Precipitation of the Alzheimer ß-amyloid protein in an abnonnal microenvironment 

containing high concentrations of A13+ has been suggested Candy et al.21 as a possible 

causative factor in Alzheimer brain pathology. In support of this hypothesis, Anderson et 

a1.22 have shown that rats, whose diets were supplemented with A13+ salts, accumulated 

65 to 100% excess aluminum in their brains compared to controls. They also detected an 

increase in the level ofD-aspartate in brain tissue protein. The co-transport of Al3+ and ß

amyloid could lead to an increase in the D-aspartate content of ß-amyloid protein and 

further affect its solubility. Deprotonated carboxyl groups of glutamic acid or aspartic acid 

504 



as weH as the amino group of lysine may play an important role in the complexing process. 

A13+ ions could provide a bridge between these functional groups. 

Since aluminum silicates are found in the plaques of Alzheimer's disease brain, 

Murphy and co-workers23 have assessed the toxicity of the aluminum silicates towards 

NIE-115 neuroblastoma cells. Although the days studied did not lyse the cells, they 

showed that the aluminum days quickly associated with the cell membranes. They 

proposed that the aluminum silicates may only be toxic towards primary cells because of 

interference with developmental and differentiation factors. In this regard recent studies 

have shown that ß-amyloid protein itself is either neurotrophic or neurotoxic depending on 

the developmental stage of the neuron24-26. This toxicity would be additive to the 

aluminum toxicity 7. The studies described here are preliminary ones designed to test the 

fIrst step of the hypothesis that protein complexes transport amyloid and aluminum into the 

brain, that is, does amyloid bind other proteins or Al3+? Removal of the amyloid or A13+ 

from the brain and blood might act as a treatment for Alzheimer's Disease by slowing the 

progression of the neurodegeneration 10. 

ß-AMYLOID-ALBUMIN INTERACTION 

A synthetic ß-amyloid peptide which was 40 amino acid residues in length was 

radiolabeled with 125I-Bolton Hunter reagent (BH) and the radiolabeled peptide was 

purifIed by reverse phase HPLC. The 125I-BH-amyloid peptide (100,000 cpm) was 

incubated with 100 Ilg of human serum albumin (Miles) in 20 mM Tris-HCI, 150 mM 

NaCI buffer for 30 minutes. We analyzed binding by using a Protein Pak 200 SW size 

exdusion colurnn (Waters) which can separate albumin (68 Kd) from the ß-amyloid peptide 

(4.55 Kd) and the albumin dimer 136 Kd. 
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Fig. 1. RadiCH:hromatogram of an amyloid-albumin mixture: The ßl-40 
coeluted with the HSA (Fractions 31-38). The non-bound peptide migrated as 
a mixture of tetramer (Fractions 45-62) and monomer (Fractions 69078). 
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The peptide-albumin mixture was eluted with a Tris-NaCI buffer, monitored on line 

at 280 nm, and 0.5 mL fractions were counted for radioactivity. Six percent of the amyloid 

peptide co-eluted with the human serum albumin monomer (Figure 1, fractions 31-38). 

The non-bound peptide migrated as a mixture of tetramer (fractions 45-62) and monomer 

(fractions 69-78). Although more studies are needed to characterize the strength of the 

binding, this preliminary demonstration of albumin-ß-amyloid binding indicates that 

Glick's hypothesis16 regarding an albumin-ß-amyloid interaction should be explored 

further in light of the Glenner4 and Selkoe3 hypothesis of the non-neuronal origin of 

Alzheimer amyloid. Peptides could be designed to inhibit the binding of amyloid to its 

transporter protein as a means of treatment. 

ß-AMYLOID-ALUMINUM INTERACTION 

Synthetic peptides were also used to investigate the interaction of amyloid with 

AI3+. Two amyloid peptides, residues 6-25 (ß6-25) and ß6-25:Arg-13, were used to 

study the effect of A13+ on the structure of ß-amyloid. Kirschner et al.34 have proposed 

that residue His-13 may be involved in a hydrogen bond with Asp-23 in the amyloid 

peptide. Both these peptides, whose secondary structure predictions suggest ß-strand 

conformation, exhibit sirnilar solubilities in water and they are more soluble than ßl-28 or 

ßI-40. 

When the peptides were incubated with A13+ at pR 7 and 37°C, no immediate 

changes in the reversed phase-HPLC pattern were observed in the first 24 hours of 

incubation (Figure 2). 

Rowever, as time progressed, the generation of new peaks in the HPLC pattern 

occurred and a significant shift in retention times from 40.6 min to 43.4 min after 168 

hours of incubation were observed. The microheterogeneity seen in Figure 2 would 

indicate the formation ofintermediate forms of AI3+-ß6-25 complexes. The effect of the 

arginine substitution on the interaction of aluminum with the amyloid peptide was minimal 

in that both peptides showed similar changes in the elution pattern. 
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Fig. 2. Time-course HPLC study of the interaetion of ß6-25 and AI3+. 
Ineubation buffer was 50mM phosphate, pH 7.4, 37°C. Chromatographie 
resolution was by HPLC using a C18 eolumn and an acetonitrile gradient. 
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A more direct way to ascertain the interaction of amyloid with A13+ is to monitor 

the 27 Al NMR of the peptide - A13+ solutions. The linewidths of the 27 Al NMR of an 

aluminum bromide solution in acetonitrile (CH3CN) containing ß6-25 increases with time 

(Figure 3). This initial 27 Al NMR experiment was carried in an acetonitrile solution of the 

peptide to prevent mixed A13+ species generated by interaction with H20 as ligands. The 

interaction with water gives rise to mixed solvated species in the tetrahedral and octahedral 

regions of the NMR spectrum and therefore avoided during the preliminary experiments. 

The octahedral region for 27 Al resonance was monitored to observe any changes in 

chemical shifts and line broadening. We observed a linewidth increase from 18 Hz at 24 

hours to 78 Hz after 168 hours. There was also a corresponding shift in the 27 Al· 

resonance by 4.6 ppm. The increase in shielding experienced by A13+ ion, when the 

CH3CN ligands are replaced by the amino acid side chains of the amyloid peptide could 

account for the observed change in the chemical shift. 

AMYLOID EFFECTS ON NEUROBLASTOMA CELLS (NB41A3) 

Two 40 amino acid peptides were synthesized and used to investigate the 

neurotrophic and neurotoxic effects of amyloid. One peptide, ß1-40, is identical to the ftrst 

forty residues of Alzheimer amyloid and the other peptide, called Reapin, had an identical 

amino acid composition but the amino acid sequence was reversed. NB41A3 cells were 

washed and replated in 24-well multiplates (pretreated, Flow Labs) at low subconfluence 

(3,400 cells/cm2). One day after plating, the neuroblastoma cells grown in the presence of 

the ß-amyloid peptide (10 nM) showed an increase in cell number over control (Figure 4). 

At high concentrations (lIlM), ß1-40 showed neurotoxic activity. On the other hand, in 

low concentrations (10 nM), the Reapin treated cells behaved like the control cells. These 
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Fig. 3. 27 AI NMR of aluminum and amyloid. Line broadening in the 27 AI NMR 
resonance at 23.30 MHz after incubation of ß6-25 in a 30 mM aluminum 
bromide in acetonitrile solution. ß6-25 peptide concentration was 3 mM. 
Incubation temperature was 21°C. 
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Fig. 4. Amyloid effects on neuroblastoma cells. NB41A3 cells were plated at 
a cell density of 3,400 cells/cm2 and cultured in serum free media for 1 day 
with ß1-40 amyloid peptide (10 nM) or Reapin (10 nM). Mean values of 10 
fields (0.708 mm2) counted from 2 separate wells were counted per 
experiment and the average of 3 separate experiments is shown. 

data support other observations using rat primary neuronal cultures that amyloid peptides 

have both neurotrophic and neurotoxic effect24-26. 

The presence of 111M concentrations of bovine serum albumin in the media slightly 

increased the number of cells surviving. However, when 81-40 was added to cells, the 

neurotrophic effect was lost and a small neurotoxic effect was observed. Neuroblastoma 

cell culture rnight be a useful system to study the effects of amyloid on cells in the presence 

of other factors such as IL-l, IL-6, NGF and IGF27. 
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Fig. 5. Ability of albumin to modify amyloid's neurotrophic effect on 
neuroblastoma cells. NB41A3 cells were cultured in serum free media to 
which bovine serum albumin was added for a free concentration of 1 j.lM. ß1-
40 (111M) was added and 10 fields of cells were counted after 1 day. 
Results shown are average of two experiments. 
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DISCUSSION 

Evidence indicates that multiple forms of albumin, differing in their affinities for di

and trivalent cations, are present in both serum and cerebrospinal fluid (CSF) of healthy 

persons as weIl as Alzheimer's disease patients5,16. One form of albumin (designated as 

altered albumin) apparently has increased affmity for Al3+, a decreased affinity ofMg2+, 

and an increased ability to cross the blood-brain barrier, in comparison to the other form of 

albumin (designated as normal albumin). The ratio of altered to normal albumin was found 

to be higher for AD patients than for control patients in both serum and CSF. Altered 

albumin presumably could contribute to the progression of AD by competing favorably 

with normal albumin in interactions with brain cells. Increased binding of altered albumin 

to blood brain barrier endothelial cells2,16,20, may facilitate both ß-amyloid and A13+ 

uptake and impede Mg2+ uptake, thereby contributing to the progression of Alzheimer's 

Disease. 

Indirect evidence suggests that the amino acid sequence of altered albumin is 

unchanged from that of normal albumin, yet its tertiary structure is somehow 

modified5,16. Such a paradox could be explained by the presence of another molecule, 

which binds to albumin, thereby altering its tertiary structure. In fact, albumin binds a 

different number of molecules, including fatty acids, amino acids, and proteins28, and 

changes shape in response to ligand binding29. Our experiments show that albumin can 

interact with amyloid. 

Recently, Selkoe and coworkers18 have detected soluble, truncated forms ofthe 

amyloid precursor protein in plasma. Binding studies30,31, including heavy atoms and 

hemin, revealed that the binding in human serum albumin takes place with the subdomains 

IA and llIA, which are similar to that of many A-helical proteins such as myoglobin. 

Structural similarities to calmodulin29,32 have been noted and since plasma calcium 

(Ca2+) is bound to human serum albumin, it has been proposed that the modes of calcium 

binding are also similar29. This similarity is interesting in light of the AI3+-Ca2+ 

competition for the binding sites in calmodulin13. Trapp6 has shown that A13+ is bound to 

at least one of the two specific Fe2+ binding sites of serum transferrin and also to serum 

albumin, as shown by in vivo competition studies with gallium-67, gel filtration 

chromatography and ultraviolet difference spectroscopy. It should be noted that recent 

studies by Pullen et al. 38 did not detect any gallium binding to albumin. If the results are 

confirmed, it calls into question the data reported by Trapp6. Cochran et al. 39 have 

reported negligible binding of gallium to albumin. 

Binding of aluminum to transferrin requires bicarbonate ion (HC03-) and therefore 

involves a specific Fe2+ binding site on transferrin. Albumin may not have the bicarbonate 

requirement. Aluminum concentrations in Alzheimer's Disease may play an important role 

as an environmental modifier of genetic factors such as amyloid production. Tanzi and 

Hyman33 have pointed out that amyloid precursor protein production may be regulated by 

Fe2+-binding protein at the translationallevel similar to the genes encoding transferrin 
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receptors. High aluminum levels in the brain might lead to chronic high iron levels in the 

neuron. Reducing plasma aluminium levels has led to irnprovements in Alzheimer's 

Disease patients 10. 

In regard to albumin binding and transport, the development of a model system for 

studying fibrilogenesis from chemically defined synthetic polypeptides having an identical 

sequence as the Alzheimer's Disease amyloid ß-protein can be adopted for studying which 

factors (e.g., sequence specificity, ionic strength, pR, specific ions) are crucial in 

promoting binding to albumin2,34. Arecent study has shown that ßI-28 has growth factor 

activity, but the solubility of the peptide made the quantification the actual dosage in the 

media questionable24. Our prelirninary study with the NB41A3 neuroblastoma cells 

supports the concept of the amyloid peptide having biological activity when the neurons are 

undifferentiated. Also, the observation that amyloid can bind a protein such as albumin and 

affect the behavior of cells in culture, argues that amyloid is not just a epiphenomenon but 

that its presence may also have pathological consequences. In a similar way, the 

importance of aluminum entering the brain during the etiology of Alzheimer's Disease 

should not be dismissed because of subjective bias against aluminum as a secondary agent. 

Perl and GoOO35 have recently shown that the uptake of aluminum into the CNS along 

nasal-olfactory pathways leads to neuropathology similar to that in Alzheimer's Disease36. 

If Alzheimer's Disease is caused by a combination of different risk factors as suggested by 

Cotman et al. 37, then the aluminum-amyloid combination may lead to neurodegeneration. 

Removal of environmental agents such as aluminum and blocking the action of the 

accumulating amyloid may be possible modes of treating Alzheimer's Disease in the near 

future. 
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INTRODUCTION 

The etiology of Alzheimer's disease is still unknown, though several hypotheses 

have been proposed involving genetic factors, the immune system, metal intoxication, 

infection and other factors. After the recognition of transmissible nature of Creutzfeldt

Jakob disease (1), transmission studies of Alzheimer's disease have been tried by several 

investigators, but none have succeeded in transmitting Alzheimer's disease to convenient 

laboratory animals using diseased brain tissue (2,3). 

Even though the inoculation of the brain tissue from Alzheimer patients fails to 

induce similar pathologies in animal brains, there remains a possibility that inoculations 

with the buffy coat from the diseased brains may trigger a pathological process. If viral 

infection or abnormal immune responses are etiologic factors, then the buffy coat 

containing leukocytes, lymphocytes, and macrophages may be the most suitable material to 

initiate the infection or the provoked abnormal immune response. Following this rationale, 

the following inoculation experiment has been designed. 

To do so, the relatively long time course of Alzheimer's disease has been taken into 

account. Thus, the incubation period after the inoculation was set to as long as eighteen 

months. This is because the pathologie course of Alzheimer's disease as weIl as the aging 

process of the host animal may be crucial to produce Alzheimer-type pathologies. 

We also considered the possibility that a transmissible agent may be active only in 

the initial stage of the disease and that it is no longer active in patients with pathologically 

degenerated brain. If a causative agent were active only at an initial stage, it would be 

worthwhile to include in the study as donors potential disease victims with a high genetic 

predisposition for the disease. 
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In this paper, we communicate the results of an inoculation study with buffy coats 

from members of a family with an uncommonly high predisposition for Alzheimer's 

disease, and extend the results of a second passage transmission study. 

MATERIALS AND ME1HODS 

Subjects 

Four members of a family with Alzheimer's disease and two genetically unrelated 

healthy control subjects were included in the study. Patient No. 1 was a 55 year old male 

diagnosed with Alzheimer's disease. He had been demented for three years and was 

evaluated as grade IV by FAST staging (4). Before the study was completed, the patient 

died and the postmortem study confirmed the diagnosis of Alzheimer's disease, including 

the presence of neurofibrillary tangles and senile plaques (Figure l-A,B). Patient No. 2, 

52 year old brother ofNo. 1 was more severely demented and almost bed-ridden, and the 

FAST staging was VI when blood was withdrawn for this experiment. He also died before 

the completion of the experiment, but a postmortem neuropathological study was not 

performed. No. 3, the 28 year old son of patient No. 1, and No. 4, the 24 year old 

daughter of patient No. 1, were apparently healthy. No. 5, a 54 year old male, and No. 6, 

a 53 year old female, are genetically unrelated apparently healthy subjects. 

Buffy coat and brain homogenate inoculation 

Twenty ml of venous blood were drawn and buffy coats were prepared by 

centrifugation. The buffy coat was mixed with an equal volume of physiological saline and 

then injected into 6-week old female golden hamsters (5). A 0.06 ml aliquot of buffy coat 

suspension was inoculated into the cerebral tissue through a burr hole 2 mm rostral of 

bregma and 2 mm to the left of the saggitalline. Four hamsters were inoculated with each 

sample and kept in a cage. Eighteen months after the inoculation, the experimental animals 

were sacrificed for the neuropathological study. 

For the second passage experiment, the hamsters inoculated with buffy coats of 

No. 1 and No. 4 were sacrificed 18 months after the inoculation and their brain tissue was 

homogenized with 10 times (w/v) phosphate buffered saline. These homogenates were then 

inoculated into the brains of hamsters as described above. The hamsters were kept for six 

months and sacrificed for the neuropathological study. 

Neuropathological study 

The brain tissue was fixed in 10% formaldehyde for 10 days and embedded in 

paraffrn. Paraffrn sections of 15 micron thickness were stained with hematoxilin-eosin, 

Bielshowski's silver staining, and immunostaining by ABC method using Vectorstain kit. 
The antibodies used were anti-neurofilament 200K protein (Amersham, Sigma), anti-

ubiquitin (Chemicon), anti-tau (ICN), and anti-paired helical filaments (ICN). 
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Figure 1 
The silver 
staining of the 
brain of patient 
No. 1. 
Neurofibrillary 
changes (A) 
and senile 
plaques (B) 
were found in 
the cerebra! 
cortex of 
patient No. 1. 

The marked neuropathological finding of the hamster brain inoculated with 

Alzheimer buffy coat was proliferation of neurofilament -like filaments in neuronal 

perikarya in the lower brain stem nudei. As shown in Figure 2A, the immunostaining of 
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Figure 2B 
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Figure 2 
The results of 
the fIrst 
transmission 
experiment. 
The hamster 
inoculated with 
the buffy coat 
from patient 
No. 1 was 
sacrifIced 18 
months after 
the inoculation 
and 
immunostained 
with an 
antibody 
against 
neuroffiament 
200K subunit 
protein. (A) X 
100, and (B) 
X 1,000. 



the section at the level of metencephalon with anti-neurofilament 200K protein revealed that 

neurons of the the brain stern nuclei were positively stained by anti-neurofilament antibody. 

The vacuolar and spongiofonn degeneration was minimal. A higher magnification clearly 

demonstrates the massive proliferation of immunopositive filaments in neuronal perikarya. 

Whole cytoplasmic space was occupied by proliferating neurofilaments that resembled 

ballooned neurons found in some neurodegenerative diseases (Figure 2B). 

Immunopositive neurons were observed in the lower brain stern nuclei of the 

hamsters inoculated with buffy coat from the subjects No. 1, No. 2, No. 3, and No. 4. 

The buffy coats from all members of the family with Alzheimer' s disease produced 
immunopositive neurons with anti-neurofilament antibody, while the buffy coats from the 

two control subjects did not. This finding indicates that a factor in buffy coats is shared 

among the family regardless whether they are healthy or diseased, and that the factor is 

quite specific to this family because the buffy coat from the genetically unrelated subjects 

did not show such pathological neurofilament proliferation. 

Before the completion of the eighteen month inoculation interval, 6 out of 24 

hamsters inoculated with the buffy coats were found dead. Three hamsters inoculated with 

No. 1 buffy coat were found dead by 3 months. Hamsters inoculated with the buffy coats 

from No. 3, No. 4 and No. 5 died on days 277, 389 and 83 after inoculation, respectively. 

The hamsters found dead by three months showed subarachinoidal hemorrhage, but the 

hamsters found dead between 4-13 months showed no specific changes. No neurofilament 

accumulation was found in these hamsters. 

Intracytoplasmic proliferation of neurofilaments was confmned by immunostaining 

with another monoclonal antibody against the 200K protein from a different source. As 

shown in Figure 3, an anti-neurofilament 200K subunit protein from Sigma showed the 

neurofilament proliferation in the lower brain stern nuclei. Figure 3A shows the inoculated 

side, and Figure 3B shows the opposite side. The immunopositive neurons were observed 

bilaterally, even though there were more immunopositive neurons on the inoculated side. 

To characterize the intracytoplasmic filament proliferation, the tissue section was 

immunostained with anti-tau, anti-ubiquitin, and anti-PHF. The intracytoplasmicaHy 

proliferating neurofilament-like fibers were positively stained with anti-ubiquitin as weH as 

with anti-tau, but not with anti-PHF (Figure 4). 

To investigate whether these neuropathological changes are transmissible or not, a 

second passage inoculation experiment was perfonned. The brain homogenates of 

hamsters with neurofilament accumulation were used as inoculants. The brains of hamsters 

inoculated with No. 1 and No. 4 buffy coats were homogenized and injected into four 

hamsters. Six months after this inoculation, hamster brain tissues were studied. Figure 5 

shows the neurofilament accumulation observed in the second passage hamster brain 

inoculated with No. 1. Neurons in the lower brain stern nuclei were positively stained with 

anti-neurofilament 200K subunit protein (Figure 5A). Figure 5B shows the second 

passage hamster brain inoculated with the buffy coat of No. 4, a daughter of No. 1 (Figure 

5B). Even though the degree of proliferation is less than with No. 1, the anti-
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Figure 3A 

Figure 3B 
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Figure 3 
The hamster 
brain 
inoculated with 
buffy coat 
from patient 
No. 1 was 
immunostained 
with an 
antibody that 
was reactive to 
phosphorylate 
dand 
dephosphoryla 
ted forms of 
neurofJlament 
200K subunit 
protein. (A) 
inoculated 
side, and (B) 
opposite side. 



Figure 4 
The hamster inoculated with buffy coat from patient No. 1 was immunostained with an 
antibody against tau. 

Figure 5A 

Figure 5 
The results of 
the second 
passage 
transmission 
experiments. 
The hamsters 
inoculated with 
buffy coat 
from patient 
No. 1 And 
subject No. 4, 
respectively, 
were sacrificed 
18 months 
afterthe 
inoculation, 
and the brain 
homogenates 
were 
inoculated to 

hamsters as the second passage experiments. The hamsters were sacrificed 6 months after 
the inoculation and immunostained with anti-neurof11ament 200K subunit protein. (A) the 
second passage of patient No. 1, and (B) the second passage of subject No. 4. 
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Figure 5B 

Figure 6 
The second passaged hamster brain from the buffy coat of patient No. 1 was 
immunostained with anti-ubiquitin. 

neurofilament immunostaining showed the cytoplasmic proliferation of neurofllaments. 

The proliferated anti-neurofllament positive fllaments were also positively stained with anti

ubiquitin (Figure 6). 

Second passage inoculation 

Although the results of these experiments are not conclusive, the positive results of 

the second passage transmission study highly indicate the transmissibility of these 

neuropathological changes. 
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DISCUSSION 

In this study, buffy eoats from members of a family with Alzheimer's disease were 

inejcted into hamster brains and the brain tissue was studied neuropathologically eighteen 

months later. Tbe inoculated brains showed intracytoplasmic neurofilament aeeumulation 

in neurons of the lower brain stern nuclei (6). Tbe neurons that were immunopositive to 

anti-neurofilament 200K subunit protein were most abundantly found in the vestibular 

nucleL Tbe immunopositive neurons were found bilaterally. Tbis neurofilament 

accumulation was not observed in the hamster brain inoculated with the buffy coats from 

the healthy, control subjects. Even though the number of the control subjects is small, it is 

highly probable that this kind of neurofilament accumulation is produced by the buffy eoat 

from these Alzheimer patients. Some factor(s) in the buffy eoat fraction are shared by 

members of tbis family with Alzheimer' s disease. 

It seems that neurofilaments did not proliferate until12 months post-inoculation, 

because the inoculated hamsters accidentally found dead on days 266 and 389 showed no 

neurofilament pathology. In this experiment, 6-week old hamsters took 18 months to give 

the positive pathologie al changes in lower brain stern neurons. It remains to be investigated 

whether hamsters older than 6 weeks take the same extended incubation period to produce 

this neurofilament pathology. Tbere is a possibility that aged experimental animals undergo 

such changes in incubation intervals shorter than 18 months. 

Tbe findings of the second passage experiments are crucial to demonstrate the 

transmissible nature of this eytoskeletal pathology. It was clearly demonstrated that the 

hamsters inoculated with the hamster brain homogenates containing the neurofilament 

pathology produced a neurofilament accumulation in the lower brain stern neurons. Tbe 

distribution of the intracytoplasmic neurofilament accumulation is the same as that of the 

first passage experiment. It can be concluded that the same cytoskeletal pathology is 

produced by the second passage experiment. It should be noted that the second passage 

experiment required a significantly shorter incubation period to produce the neurofilament 

pathology than the first passage did. Tbis is also the case with transmission studies of 

Creutzfeldt-Jakob disease. Tbe second passage of Creutzfeldt-Jakob pathology from 

animal to animal requires significantly shorter incubation intervals than the frrst passage 

from the human brain tissue to the experimental animals does. 

Tbe most important issue to be discussed is how closely the observed neurofilament 

accumulation resembles the pathology in Alzheimer brain. It has been shown that 

accumulated neurofilament-like fibers are irnmunopositive to anti-neurofilament, anti

ubiquitin, and anti-tau antibodies (7). Ubiquitin is known to be a component protein of 

Alzheimer-type paired helical filaments. And Alzheimer neurofibrillary changes are known 

to be associated with carboxyl fragment of tau protein. In this respect, the aceumulated 

neurofilaments in the hamster brain share a similar immunological property with Alzheimer 

paired helical filaments. Tbe result ofthe immunohistochemical staining with anti-PHF 

was, however, negative with respect to the aecumulated neurofilaments in the hamster 
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brain. It remains to be studied whether the epitope mapping with various anti-tau 

antibodies reveals the same staining pattern in both the accumulated neurofilament-like 

fibers in the inoculated hamster brain and the neurofibrillary changes in Alzheimer brain 

tissue. 

Presently, we do not know why neurofilaments accumulate preferentially in 

neuronal perikarya of the lower brain stern nucleL Since the buffy coats as well as the 

brain homogenates were inoculated into the left hernisphere, there was no possibility that 

the neurofilament accumulation was the direct tissue response 10 the traumatic insult. The 

distribution of the accumulated neurofilaments in the hamster brain resembles that of the 

experimental neurofibrillary changes produced in the rabbit brain by aluminum intoxication 

(8). By chronic as weH as by subacute intoxication with alurninum salts, abnormal 

neurofilament accumulation is observed predominantlY in the lower brain stern nucleL 

The appearances of accumulated neurofilaments are quite different between these 

two types of experimental animals, however. The experimental neurofibrillary changes in 

alurninum-intoxicated rabbit brain show several aggregates of accumulated filaments, while 

the accumulated filaments in the hamster brain cover the whole area of the cytoplasm. It 

seems that the degree of filament accumulation is more severe in the hamster brain than in 

the rabbit brain (9). This may be due to the difference in the incubation period, because the 

hamsters were studied 18 months after the buffy coat inoculation, which requires a 

significantly longer incubation period than alurninum intoxication. 

There are papers reporting that protein domains are present in neurofibrillary 

changes in Alzheimer brains that are sirnilar to or identical with those seen in tau, 

neurofilament 200K, and neurofilament 160K subunits (10-13). Neurofilament 200K and 

160K subunit proteins are immunohistochemically detected in neuropil threads and 

dystrophie neurites in senile plaques in Alzheimer's disease cortex (14). These 

observations suggest a pathological process of post-translational modification of 

neurofilament proteins in Alzheimer's disease. 

Ballooned neurons are reported in several neurodegenerative diseases of the central 

nervous system, including Pick's disease (15), Down's syndrome (15), tuberous sclerosis 

(16), experimental Kuru (17), Creutzfeldt-Jakob disease (18) and Alzheimer's disease 

(19). The ballooned neurons, commonly found in anterior cortical regions and amygdala, 

are shown to contain neurofilaments by immunohistochernical staining. Neurons filled 

with accumulated neurofilaments after buffy coat inoculation share certain similarities with 

the ballooned neurons observed in these neurodegenerative diseases. They are swollen 

cells often several times larger than adjacent neurons. Further, electron microscopy 

revealed accumulation of 10 nm neurofilament-like fibers (20). 

Abnormal sprouting has been hypothesized in Alzheimer's disease. A lower level 

of neuronal inhibitory factors and an appearance of embryonie proteins may indicate that 

the neuron affected with Alzheimer's disease is subjected to the process of degeneration 

and regeneration. In this pathological process the cytoskeletal systems would be remolded 
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extensively. Neurofilaments are also affected by the process of depolyrnerization, and an 

abnonnality in this process could eventually result in the formation of paired helical 

filaments in Alzheirner disease. 
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A-amanitin, 398, 403 
AAMI, see Age Associated Memory 
Impairment 
Acetylcholine (ACh), 3, 4, 9, 12, 20, 26, 

28,35-37,58, 65, 81, 85-88,90, 
92,93, 101, 104, 147,277-279, 
281,283,284, 302, 362, 363, 417, 
430, 433, 463-467, 479, 496 

Acetylcholinesterase (AChE), 9, 23, 24, 
26, 145, 365, 366, 473, 474, 504 

Acetyl-L-carnitine, 19, 20 
ACh, see acetylcholine 
[3H]ACh, 11, 146, 147, 149 
AChE Inhibition, 30, 41 
ACh-release, 20, 25, 27, 29, 35-40, 150, 

200, 281, 285, 286, 288 (see also 
acetylcholine) 

Actinomycin D, 398, 403 
Adenosine, 307, 414 
Adenylate Cyclase, 4, 7, 8, 87, 90, 363 
Adrenergic Receptors, 5, 359, 377 
Afterhyperpolarization (AHP), 231, 232, 

243-245, 251, 252 
Age Associated Memory Impairment 

(AAMI), 58, 207, 209, 212, 216, 
217,221,230,234 

Aged Rats, 57, 82, 200, 203, 419 
Age-related Behavioral Impairments, 29, 

58,64,65, 67, 69, 75, 76, 81, 
202, 208, 233, 252, 270, 366 

Aging, 61, 67, 91, 199,203,407 
AHP, see Afterhyperpolarization 
Albumin, 303, 456, 503-506, 508, 509 
Alpha Waves, 49, 54, 55 
Aluminum (AI3+), 387, 388, 390-393, 

472, 503-507, 509, 510, 524 
-y-Aminobutyric Acid, see GABA 
-y-Aminobutyric Acid Transaminase, 301, 

318 

2-Amino-5-phosphonopentanoic Acid 
(AP5), 258, 261 

AMPA Receptors, 258-260, 266, 267 
Amphetamine, 340, 342, 359 
Amygdala, 45, 178, 180,427,428,524 
Amyloid, 391, 471, 503, 506-509 
Amyloid Peptide, 391,503-505,508 
Amyloid Precursdr Proteins (APPs), 121, 

124, 391, 392, 393, 509 
Amyloid Protein, 124, 401, 427, 503, 510 
Amyotrophic Lateral Sclerosis, 302, 303, 

407 
Androgens, 321 
Angiotensin, 125, 127, 128, 130-132, 302, 

303,379 
Animal Model, 397, 452, 485 
Antidepressants, 9, 10, 20 
Antiparkinsonism, 9, 10 
Anti-PHF, 519,523 
Anti-tau (JCN), 517, 519, 523 
Anti-ubiquitin (Chemicon), 517, 519, 522, 

523 
Apolipoprotein E (apo-E), 188, 195 
Arachidonic Acid, 7, 93, 303, 304 
Aspartate, 261, 262, 365, 407, 417, 419, 

504 (see also Excitatory Amino 
Acids) 

[3H]-D-Aspartic Acid eH-D-ASP), 408-
412, 414, 415, 417-419 

Associative Leaming Subtest, 209, 218, 
228 

Astrocytes, 128, 130, 131 
Astrocytic Cultures, 125, 127 
Atropine (A), 3, 6, 86, 283, 416 
Autoreceptors, 3, 35, 41 
Axoplasmic Transport, 471-473, 475, 476, 

479 
Azide, 307, 489-494, 497 
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Basal Forebrain, 29, 30, 35, 43, 45, 47, 
48,50,53,75,77, 80, 81, 83, 
101, 102, 153, 199,203,281,359, 
427,478 

Basic Fibroblast Growth Factor (bFGF), 
123,467 

BBB, ~ Blood-brain Barrier 

BC-PS, 200-204, 208, 212-215, 218, 220, 
221 

BDNF, see Brain-derived Neurotrophin 
Factor 

BDNF Receptors, 102, 172, 174-181 
Benton Visual Retention Test, 209, 218 
Benzodiazepines, 75-77, 80, 82, 83,277, 

284 
Benzodiazepine Receptor (BZR), 75, 76, 

79, 278, 282, 286, 288, 290 
Beta Waves, 49, 54 
Blood-brain Barrier (BBB), 246, 248, 301-

308,313, 317-321, 323, 333, 336, 
341, 342, 347, 504, 509 

Body Weight, 451-456 
BPI, see Brain Penetration Index 
Brain-derived Neurotrophic Factor 

(BDNF), 99-106, 171, 173, 180 
Brain Penetration Index (BPI), 334, 336, 

337,343 
Brain Uptake Index (BUI), 334, 336, 337 
Bromocriptine, 415, 416 
Buffy Coats, 515, 516,518-521,523,524 
Butyrylcholinesterase (BuChE), 23, 24, 

319 
BW284C51 (BW), 23, 27 
BZR, see Benzodiazepine Receptor 

Ca+2, see Calcium 
CA3, 173, 178,474 
CA3 Pyramidal Region, 174, 176, 179, 

180 
Calcium (Ca2+), 20, 88, 90, 93, 157, 227, 

241,245,246,258-260,264,283, 
362, 364, 377, 379, 383, 384, 389, 
391,415,504,509 

Calcium Channel Blocker, 228, 229, 242, 
249,250 

Calcium Channels, 231, 232, 241, 245, 
246, 248, 251, 252,413 

Calcium Influx, 244, 245 
Calcium Ions, 4, 5, 7 
Calmodulin, 377, 389, 390, 509 
Caloric Restriction, 452-454 
cAMP, see cyclic AMP 

528 

Carbachol, 11, 89, 91, 265-267, 367, 379-
383, 415, 416 

ß-Carboline, 76, 282, 291 (see also ZK 93 
426) 

CAT, see Choline Acetyltransferase 
Catecholamines, 321,410 

Catechol-O-methyl Transferase, 301, 318 
CDP, 286-288, 290 
CDS, @ Chemical Delivery System 
Cell Line SN56.B5.G4, 463-467 
Cerebellum, 102, 103, 363, 414 
Cerebral Blood Flow, 29, 248, 249 
Cerebral Capillaries, 318-320 
Cerebral Cortex, 25,43-45,47,49,85, 

86, 103, 199, 261, 265, 266, 363, 
414,427, 428 

Cerebrospinal Fluid (CSF), 303, 304, 335, 
428, 435, 476, 509 

Cerebrovascular Smooth Muscle, 229, 
231,246,301 

CGS 8216, 77-80 
[14C]Choline, 464, 465 
ChAT, (see also Choline 

Acetyltransferase) 
ChAT Activity, 136, 147, 148, 151-153, 

202,203 
ChAT Gene, 137, 138, 140-142 
ChAT-immunoreactive Cells, 474,476, 

477 
Chemical Delivery System (CDS), 305-

307, 321 
Chlordiazepoxide, 285, 287 
Choline, 20, 35-37, 68, 281, 319 
Choline Acetyltransferase (ChAT or 

CAT), 101, 104, 135, 145,200, 
365,465-467,473 

Cholinergic Neurons, 83, 277, 278, 281, 
282, 471, 472, 474 

Cholinergic Phenotype, 463, 467 
Cholinesterase Inhibitors (ChEI), 20, 75, 

320, 433 
Choline Uptake, 153, 504 
Cholinomimetics, 19, 277, 278, 281 
Chronic Azide Treatment, 488, 495 
Clonidine (CLON), 415, 416, 432 
Cognition, 270, 278 
Colchicine, 471-478 

Conditioned Eyeblink Response, see 
Eyeblink Conditioned Responses 

Conditioned Stimulus (CS), 230, 232, 243 
Conotoxin, 417, 418 



Creutzfeldt Jakob Disease, 515, 523, 524 
CSF, ~ Cerebrospinal Fluid 
Cyclic AMP (cAMP), 4, 87,90,92, 136, 

464,466 
Cyclic GMP, 4, 7 
D-cycloserine, 268, 270 

Cytochrome Oxidase, 485-488, 495-497 

DA, ~ Dopamine 
DA-CDS, ~ Dopamine Delivery System 
dbcAMP, ~ ~,Q2'-dibutyryl-adenosine-

3'- 5'-cyclic Monophosphate 
Delta Waves, 44, 48-50, 53, 55 
Dentate Granule Cells, 231, 475, 496 
Dentate Gyrus, 165, 175,200,260,264, 

472 
Diacylglycerol, 5, 88, 377 
N, 0 2' -dibutyryl-adenosine-3' -5' -cyc1ic 

Monophosphate (dbcAMP), 464-
466 

Dihydropyridine, 229, 231, 242, 246, 248, 
249, 251, 252, 320-322 

Dihydroxyphenylacetic Acid (DOPAC) 
26,308,323,324,326 

Diphenylacetoxy-N-methyl Piperidine (4-
DAMP), 36-41 

L-dopa, 432, 434 
DOPAC, see Dihydroxyphenylacetic Acid 
Dopamine (DA), 5, 103, 104, 264, 265, 

277, 302, 307, 309, 320, 322-327, 
341,343,359-364,367,434 

Dopamine Delivery System (DA-CDS) 
307, 308, 309, 322-325 

D2 Receptors, see Striatal D2 Receptors 
[D-Trp8]-SS, 89, 90 

E2020, 23, 24 
EEG, 43-49, 51-53, 55 
EGF, 126, 127 
Encephalitis, 303, 304 
ß-Endorphin, 302, 305 
Endothelial Cells, 301, 333 
Energy Metabolism, 388, 485, 486 
Enkephalins, 301, 302, 313, 343 
Estrogens, 307, 321 
Excitatory Amino Acids, 257, 262, 407, 

417, 427 
Excitatory Amino Acid Receptors, 258, 

268 
Eyeblink Conditioned Responses, 228-230, 

232, 234, 242, 243, 252 

FC Receptors, 48, 54 
Ferritin, 389, 390, 392, 487, 503 
Fimbria-fomix (FFX) Transections, 101, 

102, 146, 147,477 
Fimbrial Transections, 148, 149 

Fischer-344 (F344) Rats, 261, 263, 268, 
280,284,288,408,410,411, 413, 
414,417,452 

Flumazenil, 77-81 
Flunarizine, 231, 247, 250 
Food Intake, 454-456 
Food Restrietion, 456, 458 
Forskolin-treated Cells, 90, 465, 466 
Free Radicals, 364, 266, 267, 391,496 
Frontal Parietal Somatosensory Cortex, 

43, 49, 52, 55, 160, 284 

GABA, 75-77, 79, 81-83, 103,282, 302, 
307-309, 320, 333, 336-342, 416, 
428 

GABAergic Neurons, 102, 104, 473 
Galanthamine, 23, 24 
Gallium, 390, 509 
Gamma-Aminobutyric Acid, ~ GABA 
Gangliosides, 20, 478 
Genes, 345-347 
Geriatrie Failure to Thrive, 451, 453 
GH, ~ Growth Hormone 
GH Replacement Therapy, 433-435, 437, 

438,440 
GLN, ~ Glutamine 
Globus Pallidus, 45, 365 
Glucose, 302, 304, 388, 412, 417, 419, 

485,486 
Glucose-6-phosphate Dehydrogenase 

(G6PD),388-390 
Glutamate, (see also Excitatory Amino 

Acids), 261-264, 364, 365, 407-
415,417-420,496 

Glutamate Receptors, 104, 258, 259, 263-
265,270, 364 

Glutamatergic Hypothesis, 257,261, 270 
Glutamic Acid Decarboxylase (GAD) 

473, 504 
Glutamine (GLN), 412, 413, 418, 486 
Glyceryl Esters of GABA, 335, 336 
L-O!-glycerylphosphorylcholine (O!-GFC), 

19,20 
Glycine, 260, 262, 263, 268, 270 
GMI Ganglioside, 20, 191 
Golgi Staining, 160, 164 
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G6PD, ~ Glucose-6-phosphate 
Dehydrogenase) 

GppNHp, 364, 367 
G-proteins, 5, 87, 91, 258, 259, 362, 367 
Granule Cells, 202, 471, 472 
Granulocyte (G-CSF), 114, 116 
Granulocyte-macrophage Colony-

stimulating Factor (GM-CSF), 114, 
115, 120, 467 

GRF, ~ Growth Hormone-releasing 
Factor 

Growth Hormone (GH), 427-432, 435, 
436 

Growth Hormone-releasing Factor (GRF), 
429, 430, 432, 433 

Guanine Nucleotide Binding Protein, ~ 
G-protein 

Hamsters, 515, 516, 519, 520-524 
Heptyl-physostigmine (HEP), 2L 23-30 
Hexamethonium Bromide, 60,63 
Hexokinase, 388, 389 
Hippocampal CA1 Neurons (see also 

Hippocampal Pyramidal Cells), 57, 
60, 61, 87, 231, 232, 249, 252 

Hippocampal ChAT Activity, 146, 151 
Hippocampal Dentate Gyrus, ~ Dentate 

Gyrus 
Hippocampal P1asticity, 485, 487 
Hippocampal Slices, 147-149,337 
Hippocampus (HIPP), 43-45,47,52,53, 

57, 58, 60, 61, 63-65, 66-68, 85-
88, 103, 104, 113, 115, 116, 145, 
152, 158-160, 163-165, 173-176, 
178-180,228,231,232,243-245, 
251, 252, 261-265, 267, 338, 359, 
360, 362, 363, 407, 409, 410, 414, 
416, 417, 427, 428, 473-475, 477, 
486, 493, 495, 496 

Homovanillic Acid (HV A), 26, 308, 323, 
325,326 

m-Hydroxybenzyl-hydrazine (NSD 1015), 
326, 327 

HPC, 47, 50, 54 
Human NGF (rhNGF), 147-151 
Huntington's Disease, 86, 302, 407 
Huperzine (HUP), 21, 28, 29 
HVA, ~ Homovanillic Acid 
Hypoglycemia, 417, 433, 496 
Hypothalamus, 45, 86, 102, 103, 308, 

326,327,427,428,430,431,434 
Hypoxia, 495, 496 
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IFN, 116, 120 
IGF, ~ Insulin-like Growth Factor 
IGF-l, ~ Insulin-like Growth Factor-l 
IGF-l Levels, 438, 439 (see also Insulin-

Like Growth Factor-l) 
Immune Response, 188, 195 
Inoculation, 515, 516, 519 
Inositol, 377, 378 
Inositol Phosphates, 5, 8, 378, 379 
Inositol Polyphosphates, 377, 379, 380, 

381 
Inositol Trisphosphate (IP3), 4, 88 
1,4,5-Inositol Trisphosphate [Ins(I,4,5)P31, 

362-364,377,381-383 
Ins(l ,4,5)P3, ~ 1,4,5-inositol 

trisphosphate 
Ins(l,3,4,5)P4, 378, 380-382 
eHlIns(l,3,4,5)P4, 379, 383 
Insulin, 303, 305 
Insulin-like Growth Factar, 195, 508 
Insulin-like Growth Factor-l (IGF-l), 428-

430, 434, 437-440 
Interleukin-l (IL-I), 113-118, 120, 121, 

195,508 
Interleukin-2 (IL-2), 113, 114, 116-120 
Interleukin-3 (IL-3), 114-118, 120, 467 
Interleukin-4 (IL-4), 116, 118, 119 
Interleukin-6 (IL-6), 114, 117, 118, 120, 

508 
Interleukin-7 (IL-7), 116, 118, 119 
Interleukin-8 (IL-8), 116, 118, 119 
IP3 (see 1,4,5-inositol trisphosphate) 
Iron, 387, 389-392 
Ischemia, 158,241,246,392,495 
Isoproterenol (ISO), 415, 416 

Kainate, 259, 266, 267,364-366, 368, 414 
KA-induced Seizure, 172, 178, 179 
Killer Proteins, 162, 164, 165 

Learning Behaviors, 58,257,260, 270, 
279 

Lecithin, 19, 20 
Li+, 379, 382, 383 
Lipid Peroxidation, 367, 368 
Liposomes, 305, 346, 348, 349, 367, 503 
Logical Memory Subtest, 209, 215, 218 
Long-Evans Rats, 452, 454, 456 
Long-term Hippocampal Plasticity, 495, 

497 
Long-term potentiation (LTP), 260, 261, 

487, 493, 497 



Lower Brain Stern Nuclei, 517, 519,523 
Lymphocytes, 189,515 

Lymphokines, 113, 115 
Lyso-PS, 191, 195, 196 

Macrophages, 187-196,515, 190 
Macromolecules, 345, 346 
Magnesium (Mg2+), 232, 258, 259, 265, 

503,509 
MAPl-4, 471,472,479 
M-current, 87, 93, 244 
ME, see Median Eminence 
Mecamylamine, 30, 60, 63 
Medial Septa! Nucleus, 43,47,51-53,58, 

145 
Medial Septum (MS),45,50,54,86,474,476 
Median Eminence (ME), 429, 431, 432 
Memory-related Behaviors, 8 9 75 77 

79, 80, 82, 85, 207, 257: 270, ' 
279, 359, 360 

Memory Dysfunction, 9, 19,57,58,81, 
157, 200, 202-204 

Met-enkephalin (met-EnK), 313, 365, 366, 
518 

[35S]-Methionine, 126-128 
Methoctramine, 36-41 
4-Methylcatechol(4-MC), 161, 162, 164 
Metrifonate (MTF or DDVP), 21, 23, 24, 

27-29 
Mg2+, 363, 367 
Microdialysis, 25,29,282-284 
Microtubule-associated Proteins, 471, 472 
Mitochondria, 486-488, 497 
MI, M2 , M3, M4 or Ms mAChR, 6, 10, 

12,92, 362, 381,415 (see also 
Muscarinic Receptors) 

Model System, 243, 452, 463, 510 
Molecular Biological Techniques, 4, 91 
Monoamine Oxidase (MAO), 301, 318, 

324,364 
Morris Water Maze, 58, 59, 64, 66, 199, 

201, 268, 478, 493 
Motor Behavioral Deficits, 8, 265, 269, 

270,489 
MTF, see Metrifonate 
Murine Neuroblastoma Cell Lines see 

Murine Neuroblastoma celis,
N18TG2 

Murine Neuroblastoma Cells, NI8TG2, 
463,464 

Muscarine, 6, 57, 58, 60, 61, 65, 67, 68, 
88,281,377 

Muscarinie Agonists, 88, 286, 361, 367 
Muscarinie Drugs, 3, 20 
Muscarinic Antagonists, 6, 36-41, 281 
Muscarinic Receptor Density, 92, 433 ~ 

also Muscarinic Receptors) 
Muscarinic Receptor-Agonists, 265, 266 

(see also muscarinic receptors) 
Muscarinie Receptor mRNA, 6, 361, 401, 

404 
Muscarinic Receptors (mAChR), 3-7, 11, 

12,20,27,35,36,39, 57, 58, 60, 
61,68, 75,87,93, 131,265, 266, 
278,281,359,361-364,367,368, 
377,433 

Muscarinic Receptor Subtypes, 41, 361 
Muscimol, 76, 287, 342 
[3H]-Myoinositol, 379, 382 

NAD+,496 
NADH, 487, 496 
NADPH, 320, 388, 389 
Name Face Acquisition, 213, 214 
NB41A3 Neuroblastoma Cells, 464, 505, 

507,508 
NE, see Norepinephrine 
Neomycin, 417, 418 
Neostriatum, 35, 36 
Neostigmine (NEO), 27, 283 (see also 

Cho1inesterase Inhibitors) 
Nerve Growth Factor (NGF), 20, 68, 86, 

99-106, 136, 145, 146, 157-164, 
171, 180,203,467,473,475,477, 
478,508 

Nerve Growth Factor Receptor (NGFr), 
200,202 

Neurofibrillary Tangles, 90, 384, 427, 
471,472,516 

Neurofilament-like Filaments, 515,517-
521, 523-525 

Neurotrophin-3 (NT-3), 99-101, 103-105, 
171, 180, 181 

Neurotrophin-4 (NT-4), 99, 101, 103-105, 
171 

Neurotrophins, 99, 106 
NGF, see Nerve Growth Factor 
NGF Receptor, 100, 101, 106, 153 
Nicotine, 20, 43, 53-55 57 58 60 61 , , , , , 

64-68 
[3H]-Nicotine Specific Binding, 28, 29 
Nicotinic Drugs, 3, 20, 281, 306 

Nicotinic Receptors (nAChR), 12, 27, 58, 
60, 63, 65, 66, 68 
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Nifedipine, 247, 250 (see also Calcium 
Channe1 Blocker) 

Nimodipine, 227-235, 241, 242, 246-252 
(see also Calcium Channe1 Blocker) 

N-methy1-D-aspartate (NMDA), 231, 258, 
260,262,264-267,270,407,419 
(see also Excitatory Amino Acids) 

NMDA Receptors, 66,231, 257-264, 268, 
270,417 

N-methy1-D-aspartate Receptors, see 
NMDA Receptors) 

Norepinephrine (NE), 88, 89, 264, 265, 
321, 359, 379, 430, 434, 435 

NSD 1015, see m-hydroxybenzy1-
Hydrazine 

NT-3, see Neurotrophin-3 
NT-4, see Neurotrophin-4 
Nucleus Basalis Magnocellu1aris (NBM), 

29, 30, 478 

OC, 48, 54 
Open-field Behavior, 232, 241 
Oxidative Damage, 364, 366, 368, 392, 

393 
Oxidative Metabolism, 486, 495, 496 
Oxidative Phosphorylation, 486, 496 
Oxidative Stress, 359, 364, 391 

PAI, 125 
PAI-1, 124, 128, 130, 131 
Paired Helical Filaments (ICN), 472, 486, 

517, 525 
Parkinson's Disease, 10, 106,277,302, 

321, 392, 407, 495 
PC, 48, 54 
PC12 Cells, 92, 479 
PCR, 137,403 
Peptides, 301, 304, 319 
Phenyepherine (PHE), 415, 416 
Phosphatidylcholine, 20, 189, 347, 349, 

350, 362, 377 
Phosphatidy1serine, 20, 187, 189, 191, 

199,207 
Phosphofructokinase, 388, 389 
Phosphoinositide (PI) Hydrolysis, 87,92, 

265-267, 362, 363, 377, 379 
Phosphoinositides (PI), 87, 377, 380 
Phospholipase C, 258, 301, 362, 377 
Phospho1ipid, 241, 301 
Physostigmine (PHY), 21, 23-30, 36, 77 
Physostigmine (Eserine), 283, 434 (see 

also Cholinesterase Inhibitors) 
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PI Hydrolysis, see Phosphoinositide 
Hydrolysis 

PI Metabolism Cycle, 88, 91, 361 
Pilocarpine (PILO), 43, 53-55, 415, 416 
Pirenzepine (PIR), 415, 416 (see also 

Muscarinic Antagonists) 
Piriform Cortex, 178, 180 
PKC, see Protein Kinase C 
Postmortem Brain Tissue, 264, 398, 400, 

402, 403, 516 
Power Spectra, 45, 50, 52, 53, 55 
P2-preparation, 349, 351 
Prodrug, 304, 305, 320 
Prolactin (PRL), 307, 308, 325, 327 
Protein Kinase C (PKC), 88, 91, 92, 192, 

200, 203, 364, 377 
Protein Wasting, 430, 437 
PS, 190, 192-195 
Pyramidal Cells, ~ Hippocampal CAI 

Neurons 

[3H]-Quinuclidiny1 Benzilate (QNB), 11, 
28,29,380 

Quisqualate, 259, 260, 262, 266, 379, 382 

Radial Arm Maze, 68, 199, 203, 490-492 
Radiation, 367, 368 
Rapid Eye Movement (REM), 8, 47 
Redoxed-Based Chemical Delivery System, 

317, 320, 322 
Release of Acetylcholine, 8, 37, 63 
Ribonuclease Protection Assay (RPA), 

401, 402 
RNA, 397-400, 402, 403 
RNA Metabolism, 397 
Ro 15-1788, 76, 287 
Ro 15-3505, 81, 82 
Ro 15-4513, 77-80 
RPA, ~ Ribonuclease Protection Assay 

Scopo1amine, 9, 29, 60, 63, 77, 285, 286, 
290 (see also Muscarinic 
Antagonists 

Scopolamine-induced Memory Impairment, 
80, 81 

SDHACU, 465-467 
Seizure-dependent Regulation, 171, 176 
Seizures, 178,302,304 
Sendai Virosome Envelopes, 345, 347, 

350,352 
Sendai Virus, 346, 347, 350 
Senescence, 35, 36, 41, 359 



Senescent Cells, 189, 195 
Senile Plaques, 121, 427, 516 
Sensorimotor, 227, 232, 233 
Septa! Neurons, 101, 103, 463, 466 
Septa! Nucleus, 160, 472 
Septohippocampal Cholinergic Neurons, 

471,473 
Septo-hippocampal Pathway, 101, 145, 

152 
Septum, 103, 465, 467, 475 
Serotonergic System, 377, 427 
Serotonin, 5, 343, 379, 416 
Serpins, 123, 125, 130 
Simple Reaction Time Tasks (SRTT), 280, 

288,290 
SN56.B5.G4, see Cell Line SN56.B5.G4 
Somatostatin, 20, 86, 302, 428-435 
Spatial Learning, 261, 263, 475 
Sprague-Oawley Rats, 413, 473, 476, 477, 

487 
SRTT, see Simple Reaction Time Tasks 
SS Receptor, 87, 88, 91-93 
Striatal Oopamine, 302, 309 
Striata! Receptor Systems, 8, 302, 309, 

360,361 
Striata! O2 Receptor, 365, 366 
Striata! O2 Dopamine Receptors, 360, 361 
Striatum, 25, 26, 90, 103, 263, 266, 283, 

308,323,326,327, 341, 361,363-
365, 413, 414, 427 

Synaptosomes, 261, 281, 352 

Tau, 471, 472, 521 
[3H]TCP, 262, 263 
Temporal Cortex (TC), 407, 409, 413, 

416,417 

Testosterone, 305, 307 
Tetrahydroamino-acridine (Tacrine, THA), 

21, 23, 24, 26-29, 43, 53-55 
Thalamus, 102, 103, 180 
Theta Waves, 44, 50, 53-55 
Thyroid-releasing Hormone (TRH), 20, 

302, 303, 305, 319, 435 
Tissue Inhibitor of Metalloproteases 

(TIMP) , 125, 128, 130-132 
TNF, 116, 119, 120 
Trace Eyeblink Conditioning, 231, 234, 

235 
Transient Global Ischemia, 158, 163 
Trans-ACPD Receptors, 258, 265 
Transferrin, 303, 389, 390, 392, 509 
Transmitter Release, 241, 260, 475 
TRH, ~ Thyroid-releasing Hormone 
Tryptophan, 302, 307, 311 
d-Tubocurarine Chloride, 60, 63 
Tubulin, 471, 476, 478 

Urea Nitrogen, 304, 436, 438 
[3H]Uridine, 399, 400, 403 

Vectors, 345, 346, 351 
Viral Envelopes, 348, 349, 351, 352 
Virosomes, 346, 353 

Water Maze Task, 230, 231 
Wechsler Memory Scale, 209, 215, 218 
Weight Loss, 451-453 
Wistar Rats, 288, 360, 363 
Wound Hea1ing, 188, 195 

ZK 93 426, 80, 81, 284, 286, 290, 291 
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