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KAREY ELROD 
Behavioral and Neurochemical· Consequences of the Administration of 
Nicotinic Cholinergic Agents to Rodents and· Non-Human Primates 
(Under the direction of JERRY J. BUCCAFUSCO) 

Acetyl~holine (Ach) is known as a primary neurotransmitter in 

normal mnemonic functioning. While most research has been directed at 

the central muscarinic cholinergic subsystem, of recent interest in 

normal and pathologic cognitive processing is. the role of the nicotinic 

cholinergic subsystem. The purpose of my research was to further 

characterize~ behaviorally and neurobiochemically, the role of this 

system in animal models of learning and memory by: establishing a 

working model of cognitive impairment in the rat using a classical 

behavioral paradigm and muscarinic'cholinergic amnestic agent; 

exploring in depth the influence.of classical nicotinic cholinergic 

agents on performance by rats of the same and other models of learning 

and memory; examining the ability of these nicotinic agents to alter 

performance of a complex cognitive task by non-human primates; 

examining the ;influence of these agents on neurochemistry of the rat 

brain cholinergic system in an attempt-to correlate drug~induced 

behavioral and biochemical alterations. The classical muscarinic 

antagonist scopolamine significantly disrupted learning of 2 ·passive 

avoidance tasks by rats. The nicotinic agonist nicotine afforded 

significant memory enhancement in monkeys performing a· delayed 

matching-to-sample task. The centrally-acting nicotinic antagonist 

mecamylamine, but not the peripherally-acting nicotinic antagonist 

hexamethonium, produced significant impairment of the ability of rats 

to. learn a passive avoidance task and the ability of monkeys to perform 

a delayed matching-to-sample task. Mecamylamine failed to exert a 



centrally~selective effect on performance of an active. avoidance or 

radial arm maze task by rats. Biochemical analyses revealed dr~atic 

drug-induced changes in neurochemical markers of the rat brain 

cholinergic syst.em. Sigriificant decreases in synthesis of Ach and ra:te 

of.Ach.turnover were measured in the hippocampus arid parietal cortex of 

rats receiving the dose of mecamylamine· affording cognitive-impairment 

in rats. Lower, beha,viorally-ineffective doses of mecamylamine, or 

hex.amethonium was not associated with significant changes in the same 

markers. These results provide ruther support for a role of the 

central nicotinic system in mnemonic processing and insight into 

biochemical mechanisms potentially ~derlying the observed behavioral 

consequences of pharmacological manipulation of the central nicotinic 

cholinergic system. 

INDEX WORDS: Learning, Memory, Acetylcholine~ Nicotinic, Biochemistry, 
Isotopic, Nicotine 
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I. INTRODUCTION 

A. Statement of the Problem 

Previous studies hav.e demonstrated the importance of .intact 

central cholinergic mechanisms in normal -mnemonic functioning. While a 

plethora of studies have examined the role of the central muscarinic 

·cholinergic subsystem in learning and memory, less thoroughly 

investigated has beenthe relevance of the cent:ral nicotinic 

cholinergic subsytem. 

No one to date has conducted a comprehensive_ study on the role of 

the.nicotinic.system in learning and memory utilizing a variety of 

behavioral paradigms and/or employing a higher animal species 

such as the monkey. Also, there is no information regarding-the 

influence of behaviorally-effective doses of nicotinic agents on 

dynamic neurobiochemical components of central cholinergic systems. 

The purpose of these studies was: 1} to further characterize the 

role of the central nicotinic cholinergic system in learning and memory 

by examining the influence of pharmacological manipulation of this 

system with classica~ nicotinic agents on performance of a variety of 

cognitive behavioral tasks by two laboratory animal species, the rat 

and the monkey; and 2} to examine the influence of the same agents on 

the synthesis and turnover rate of Ach in regions of rat brain known to 

be important in learning and memory, in an attempt to correlate 

,Potential biochemical and behavioral alterations induced by the 

-1 
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nicotinic ·agents, thereby proposing mechanisms which might subserve the 

actions of these agents. 

B. Review of the Literature 

Human mnemonic functioning has· been the subject of phtlosophical 

analysis for hundreds of years. Credit for pioneering experimental 

studies of human me~ory, however, is given to Hermann Ebbinghaus. 

Approximately one hundred years ago the scientist published a monologue 

in which he described, quantitatively, the results.of.his observations 

on learning and retention of verbal information (Ebbinghaus 1885). His 

work inspired many psychologists such as Edward Lee Thorndike, who 

initiated studies of learning in lower animals· (Thorndike 1898). 

Experiments conducted by these and comparable psychologists of the time 

delving into the nature of learning and memory were a:lJ.Dost purely 

behavioral in ~ature; little focus was placed.on the role of the brain. 

Stimulation for research aimed at elucidating the relationship of the 

brain and behavior was provided by clinical observations of students 

specializing in abnormal memory functioning such as Theodule Ribot and 

Sergei Korsakoff. Their reports spawned the development of a new 

discipline, physiological psychology, of which 'Ivan Pavlov and Karl 

Lashley were forefathers. A plethora of studies examining human 

amnesia ensued which fostered the development of stringent experimental 

methods of analysis, such as psychometric testing, widely-employed by 

today's neuropsychologists. 

Memory has been defined as the ability of'living organisms to 

acquire, retain and use information or knowledge and is closely related 

to the phenomenon of learning; in fact, learning must occur in order 

for a particul~ memory to exist (Tulving 1987) .· Learning, then, is · 
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considered to be the first stage or component of memory. Another term 

often used to designate learning is acquisition, for it is at this time 

that input of information specific to a particular eve~t, skill, or 

behavior occurs. Acquisition {learning) is influenced by such factors 

as attentiveness, learning capacity, motivational state, activity level 

and perceptual abilities. Learning is said to have occurred in an 

organism when the behavior of that organism is altered in response to 

its own experiences. As such, learning represents a modification of 

behavior· which serves phylogenetically to prolong survival of the 

organism in an everchanging environment through adaptability. It 

follows, then, that neur.al circuitry of greater complexity in higher 

organisms would be a natural, evolutionary consequence of more 

primitive forms of neural systems underlying learning present in lower 

animal species (Cloninger and Gilligan 1987). 

Learning is evident in all species when a change in behavior is 

manifested at some time point after the initial exposure or experience. 

Somehow, then, the information particular to the event must be 

transformed or registered in the nervous system of the organism for use 

at a later time; that is, a memory trace or what is commonly-referred 

to as a memory "engram" must be formed. Once the particular 

characteristics of an event or experience have ·been acquired, the next 

process occurring for the development of a memory trace is retention. 

During this time, the information previously acquired is translated 

into biochemical and/or morphological changes in the central nervous 

system that serve to maintain the information in a form resilient to 

normal noise or changes. Retention is often said to begin with a 

process termed consolidation (during which time the memory trace is 
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made invulnerable to external influence, or potentially permanent) and 

memory ends when the neuronal tissue responsible for the storage of. the 

information dies.· Lastly, a memory is not complete without the process 

of recall or retrieval occurring. Recall, the final component of 

memory, simply connotes the process whereby the information stored is 

accessed for use at some time after the initial exposure and 

registration. The conscious retrieval of such information {or memory 

of a particular evt3nt), then, presupposes ,that retention has already 

occurred. Unless a particular experience is encoqed (retained), a 

recall of that experience will not occur beca~se the memory process was 

not completed. Each of the three stages of learning and memory-

acquisition, retention and recall--has been investigated in an attempt. 

to understand the processes subserving this cognitive function in both 

the normal and·disease state condition (Squire 1976). 

That the physicochemical mechanism by which learning and memory 

are established is an alteration in neuronal synaptic conductance is an 

idea which is noted by one author {see Deutsch 1971) to date back to 

the late nineteenth century. While a fairly simple. idea, evidence in 

support of this hypothesis was scant for many years. A rebirth of the 

hypothesis occurred when Hebb {1949) put forth his postulat:l.on that the 

structural change of an increasing area of synaptic contact {through 

growth of presynaptic nerve terminal "knobs") was_ responsible for 

increasing synaptic conductance between 2 neur;-ons, and served to 

mediate learning and. memory. This theory of changing synaptic 

-morphology underlying cognitive processing is still being tested in 

laboratories devoted to.the a$sessment of anatomical and functional 

correlates of significance in cognition. Results of countless .studies 
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conducted over the past few decades aimed at defining brain mechanisms 

underlying learning and m_emory have led to the development of the 

"cholinergic hypothesis" qf mem~ry whic;:h dictates that; Ach is a primary 

neurotransmitter' in human cogniti~e functioning, especially memory 

processing (Davies. 1985). More specif:i.cally, the hypothesis dictates 

that cholinergic. synapses normally increase synaptic conductivity in a 

step-wise or ·.ramping fashion after trai,J1,ing to a certain level; 

forgetting occurs as the synaptic cond~ctivity declines with time 

thereafter. Support for the.· cholinergic hypothesis from mnemonic 

studies.comes from different lines of research indicati~g that 

administration of anticholinergic agents leads to profoUnd disruption 

of mnemonic processing in both humans and laboratory animals (Warburton 

·and Wesnes 1984; Spencer and Lal 1983; Squire 1981); that marked 
( 

.histological, morphological · and. biochemi.cal changes exist in the 

cholinergic system of those subjects in which memory function is 

compromised (Pearson et al. ,1985; Rasool et al. 1986); and, that 

administration of cholinomime·tic agents to subjects possessing either 

intact or abnormal cognitive function leads to improvement in memory 

(Warburton and Wesnes 1984; Squire 1981}. 

Ach was the first neurotransmitter identified as a result of the 

experiments conducted by Loewi (1921) and Dale (1936) in which the 

first evidence for chemical neurotransmission at cholinergic nerve 

terminals was presented. Although its history as a neurotransmitter is 

lengthy, only recently have the ·cholinergic pathways in the brain been 

fully described, probably due to a lack of a valid method for 

identifying cholinergic neurons exclusively (Wainer et al. 1984). 

Initial studies describing brain cholinergic :pathways, involving 
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histochemical techniques labelling the cholinergic catabolic enzyme. 

AchE following radiofrequency·lesions, provided evidence that the 

cerebral cortex receives innervation from a variety of areas, including 

the telencephalon and the diencephalon (Shute and Lewis 1967). 

Staining for this cholinergic marker, however, has not specifically.· 

characterized the cholinergic pathways, partly due to the fact that 

this enzyme is not localized to cholinergic neurons, but in fact.is 

also present in adrene·rgic neurons (Lehmann .and Fibiger 1978) . 

In the past 5 years, the major cholinergic pathways of the central 

nervous system have been described utilizing experimental approaches 

which label the cholinergic anabolic enzyme ChAT, since this enzyme ·is 

restricted to cholinergic neurons (Kuhar 1976; Cooper et al. 1982; 

Butcher and Woolf 1986; Fibiger 1982). In a review on the anatomy, 

pathology and physiology of the central cholinergic system Butcher and 

Woolf (1986) have presented a synopsis of the cholinergic pathways of 

·the central nervous system. The overall organization consists of two 

tYPes of neuronal systems--cholinergic neurons involved in networks 

serv~ng local communication within various areas of the brain involving 

the telencephalon, most notably.the cerebral cortex and striatum 

(Wainer·et al. 1984) (intrinsic neurons) and ·Cholinergic neurons 

involved in·sending projections to other areas of the brain (extrinsic 

neurons). The cholinergic projection systems can be further described 

as consisting of four majo~ pathways. The first is ·the basal forebrain 

cholinergic system,. involved· in cognitive functioning and consisting of 

cholinergic soma in the med.:tal septal nucleus, vertical and horizontal 

limbs of the diagonal band, magnocellular preoptic area, subpallidal 

substantia innominata and rostral extension into the substriatal ~ray, 
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nuqleus basalis of Meynert (nbM), and nucleus of the ansa leticularis. 

These neurons project to all nonstriatal areas of the telencephalon, 

the habenula, and interpeduncular nucleus. The rostral-medial 

components project ·primarily to telenc~phalic limbic structures and to 

.the habenula and interpeduncular nucleus, while the caudal-lateral 
. . . 

~omponents {including.the nbM) project primarily to various fields of 

the neocortex. Thus, this system has projections to all areas of the 

telencephalon {excluding the $triatum) and to certain brainstem loci. 

Secondly, the pontine cholinergic system consists of cholinergic soma 

in the pedunculopontine tegmental area and the dorsolateral tegmental 

nucleus. These components project to the thalamus (involved in 

sensory, motor, associative and motivational processing); habenula; 

interpeduncular, pretectal, and subthalamic nuclei; ·globus pallidus 

{involved in motor functioning); lateral hypothalamus (a neuroendocrine 

center); basal forebrain, and, most likely to several target areas in 

the caudal brainstem {involved in reticular activation). The third 

cholinergic system consists of somatic and parasympathetic cholinergic 

neurons of cranial nerves III-VII and IX-XI-I. Lastly, the fourth 

cholinergic system consists of cholinergic alpha and gamma ·motoneurons 

and cholinergic cells of the intermediolater~l column of the 

sympathetic nervous system and sacral division of the parasympathetic 

nervous system in the spinal cord. The basal forebrai~·and pontine 

cholinergic systems innervate essentially exclusive areas of the brain 

with the exception of the interpeduncular nucleus and the habenula. 

Neurotransmission in the cholinergic nervous system is known to be 

mediated by 2 primary receptor subtypes, muscarinic receptors and 

nicotinic receptors. Responses elicited through stimulation of these 
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two types of cholinergic r·eceptors are quite different. Nicotinic 

responses have a delay of about 1 msec, approximately 100-fold faster 

than muscarinic responses; nicotinic responses are of a duration less 

than 100 msec, approximately one•fifth that of muscarinic responses; 

and, whereas muscarinic responses are mediated through indirect effects 

on.ionic permeability, nicotinic responses act primarily through 

alterations in membrane polarity via direct interaction with a specific 

ion channel aesociated with the receptor complex (Massoulie et ai. 

1978). Muscarinic receptors· are the predominant cholinergic receptor 

in the central nervous system (found in both the brain and spinal 

cord), but are also found in the heart, exocrine glands and visceral 

organs. Muscarinic receptors also serve to modulate neurotransmission 

in autonomic ganglia (Birdsall andHulme 1984). Nicotinic receptors 

are localized predominantly at the neuromuscular junction and in the 

autonomic ganglia (Morley et al. 1984). The concept of cholinergic 

receptors specific for n:icotine was postulated.early this century when 

nicotine and curare ·were observed to have profound effects on striated 

muscle (Langley 1905). Since then, 2 peripheral nicotinic receptor 

subtypes have· been identified and characterized~-the neuromuscular 

{C10) nicotinic ~eceptor and the ganglionic (C12) nicotinic receptor 

{Paton and Zaimi.s 1968) •. · 

For ·several years controversy has existed with respect to the 

existence of functional nicotinic receptors in the brain, although the 

presence of brain nicotinic receptors has been supported by a number of 

behavioral {i.e •• Clark and Kumar 1983; Domino 1965_; Pratt et al. 

1983). biochemical (i.e., McQuarrie.et al. 1976; Giorguieff 1979) and 

physiological studies (Arm~tage and Hall 1966; Krnjevic 1975). and by 
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studies employing a combination of these approaches (i.e., Karczmar 

1977). Until only recently, the Renshaw cell nicotinic receptor of the-

spinal cord was the only well~cha~acterized central nicotinic system 

(Curtis and Ryall 1966} despite the known behavioral and physiological 

effects of central nicotinic stimulation. The inability of previous 

investigations todemonstrate parallel in vitro and in vivo functional 

correlates of nicotinic antagonists at central nicotinic receptors has 

slowed the progress of this area of research (Morley et al. 1984). 

Information obtained from a host- of biochemical studies indicates tha·t 

nicotinic agonists label sites on the nicotinic receptor that recognize 

agonists only, while nicotinic antagonists label a separate set of 

sites (i.e., Clarke et al. 1985; Schwartz 1986). High affinity binding 
/ 

sites for 3H-Ach and 3H-nicotine in the presence of atropine have been 

characterized as nicotinic receptors in spec;:ific brain regions 

{Schwartz et al • .1982; Schwartz 1986; Martino-Barrow$ and Kellar 1987; 

Adem and Nordberg 1988}. Autoradiographic studies examining the 

distribution of 3ij-Ach in the brain have -revealed the presence of 

nicotinic receptors in a number of regions in rat brain. Brain areas 

with the highest levels of n-icotinic re·ceptor binding were the 

interpeduncular nucleus; -the anteromedial, mediodorsal, laterodorsal,-

anteroventral and gelatinosus nuclei of the thalamus; ~edial nabenula; 

presubiculum; and, superior colliculus. Moderate levels of nicotinic 

binding were measured in the lateral genic~l~te, substantia nigra pars 

compact, layers III and IV of the cortex, dorsal tegmental nucleus, and 

caudate-putamen. The areas of lowest nicotinic 'binding sites were the 

medial geniculate, globus. pallidus, amygd~a, primary olfactory and 

entorhinal cortices, inferior colliculus 8Ild hypothalamus. These 



binding sites for nicotine were found to be different from ·those 

representing muscarinic sites using the same rad'ioligand. Studies 

employing both 3H-nicotine and 3H-Ach as nicotinic agoni_sts have 

further substantiated these ·results and suggest that, in the cas·e of 

3H-nicotine binding, the.high affinity binding site represents the 
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agonist binding site, whereas the low affinity binding. site represents 

the antagonist binding site (Schwartz et al. 1982; Romano and Goldstein 

1980; Mark and Collins 1982). 

Post-mortem experiments examining binding of 3H-nicotine and 3H-

Ach to human brain samples have revealed that, as with the rat·central 

nervous system, the radioligands bind to the same site (high affinity 

site for 3H-nicotine) (Martino-Barrows and Kellar 1987)- and that there 

is a regional distribut~on of binding densities with the greatest 

levels of nicotinic binding found in the nbM (Sbimohama et al. 1985) 

and thalamus (Adem et al. 1987) followed by the putamen, cerebellum, 

hippocampus, cerebral cortex and c·audate (Shimohama et al. 1986). 

Interestingly, in contrast to rat brain, pinding: of 3H-Ach, to human 

brain reflects multiple binding sites for the radioligand {Larsson et 

al. 1987). It has been suggest~~ that these multiple b~nding sites for 

Ach in human brain may be differentially affected in various 

pathological. states, and_that a further understanding of the nature of 

these nicotinic receptor binding sites and the function~ they subserve 

may be critical to development of future strategies aimed at treating 

neurolog~cal and psychiatric diseases {Adem et al. 1987). 

Modern approaches to studies involving the role of the cholinergic 

system in.lear~ing and memory were initiated primarily by. Carlton 

(1963) and Buresova · {1964) who examined the effects of -the musct;trinic 
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·arttagonists·atropine ·and scopolamine in the human and rat, 

respectively. Numerous studies since these original investigations 

have well-established the importance of an intact central muscarinic 

cholinergic system in normal cognitive processing (i.e., Deutsch 1971; 

Bartus et al. 1980; Brimblecombe 1974; Il'Yuchenok 1976; Hunter et al. 

1977; Essman 1983}. Finally, a renewed interest in the role of the 

central cholinergic system in .cognitive processing has been stimulated 

to a large extent by t~e discovery of abnorma,li·ties of this system 

in analysis of brains of patients having died from Senile Dementia of 

the Al~heimer Type (SDAT). SDAT is a disease thought to af.fect 

approximately 2 m~llion people and is characterized by a rapid decline 

in memory and other cognitive abilities, usually in the later years. 

One of the most consistent of abnormalities associated with SDAT is 

that of brain neurochemistry. Several ·labor·atories throughout the 

world have reported a significant loss of markers specific for brain 

cholinergic ,neuron$ including ChAT and AchE (Bowen et al. 1976; Davies 

1979; Coyle et al. 1983; Younkin et al. 1986; Bartus -1985; Perry and 

Perry 1983). The degeneration of cholinergic neurons is not global; 

instead, ·there appears to be, a rather selective loss of cholinergic 

fibers originating in the ventromedial corner of the globus pall~dus, a 

region of tissue termed the nbM (Etienne et al~ 1986; Younkin et ·al. 

1986; Perry and Perry 1983; Whitehouse et al. 1981; Wilcock et al. 

1983; Nagai et al. 1983}. The nbM, as described above, is part-of the 

' basal forebrain ·cholinergic system which provides the major source of 

extrinsic cholinergic input to the frontal cortex, and is known to be 

involved in neuronal processes mediating cognitive function and 

integration·at the highest level (Butcher and_Woolf 1986}. 
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·Pharmacological ·treatments which enhance central cholinergic 

neurotransmission have generally provided the most reproducible 

beneficial effects in SDAT patients. Of these,· the most clinically 

significant has been the use of centrally-acting AchE inhibitors such 

as physostigmine (Beller et.al. 1985; Schwartz 1986; Summers et al. 

1986}. In biochemical studies, two AchE inhibitors--physostigmine and 

tetrahydroaminoacridine--.were observed to restore Ach release to 

normal, age-matched control levels in cortical slices of patients 

having died from SDAT (Nilsson et al. 1986; Nilsson et al. 1987; 

Nordberg et ·al. 1987} • .This effect may be mediated through s:timulation 

of presynaptic nicotinic receptors on. cholinergic neurons as .explained 

below. Since AchE inhibitors.act by increasing synaptic levels of 

endogenous brain Ach, the possibility ~xists that all subtypes of 

cholinergic receptors may play a role in the inhibitors' beneficial 

action. While AchE inhibitors (indirect acting agonis:ts} and spec.i,.fic 

muscarinic receptor agonists such as arecoline have demonstrated some 

therapeutic p·otential, the eff~ct has been observed in only a few 

patients. Further, in those patients eXhibiting a response, long-term 

therapy with such agents has failed to reveal co~sistent, significant 

benefit. A.lack of consistent improvement afforded by muscarinic 

agonists is most ~robably due to the more recent realization of an 

absence of a consistent, significant loss of cortical muscarinic 

receptors (except for a possible reductio~ in the M2 receptor subtype} 1 

in SDAT patient brains (i.e., Caulf~eld et ~1. 1982; Whitehouse and Au 

1986; Flynn and Mash 1986}.. Pharmacological exploitation of brain 

nicotinic receptors in·these patients has not.been explored as 



extensively. Of recent interest, then, has been the role of the 

nicotinic cholinergic system in mnemonic processing. 

The discovery of· function.al nicotinic receptors -in supraspinal 

sites is particularly important in light of numerous, consistent 

findings that, as with ChAT levels, nicotinic receptor-binding is 

significantly decreased in autopsy samples from SDAT patients (Flynn 

and Mash 1986; Nordberg and Winblad 1986; Quirion et al. 1986; 

Whitehouse et al. -1986; Kellar et al. 1987; Perry et al. 1987; 

Shimohama et al. 1986; Whitehouse and Kellar 1987; Whitehouse et al • 
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. 1988}. In many of these studies the reduction of njcotinic receptor 

binding was correlated with, or concomitant to, the decrease in ChAT 

activity.· Lastly, in. a behavioral experiment, i.v. administration of 

nicotine {O.i25-0.5 ug/kg) to Sl:>AT patients was reported to produce 

modest facilitation·or memory at a 0.25 ug dose in these patients 

{Newhouse et al. 1986; Newhouse et al. 1988). Thus, the .possibility 

exists that nicotinic receptors inay be associated with, or located on, 

cholinergic fibers extrinsic to the cortical regions involved in SDAT. 

While the f~ctional role of; such nicotinic receptors is unknown, 

one possibility is that they may serve as a positive feedback mechanism 

for Ach r~lease. A number of biochemical and physiological studies 

examining the influence of nicotinic agents on Ach release from 

peripheral and ce~tral cholinergic nerve endings support this 

contention {Chiou and Long 1969; Chiou 1973; Pepeu 1974; Karczmar 1979; 

Balfour 1982; Briggs and Cooper 1982; aeani et al. 1985; ~omanelli et 

al. 1986; Wessler and Kilbinger 1986; Wessler et al. 1986} . . For 

example, in vitro studies employing a guiriea pig ileum bioassay system 

for assaying Ach have demonstrated the abil~ty of nicot-ine over a 
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concentration response range of 25-400 ug/ml to induce·the release of 

Ach from synaptic· vesicles prepared from rat cerebral cortex {Chiou et 

al. 1970}. Similar results were obtained from studies measuring 

nicotine-induced 3H-Ach release from mouse cerebral cortex synaptosomes 

(Rowell and Winkler 1984}. More recently, another .group directly 

measured an enhancement of cortical Ach release following i.c.v. 

administration of nicotine to rats and guinea .pigs (Nordberg et al. 

1988}. 

Lastly, demonstration of a functional role of.brain nicotinic 

receptors via interaction with ~europeptidergic neurons occurred when 

central pretreatment with the ·peripherally-acting nicotinic antagonist 

hexamethonium blocked the increase in blood pressure following central 

administration of substance P in conscious, normotensive, freely-moving 
. . . 

rats. The centrally-acting muscarinic aQtagonist atropine failed to 

block the pressor response (Trimarchi et al. 1986}. · Other studies in 

the same laboratory have demonstrated similar results with the same 

cholinergic agents in a model involving .increased blood pressure and 

heart ra.te responses following administration of the vasoactive peptide 

bradykinin {Buccafusco and Serra 1985}. 

In a·review on the pharmacology of memory, Squire and Davis {1981} 

listed the following criteria for consideration of whether a particular 

system in the br~in is critical· in memory modulation: (l} a drug 

affecting the brain system should be time-.and'dose-dependent; (2} 

facilitation as well as disruption of memory ~hould occur w~th 

appropriate manipulation of the system; (3} removal of the system 

should affect memory; (4} there should be a correlation between 

learning and some measure of physiological or neurochemical activity of 



the system; and (5J effects of manipulating the system should be 

obtainable across a variety of tasks. 
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II. MATERIALS AND METHODS 

A. Animals 

Male, Wistar rats (250-350 ~) were obtained from Harlan 

Industries, Inc., Indianapolis,-IN, housed individually in an 

envi-ronmentally-controlled room .on a 12 hr light-12 hr dark cycle and 

supplied with food (Wayne Rodent Blocks·) and tap .water, ad libitum, 

unless otherwise noted. Male and female Macaca fascicularis monkeys 

(3-5 kg) were -obtained from Charles River Research Primate Corporation,-

Port Washington, NY, and housed individually in an environmentally

controlled room on a 12 hr light-12 hr dark cycle. The monkeys were 

quarantined for a period.of 6 months during which time their normal 

food intake was monitored. Following quarantine, upon initiating 

behavioral training, monkeys received 85% of their diet from standard. 

monkey chow (Wayne Monkey Diet), fruits and vegetables, with the 

remaining 15% obtained through receipt of banana flavored food reward 

pellets during behavioral sessions. Tap water was available ad libitum 

except during behavioral ·.testing. 

B. Drugs 

Scopolamine hydrochloride, physostigmine hemisulfate, 

hexamethon~um bromide, mecamylamine hydrochloride, nicotine hydrogen 

·tartrate salt, acetylthiocholine bromide, acetylcholine chloride and 

choline chloride .were obtained from Sigma Chemical Co., St. Louis, MO. 

3H-choline chloride ( 85 Ci/mmol) and 3H-·acetylcholi.ne chloride (50-100 

16 



17 

mCi/mmol} were obtained from New England Nuclear, Wilmington, DE. All 

doses are expressed in terms of the salt. Solutions were prepared 

fresh daily in sterile saline~ kept light-protected, and administered 

in ·a volume of 0.1 ml/kg for rats and a total injection volume of 0.3 

ml for each monkey. In all experiments, normal.saline was administered 

as·a control for injection of drug. 

C. Behavioral Equipment 

1. Delayed Matching~to-Sample 

·The nervous system of the non•human primate, the monkey, ~s quite 

similar to the human nervous system. In addition, spontaneous·and 

conditioned behavior exhibited by the monkey is more similar to that of 

the human than any other laboratory animal {Ric~ 1987). Therefore, the 

non-human primate is an excellent model in which to conduct research 

pertaining to cognitive processing. The delayed matching~to-sample 

task takes advantage of the sophisticated behavioral repertoire of the 

non-human primate to allow the study and measurement of abilities which 

are relevant to human aging, such as attention, strategy formation, 

reaction time .in complex situations and memory for .recent events. 

Thus, comparisons to human behavioral situations should be more 

meaningful and-should involve less speculation than when lower animal 

subjects are employed. Interestingly, a similar version of this task, 

delayed non-matching-to-sample, has been ·employed to demonstrate 

cognitive impairment in SDAT patients {Irle et al. 1987}. 

Five young adult monkeys well-trained in a matching-to-sample 

paradi~ over ·a period of several months as described previously 

{Jackson· and Pegram 1970) ·participat~d .. in these studies. Animals were 

placed in a· restraining chair for a.mrucimum of 75 min and the test drug 
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administered i.m. {gastrocnemius muscle} in a volume of 0.3 ml. At the 

appropriate time after injection the monkey was placed in a light- and 

sol.md-attenuated chamber to await the start of the testing session 

which was initiated by a computer. At this time a 2.8 mm diameter red, 

blue or yellow colored ci-rcle was illuminated (0.34 candlewatts}, 

representing the stimulus or sample key. The ~imal pressed the sample 

key, extinguishing the sample light. Following a pre-programmed-cielay 

period (0-60 sec} 2 choice lights located below ·the sample key were 
. ' 

-illuminated, 1 of which matched the previously-presented sample light, 

while the other was 1 of the other 2 colors. The monkey executed a 

response by pressing 1 of the 2 choice keys which terminated t_he trial 

and 5 sec later reinitiated a new trial. A food reward pellet was 

provided for a correct (matching} choice. An incorrect (non-matching} 

choice was neither rewarded nor punished. Each session consisted of 

105-108 such trials and lasted 30-45 min. {See Figure 1 for a 

schematic diagram of the paradigm.) During training sessions a set of 

5 or 6 delays was randomized and presented in equal proportion. The 

longest delay period chosen for an individual monkey was that which 

consistently allowed correct choices to be significantly greater than 

chance {i.e., approximately 60%}. During the ten months in which the 

.experiments with this paradigm were conducted, baseline· data were 

remarkably consistent {see Figure 2}. In general, 3 levels of 

performance difficulti~s were exhibited by the animals. In order to 

simplify data analysis and re~uce baseline variability, the data for 

each animal was separated into these 3 delay levels· corresponding to 

the percentage- ·correct values. The least difficult level of 

performance {Level 1) was a 0 sec delay period at which the animals 



Figure 1. Schematic diagram of the delayed matching-to-sample 

behavioral paradigm performed by monkeys. 
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Figure 2. Baseline data for four· motfk.eys over a ten month period 

(eipressed as percent correct as a function.of retention 

delay) . . Values represent the mean~ s.e.m. for 60-100 

sessions. 
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averaged 94% correct responses. The moderately difficult level of 

performance (Level 2) consisted of delay periods of 5 to 10 sec at 

which the monkeys averaged 80-85% correct responses. The .most 

·difficult level of performance (Level 3) consisted of .delay periods of 

15-60 sec at which the monkeys averaged 65-75% co.rrect responses. Of 

the 5 animals employed in this study, 1 animal's capabilities extended 

to delay periods of 20 sec, 3 animals perform~d to delay periods. of 30 

sec and 1 animal performed to delay periods of 60 sec .(see rable I) • 

Values obtained for each performance level were averaged.and recorded 

as the average percentage correct for the respective interval, 1, 2, or 

3 (with 3 being the most difficult). Drug effects were calculated as 

the absolute change from baseline. A minimum drug "wash out" period of 

2 days was allowed between sessions in which a drug was administered. 

During this period a return to baseline performance was established in 

each animal before ~dministering further drug. 

2 •. Passive Avoidance. 
'~. . 

·Passive avoidance is one of the most widely.;.employed behavioral 

paradigms to assess cognitive abilities. Performance of the task is 

known to be dependent on intact.central cllolinergic systems {Bammer 

1982). The object of the·passive avoidance task is for the animal to 

avoid. an.aversiye stimulus {an inescapable electric footshock) in a 
. . . 

comfortable {dark) e:hvi~onmerit by remaining passive in an otherwi·se 

uncomfortable {lit) environment into which it.is placed. An animal 

which has learned the task will associate punishment with the more 

comfortable {dark) environment and will inhibit the otherwise natural 

response of moving from a lit environment to a dark environment when 

given the choice. Animals having learned and remembering the negative 
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Table I. Delay Intervals Performed by Individual Monkeys 

Monkey No. Delay Interval (sec) 

1 0, 5, 10, 15, 20, 30 

2 0, 5, 10, 15, 20 

4 0, 5, 10, 15, 20, 30 

7 0, 5, 10, 15, 20 

8 0, 5, 10, 20, 30, 60 



23 

reinforcement of footshock in the dark environment will remainin the 

lit environment for longer periods of time {15 min or longer) than 

animals which have not learned or remembered the experience .• 

Rats were handled individually for 5 min each the day before 

· behavioral experimentation began. Injections were administered 

following a 15 min·adaptation period in a room separate from where 

behavioral testing occurred. Following injection, rats were placed in 

individual cages in the dark testing room and allowed _at least 15 min 

to adapt before passive avoidance training or testing began. A 

standard light versus dark inhibitory avoidance task, was employed using 

a standard shu~tle cage (Coulbourn Instruments, Lehigh Valley, PA), 6-

. 1/2x14x8", w·ith a guillotine door dividing the cage into equal 

compartments, one of which was made dark and designated the unsafe, 

shocking side. ·A 3 min acclimation period' in the safe compartment was 

allowed for each rat to become accustomed to the ·cage before begii).Iling 

the first training trial and the ·testing (~etention) trial. A trial 

was initiated by automatically raising'the gu:l.llotine door and turning 

on a light in the .. safe side. When the· rat crossed over to the dark, 

unsafe side, the guillotine·~oor was lowered ~dan inescapable 0.8 IliA, 

5 sec. scrambled·footshock was delivered: through the grid.floor. The 

.amount of time required· for the rat to cross through to the dar~ side 

(step-through latency).was ;recorded automatically by an electronic 

timer. Preliminary experiments demonstrated that most saline

pretreated, shock-~aive rats would cross over to .the dark side within 

30 sec during the first (training) trial. Any rat which did not cross 

over within 2 min during the training tri~l was eliminated from the 

study •. Rats were returned to their home cages after passive avoidance 
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J;ra~ning was complete until a·re.t~ntion·interval (~anging_from.6 to 72 

hr) expired, at which time rats were given a testing (retention) trial 

conducted in the same manner· as before, except that no footshock was 

administered. To establish a working model of memory impairment, the 

classical muscarinic amnestic agent scopolamine ·was administered. In· 

these preliminary scopolamine studies~ the retention interval used was 

the commonly-employeg interval of 24 hr. In the mecamylamine studies 

the retention interval was varied in order to examine the effects of 

manipulation of-this param~ter of the model. Animals were considered 

to have learned the task if they remained in the .safe, lit side of the 

cage during a testing trial for a minimum of 300.sec for the· 

scopolamine studies and 600 sec for the mecamylamine studies. 

Preliminary experiments revealed that a cut-off latency of 300 sec was 

more than sufficient to demonstrate significant drug effects when 

scopolamine was the drug of study. In the mecamylamine experiments a 

600 sec cut-off latency was employed since this extended latency was 

necessary to consistently and- reliably demonstrate drug effects. 

Preliminary studies revealed a wider range of respondi-ng (step-through 

latency) by rats pretreated with mecamylamine. 

In some experiments another version of pas!?ive avoidance, the 

repeated acquisition, or multi-trial, version of th~ paradigm was 

employed, in which·each aniinal was_given 5 repeated trials for 

acquisition of the passive avoidance task. A 5 min intertrial interval 

in a resting cage was allowed between each trial. A 1 min acclimation 

period was allowed .in the cage prior to initiating the first ·trial, 

with a 30 sec acclimation period allowed on each of all s·ubsequent 

trials •. Animals were considered to have learned the task if they 
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remained in the safe, lit side of the cage for a minimum of.300 sec for 

the· scopolamine studies and 600 sec for the mecamylamine studies for 

each of two consecutive trials. Step-through latencies {sec} and 

learning frequencies {percentage of animals reaching the cutoff latency . . 

of 300 or 600 sec} were recorded in both versions of the task. 

3. Active Avoidance 

Active avoidance is another commonly-employed behavioral paradigm 

based on negative reinforcement. This behavioral paradigm involves 

trace conditioning of temporally separated events {stimuli). 

Successful conditioning is achieved if a memory exists for the first 

stimulus during the interval between the two stimuli such that it will 

be associated with the oncoming second stimulus when it is presented. 

The type_of memory responsible for establishing a relationship between 

the time-related events is termed associative ·memory {Pavlov 1927}. In 

these studies, again, electric footshock was eJDployed as the aversive 

stimulus, but with the majo~ difference in this paradigm being that the 

goal of the task was for the rat to learn to avoid the aversive 

stimulus by exhibiting an active response when cued with .another 

stimulus. Thus, an association must be made between the warning, or 

cueing stimulus and the reinforcing stimulus. That intact central 

cholinergic functioning must be present for normal associative 

processing to occur has been demonstrated.previously {Moye and . . . ( 

Vanderryn 1988}. 

As with the passive avoidance paradigm, a standard rat shuttle 

cage {Coulbourn Instruments}, 6~1/2x14x8", was employed except·that no 

guillotine door waspresent. In addition, a noise attenuation chamber 

{Cotilbourn Instruments} contained the shuttle cage to eliminate 
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environmental distra~tion while animals performed the ta~k. Rats were 

handled individually for 5 min in the testing cage for each of 2 days 

just prior to beginning training. Rats were allowed at least 20· min to 

adapt to the behavioral testing room before each training and testing 

session. Following injection of drug and the appropriate time interval 

a rat was placed in the shuttle cage and allowed 1 min to adapt before 

initi~ating each training or testing session. A session· was initiated 

by simultaneous presentation of the conditioned stimuli (CS) -- a 2.8 

KHz tone and a house light. Six sec following presentation of the CS, 

the unconditioned stimulus (UCS), an inescapable 0.3 mA scrambled 

footshock was delivered through the grid floor until the rat crossed 

over to the other side of the cage, or a maximum of 30 sec. An 

avoidance latency was recorded if the rat crossed over to the opposite 

side after presentation ·of the CS, but before presentation of the UCS 

(within 6 sec). An escape latency was recorded if the rat crossed over 

to the opposite side after presentation of the UCS. A latency of 30 

sec was recorded if the rat failed to ·escape the UCS by remaining in 

the same (shocking) side of the cage. A trial was terminated after 

presentation of the UCS when (1) the rat crossed over to the other side 

of the cage or ( 2) after the 30 sec UCS time perio.d elapsed. A 45 sec 

intertrial interval expired before pres~nt$tion of the next trial. 

Th;Lrty such trials comprised a training or testing session. After each 

session, percentage avoidances, percentage escapes and percentage 

failures to respond (neither avo:i.d~ce nor escape) were recorded and 

analyzed for each animal. "One to seven days elapsed between tra~ning 

or testing sessions, depending on the experiment. As acqui~ition of 

the active avoidance parac;ligm involves such complex as~ociative 
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processing. animals ~eceived several training sessions for maximum 

learning to occur. Animals which learned and remembered the task most 

efficiently demonstrate primarily avoidance responding. with only 

min;i..mal escape responding (and a lack of "no responses"). An animal 

was trained until its performance was no longer obervedto improve and 

reached a criterion of 80-90% avoidance responding during a session. 

4. Radial.Arm .Maze 

·since its development. the radial arm maze has become one of the 

most commonly-employed behaviora~ paradigms for assessment of spatial 

learning in memory in experimental animals (Olton and Samuelson 1976). 

This paradigm has demonstrated that apparently similar mnemonic 

processes·· exist between humans and laboratory animals in that 

essentially the same patterns of response are exhibited during 

perfo.rman~e of the task (Dale 1987) • Performance of the task· by normal 

learning of.spatial strategies has been shown to be dependent on intact 

central cholinergic systems as measureq with lesioning· (i.e., Hepler et 

al. 1985) and pharmacological agents (i.e., Eckerman et al. 1980}. 

Rats were allowed free access to food and water for ~ adaptation 

period of at least 7 days prior to weighing and reduction of food 

intake until a 20% loss of the body weight was achieved. Rats were 

allowed to gain an additional 5-10 g per week so that the weights of 

the rats were maintained at 20% below the normal for their age 

throughout the experiment. · Once weight reduction was accomplished the 

rats were adapted to an elevated radial eight arm. maze, 34" long x 4" 

deep x 4" wide, surrounding a 13" diameter center platform, with food 

cups at the end of each arm (Olton and Samuelson 1976). Adaptatio~ 

consisted of-placing the rats·into the maze, one at a time. for 15 min 
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daily for 3 days. Performance of animals receiving training under the 

influence of drug was assessed daily following drug administration. To 

·examine the influence of drug on recall of the task, following the 

adaptation period, the rat was trained to seek food {1/3-1/2 piece 

Kellogg's Fruit LoopR cereal) in the baited maze every day until a 

successful trial·was performed on 3 consecutive days. A trial was 

considered successful if the rat visited each of the·a arms without 

revisiting an arm. An animal was· considered to have visited an arm if 

all 4 paws entered the ·arm, regardless.of whether the food reward w~s 

consumed. A perfect performance in the task consisted of an animal 

requiring only 8 choices to complete a trial. Once this learning 

criterion was established, the animal was administered a testing. trial 

the next day. Following drug administration, animals were placed in 

the maze where they remained until a successful trial was completed or 
I 

a maximum of 15 min. The total number of choices to complete a trial 

{all 8 arms visited once each) was recorded during tra~ning and testing 

trials. 

5. Activity Monitor 

A Digiscan Animal Activity Monitor (Omnitech Electronics, Inc., 

Columbus, OH) was employed to assess' changes in drug-induced locomotor 

activity in rats {Sanberg et al. 1985). Following injection with the 

appropriate drug and time interval rats were placed individually into 

clear Plexiglas activity monitor cages .{16x16x12") which were 

surrounded by photobeam sensors located both horizontally and 

vertically in such a way that they were undetectable by the animal. 

Each cage utilized 24 equally-spaced {2 em apart) beams. Sensors 

dete.cting horizontal movement were located in 4 strips, with each strip 
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directing 8 photocell beams either from the front to the back of the 

cage, or from one· side of the c~ge to the other. An interruption of. 

any of these beams constituted horizontal activity. The cages were 

connected to a ·Digiscan Analyser and a printer ~esponsible for data 

acquisition, sorting and printing of the locomotor activity information 

collected from an animal for· a specified period of time. Horizontal 

activity .was measured for 5 min.following placement into the cage, with 

up·to 4 animals' activities measured simultaneously. The time int~rval 

chosen between injection and activity assessment was based on the 

results from the.passive ·avoidance studies. 

6. Tail Flick Analgesia 

Followi~g injection with th~ appropriate drug and time interval, 

an automated thermal analgesia test was conducted. An intense (150 W) 

heat lamp was. focused on the same relative position of the tail of each 

rat. The time required for ·the rat to flick its tail out of the path 

of the light (tail flick latency, measured to o~e-hundredth sec) was 

recorded. A cut-off latency of 10 sec was employed to prevent thermal 

damage to the tail. _This procedure was repeated 3 times with 5 min 

separating each test. The 3 latencies for ·each animal were averaged 

and an overall mean latency was ca1c-ulated for each treatment group for 

analysis. 

D. Vascular Surgery for Placement of Chronic Indwelling Arterial and 

Venous Catheters 

Rats were· anesthetized with sodium. methohexi tal .< 65 mg/kg, i .p.) 

for aseptic implantation of.a catheter. For the neurobiochemical 

studies, a chronic indwelling catheter was inserted 2 em into the right 

jugular vein, exteriorized 4 em out the. back of the neck and sutured in 



30 

place. The catheter consisted of heparinized (20 units/ml) saline-

filled polyethylene (PE 50) tubing plugged at the end with 23 gauge 

stainless steel wire. For the cardiovascular studies, a chronic 

indwelling arterial catheter was inserted 2 em into the right iliac 

artery such that the tip terminated in the abdominal aorta. The other 

end of the tubing was plugged with the same wire and threaded through a 

20 em, 15 gauge trochar. The trochar was inserted through the psoas 

muscle and tunneled anteriorly s.c. such that it emerged at the back of 

the neck. The tubing was sutured in place using a stainless steel 

anchor button. After surgery rats were returned to their home cages 

and the arterial catheter was attached to a stainless steel spring 

support and connected to a water tight swivel cannula mounted 30 em 

above the cage floor. Patency of the arterial catheter wa~ maintained 

by continuous infusion (0.33 ml/hr) of heparinized (20 units/ml) saline 

until experimentation. Some animals in the cardiovascular studies 

received both venous and arterial catheterization. 

E. Cardiovascular Measurement 

Animals implanted with chronic indwelling arterial catheters were 

connected to blood pressure transducers coupled to a polygraph recorder 

(Watanabe Instruments Corp., Tokyo, Japan) for measurement of blood 

pressure. Baseline blood pressure was mopitored for at least 15 min 

prior to administering drug. Following injection, changes in blood 

pressure were recorded for the appropriate time period. The mean 

arterial pressure (MAP) (mm Hg) following drug administration in each 

animal was calculated as: 

(systolic - diastolic) 
3 

+ diastolic, 



Figure 3. 

/ 

In vivo synthesis of 3H-acetylch~line in the hippocampus of 

control rat brain as a function of time follo~ing i.v. 

pulse injection of 3H-choline. Data are e:i:pressed. as % 

total radioactivity as a funct·ion of time after 3H-choline 

injection. Each point indicates the average of values from 

4-6 animals. 
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frontal, parietal and limbic cortices, hippocampus and striatum were. 

dissected on ice and then frozen on dry ice until. extraction or 

maintained deep frozen (-80° C). After weighing, tissues were 

homogenized (100 mg/ml} in 1 M formic acid-a,cet'one {15:85} containing 

an internal standard (acetylthiocholine bromide, 5 nmol/ml}. The 

homogenates were centrifuged (3,000 xg, 20 min}, the supernatants 

removed in 400 ul aliquots, evaporated in a Speed Vac Concentrator 

{Savant, Farmingdale, NY}-, and kept deep frozen until analysis. 

To one 400 ul frozen sample of ~ried .supernatant was added 200 ul 

of 5 mM phosphate buffer, pH 7.4. The extract was vortex~d and 

centrifuged (10,400 xg, 20 min}. 100 ul of the resultant 

reconstituted extract was loaded into a syringe for automatic spotting 

(4 ul/min} by· a thin layer chroJDatography multi-spotter {Analytical 

Instrument Specialties, Libertyville, IL).on a cellulose thin layer 

chromatography plate. The same volume of a combined standard solution 

of 3H-Ach and 3H~choline was also spotted for comparison. After 

spotting was complete, the plate was placed into a chromatography tank 

containing a solution of butanol-methanol-acetic acid-ethyl acetate

deionized water (4:2:1:4:3) for elution of 3H-Ach and 3H-choline. The 

plate was then dried in an oven (65°F) for 20 min followed by 

quantitation of the radioactivity (1 hr per sample) using a Bioscan . 

System 200 Imaging Scanner {Washington, DC} with microcomputer 

interface. Basically, the technique utilized a proportional counter 

which consists of a gas volume (90% argon, 10% methane) with a high 

voltage anode'wire running the lengthof the counter. Radiation from 

the samples ionized the g~s to release electrons that are accelerated 

toward the anode wire. Upon encountering the high electric field 
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associated with the wire surface, the electrons were accelerated to 

energy sufficient for the gas to undergo further ionizati~n. The 

increase in the quantity of electrons.produced elicited a pulse on the 

anode wire detectable with electronics. Special manipulations provided 

the system with imaging capability such that a radiochromatogram 

illustrating spatial changes in radioactivity encountered across the 

cellulose chromatography plate could be generated. A 

radiochromatogram with peak area integration was obtained for·each of 7 

lanes per plate. The percentages of total radioactivity 

chromatographing as choline and Ach were recorded for each sample. 

Values from animals in the same treatment group and brain area were 

averaged and the overall percentage means for choline and Ach analyzed 

between treatment groups. 

To another 400 ul frozen sample of dried supernatant was added 800 

ul of 5 mM phosphate buffer pH 7.4. The extract was vortexed and 

centrifuged {10,400 xg, 20 min). Twenty ul of the resultant 

reconstituted extract was injected into the injection port of a high 

performance liquid chromatography syste~ {HPLC) {Bioanalytical Systems, 

Inc., Indianapolis, IN} ·for quantitation of choline, Ach and 

acetylthiocholine. The system was designed based on a report on the 

separation and measurement of Ach and choline {Potter et al. 1983) and 

consisted of a polymeric analytical column to separate choline, Ach and 

acetylthiocholine followed by a second column containing covalently

bound enzymes for (1} conversion of the three compounds by AchE to 

choline and acetate, followed by {2) conversion of choline by choline 

oxidase to betaine and hydrogen peroxide. A 10 mM potassium phosphate 

dibasic soution in HPLC grade water containing 1 ml/1 
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tetramethylammonium hydroxide, pH _8.5, subjected to vacuum filtration . 

through a 0.2 uM nylon membrane, followed by the final .addition of 5 

ml/1 tetrahydrofuran, was made fresh daily and served as the mobile 

phase for :aPLC. Platinum electrodes set at +0.5 V against 

silver/silver chloride were·used for amperometric detection of hydrogen 

peroxide. A chromatogram with peak area integration (Perkin Elmer 

Integrator, ·Norwalk, CT} was obtained for each sample. Twenty ul of an 

external standard solution (containing in combination 12.5-75 nmol e·ach 

Ach, choline and acetylthiocholine} was injected at least once daily 

for final determinations of the concentration of Ach and choline in the 

original samples (nmol/g brain area weight}. The percentage recovery 

of the internal standard acetylthiocholine was determined for each 

sample by comparing the area of the peak chromatographing as 

acetylthiocholine with the same for a given sample. The amount of 

acetylthiocholine in the sample was calculated based on the known 

amount of acetylthiocholine standard injected. The amount of 

acetylthiocholine measured by HPLC I amount of acetylthiocholine 

contained in 20 ul of the total homogenization volume X 100 = % 

recovery. The amounts of Ach and choline present in a sample were 

calculated based on the chromatography of the ext~rnal standards of Ach 

and choline. The amounts of the 2 compounds present in the sample were 

then calculated as -follows: · 

Amount 
Compound (HPLC) X homogenization I brain area X 2 I percent recovery 

· 20 Jtl volume · weight 

= Amount Compound (Sample} 

where the amount of the compound as measured by HPLC is expressed in 

pmol, the homogenization volume is expressed in ml, the brain. area 
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weight is e~pressed in g, and the final calculated amount of the 

compound in this sample is expressed in nmol/g. 

The turnover rate of Ach can.be defined as the rate at which a 

given quantity of Ach in a compartment is replenished. Ach TOR was 

calculated according to the Biosynthesis Ratio by Schuberth (Schuberth 

et al. 1969): 

X Choline 

= Ach TOR 
time 

where time= ,0.75 min (45 sec), choline is expressed in nmol/g and Ach 

TOR is expressed, therefore, in nmol/g/min. Turnover rates were 

determined for individual brain samples and then averaged together for 

a final mean TOR for each treatment group and brain area. Individual 

sample differences in TOR for drug group and area were determined by 

subtracting the sample TOR from the average TOR of the respective 

saline group. Differences in TOR between saline and treatment groups 

were analyzed. 

G. Statistical Analysis 

All data are expressed as mean .! s.e.m. e~cept for learning 

frequency data, which are expressed as percentage learning the task. 

Data from delayed ma.tching-to-sample testing for performance at each 

delay level were analyzed using Student's t-test to compare baseline 

(saline-injected) and drug administration sessions. Parametric data 

from passive avoidance experiments were compared using analysis of 

variance with Tukey's HSD test employed for post hoc analysis of 

training latencies. Testing latencies from passive avoidance 

experiments were analyzed by the Mann Whitney U test for nonparametric 

data. Frequency data from passive avoidance studies were compared 
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using Chi Square analysis (n>=30) or F:lsher's Exact test (n<30). Data 

from active avoidance experiments were·analyzed using analysis of 

variance. ·nata from radial arm maze experiments were analyzed using 

analysis of variance and Student's t-test with the Bonferroni Approach 

modification, whereby the significant p level (p<0.05) is divided by 

the number of post hoc comparisons to determine the new p level at 

which significance is reached. Data from tail flick analgesia 

experiments were analyzed using analysis of variance and Student's t

test for post hoc analysis. Data from cardiovascular studies were 

analyzed using Student's t-test. Data from animal activity experiments 

were analyzed using analysis of variance with Student's t-test for post 

hoc analysis. Data from biochemical studies were compared using 

analysis of variance and Tukey's HSD test for post hoc analysis. 

Differences were considered significant at a level Qf p<0.05. 



III. SPECIFIC PROTOCOLS 

A. Influence of Scopolamine Administration to Rats Performing a 

Passive Avoidance Task 

1. Influence of Pre-Training Administration of Scopolamine in a 

One-Trial Twenty-Four Hour Passive Avoidance Task 

The purpose of this experiment was tQ determine whether pre

training administration of scopolamine could alter passive avoidance 

testing in a one-trial version of the task. A dose response 

relationship was determined by administering either saline, 0.4, 0.8 or 

1.2 mg/kg scopolamine s.c. 30 min prior to training. Twenty-four hr 

later. rats were given 1 retent:i.on {testing) trial conducted in the 

same manner as before, except that a saline injection was administered 

as a control to each rat. Step-through latencies and cumulative 

learning frequencies at each dose were recorded and analyzed. 

2. Influence of Pre-Training Administration of Scopolamine in a ' 

Multi-Trial Passive Avoidance Task 

The purpose of this experiment was to determine wh~ther pre

training administration of scopolamine could alter passive avoidance 

performance in the multi-trial version of the task. While the one

trial version measures primarily acquisition, the .multi-trial version 

measures almost exclusively the acquisition component of learning and 

memory. Five groups of rats received either saline, 0.1, 0.5, 0.8 or 

1.0 mg/kg scopolamine s.c. 30 min prior to initiating training. An 
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acclimation period of 1 min was allowed in the cage. ·Each animal was 

given 5 repeated trials for acquisition o·f the passive avoidance task 

with a 5 min intertrial interval in a resting cage allowed between each 

trial. A 30 sec acclimation period was allowed prior to the beginning 

of each subsequent trial. Step-through latencies and cumulative 

learning frequencies at each dose were recorded .and analyzed. 

3. Influence of Differential Administration of Scopolamine in a 

One-Trial Twenty-Four Hour Passive Avoidance Task 

The purpose. of this experiment was to assess the effects of 

differential scopolamine treatment on the acquisition, retention and 

recall components of·learning and memory, respectively. Three groups 

of rats received scopolamine treatment at different times relative to 

training and testing in a one-trial 24 hr version of the task as 

follows: the first group received drug treatment 30 min prior to 

training and saline 30 min prior to testing; the second group received 

drug immediately (within 30 sec) after training; the third group 

received saline 30 min prior to training and drug 30 min prior to 

testing. Step-through latencies and learning frequencies .for each 

group were recorded. 

4. Influence of Scopolamine on State-Dependent. Learning in a One

Trial.Twenty-Four Hour Passive Avoidance Task· 

The purpose of this experiment was to determine whether state

dependent learning could occur in the presence .of scopolamine. The 

theory of state-dependent learning dictates. that animals trained and 

tested in the presence of the (same) drug will perform better than 

animals trained or tested (but not both) in the presence of.the drug 

{Overton 1966). A factorial 2 ·x 2 design was employed as follows: the 
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first group (SALINE/SALINE) received saline before both training and 

testing; the second group (SCOPOLAMINE/SALINE) received scopolamine 

before training and saline before testing; the third group 

(SALINE/SALINE) received saline before both training and testing; and, 

the fourth group {SCOPOLAMINE/SCOPOLAMINE) received scopolamine before 

both training and testing. All drugs or saline were administered s.c. 

30 min prior to initiating training or testing trials. Step-through 

latencies and learning frequencies for each group were recorded and 

analyzed. 

B.. Influence of Administration of Nicotinic Agents .to Monkeys 

Performing a Delayed Matching-to~Sample Task 

1. Influence of Administration of Nicotine 

The purpose of this experiment was to determine if stimulation of 

central nicotinic receptors by administration of a centrally-acting 

nicotinic agonist would elicit a facilitation of performance utilizing 

this paradigm. Each of 5 animals received a series of increasing doses 

of nicotine including 1.25, 2.5, 5.0 and 10 ug/kg on separate occasions 

10 min prior to initiating a testing session. Injections were 

administered i.m. in a volume of 0.3 ml. Once an animal's best dose of 

nicotine was determined, defined as that dose affording the most 

facilitation in performance (increase in percentage correct matching 

choices), that dose was rep~ated on several occasions to ensure the 

reproducibility of the effect of nicotine. Values obtained from 

re-administration of the same dose were averaged for each animal. 

Changes in performance as compared to baseline were calculated for each 

dose and animal. 
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2. Influence of Administration of Mecamylamine 

The purpose of this experiment was to determine if blockade of 

central nicotinic receptors could produce the reverse effect of 

nicotine, that is, induce a performance deficit. Three doses of the 

centrally- (and peripherally-) acting nicotinic antagonist 

mecamylamine, 0.25, 0.50, and 2 mg/kg, were administered to each of 4 

animals 25 min prior to initiating a testing session. (One animal 

which had participated in the nicotine study was eliminated for reasons 

unrelated to these studies prior to experimentation with mecamylamine.} 

Each dose of mecamylamine was repeated in each animal at least once. 

Values obtained from re-administration of the same dose were compared 

to baseline performance and averaged for each animal. 

3. Influence of Administration of Hexamethonium 

The purpose of this experiment was to determ~ne whether blockade 

of peripheral nicotinic receptors would have an effect on ,~ognitive 

performance of the task. In order to control for potential effects of 

mecamylamine on peripheral nicotinic receptors, the quaternary 

nicotinic blockin$' drug hexamethonium was administered i.m. to 4 

animals 25 min prior to initiating a testing session. The injection 

was repeated at least once in each animal. Values obtained from 

re-administration of the same dose were compared, to baseline 

performance and averaged for e~ch animal. 

4. Influence of Pre-Treatment with Nicotinic Antagonists Priorto 

Administration of Nicotine 

The purpose o~ this experiment was to determine whether pre

treatment with the centrally-acting nicotinic antagonist.meccunylamine 

could effectivelyblock the effects on performance associated ~ith each 
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animal's best dose of nicotine. In addition, the ability of the 

peripherally-acting nicotinic antagonist hexamethonium to block the 

effects on performance induced by nicotine was also examined to reveal 

if nicotine exerted any effects via an action on peripheral nicotinic 

receptors. As a control for the injection of the two antagonists, 

animals received, in separate experiments, pre-treatment with saline 

prior to receiving their best dose of nicotine. The doses of 

mecamylamine and hexamethonium chosen were based on the results of 

previous experiments involving administration of the antagonists alone. 

Each combination was administered at least tw~ce to each animal, with 

the resultant values compared to baseline performance and averaged for 

each animal. 

Ce Influence of Administration of Nicotinic Antagonists to Rats 

Performing a Passive Avoidance Task 

1. Influence of Pre-Training Administration of Mecamylamine in a 

One-Trial Twenty-Four Hour Task 

The purpose of this experiment was to determine whether pre

training administration of the centrally-acting nicotinic antagonist 

mecamylamine could alte.r performance measured 24 hr later~ Rats 

received 1 of 3 doses of the drug (0.5, 5 or 25 mg/kg} or saline s.c. 

20 min prior to initiating a training trial. Average step-through 

latencies and learning frequencies for animals between treatment groups 

were analyzed. 

2. Influence of Pre-Training Administration of Hexamethonium in a 

One-Trial Twenty-Four Hour Task 

The purpose of this experiment was to determine whether the 

peripherally-acting nico.tinic antagonist hexamethonium could effect 
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performance in this version of the passive avoidance task when 

administered prior to t~aining. Rats were administered hexamethonium 

in a similar manner as when mecamylamine was employed. Average step

through latenc-ies and learning frequencies were recorded and analyzed. 

3. Influence of Pre-Training Administration of .Mecamylamine in a 

Multi-Trial Task 

The purpose of this experiment was to determine whether 

administration of mecamylamine prior to training in a multi-trial 

version of the passive avoidance task could effect performance. 

Animals were pretreated with saline or mecamylamine s.c. 20 min prior 

to receiving the first of a series of 5 training trials. Average step

through latencies and learning frequencies for animals were analyzed. 

4. Influence of Post-Training Administration of Mecamylamine in a 

One-Trial Twenty-Four Hour Task 

The purpose of this experiment was to examine the ability of 

mecamylamine to influence reten.tion of the passive avoidance task. 

Animals were administered mecamylamine or saline immediately (within 30 

sec) after the training trial •. Twenty-four hr later a testing trial 

was administered with -step-through latencies and learning frequencies 

recorded. Average step-through latencies and learning frequencies for 

animals between treatment groups were analyzed. 

5. Influence of Pre~Testing Administration of Mecamylamine in a 

'One-Trial Twenty-Four Hour Task 

The purpose of this experiment wa$ to determine whether the recall 

or retrieval component of memory for the passive avoidance task was 

vulnerable to influence by mecamylamine. This possibility was assessed 

by administering saline s.c. prior to a train:lng trial followed 24 hr 
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l~ter by mecamylamine 20 min prior to a testing trial. Control animals 

received saline prior to both'training and testing trials. Average 

step-through latencies and learning frequencies for animals between 

treatment_groups were analyzed. 

6. Influence of Mecamylamine on State Dependent Learning in a One-

Trial Twenty-Four Hour Task 

The purpose of this experiment was to examine the ability of 

mecamylamine to produce state-dependent learning. Animals were 

administered mecamylamine 20 min prior to both a training trial and a 

testing trial administered 24 hr later.· Control animals received 

saline prior to both trials. Average step-through latencies and 

learning frequencies for animals between treatment groups were 

compared. 

7. Influence of Administration of Mecamylamine in a One-Trial Six 

Hour Task 
. .. . 

The purpose of 'this experiment was to determine whether the effect 

of pre-training administration of mecamylamine on passive avoidance 

could be demonstrated at a time ·point earlier than 24 ··:hr. Animals 

received mecamylamine s.c. 20 min prior to receiving _a training.trial. 

Six hr later animals were given a testing trial. Control animals 

received saline prior to training. Average step-through latencies and 

learning frequencies for animals between treatment-groups were 

analyzed. 

8. Influence of-Administration of Mecamylamine in a One-Trial 

Seventy-Two Hour Task 

The purpose of this experiment was to test the possibility that an 

intertrial interval greater than the usually-employed 24 hr would\ 
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further tax the memory of rats for the passive avoidance task. Rats 

were administered mecamylamine or saline s.c. 20 min prior to being 

given a training trial. A testing trial was given 72 hr later 

following an injection of saline. Average step-through latencies and 

learning frequencies for animals between treatment groups were 

analyzed. 

D. Influence of Administration of Nicotinic Antagonists to Rats 

Performing an Active Avoidance Task 

lo Influence of Pre-Training Administration of Mecamylamine 

The purpose of thi·s experiment was to determine whether 

mecamylamine. could effectively induce performance deficits in rats 

performing another cognitive task, active avoidance. Whereas learning 

normally occurs with 1 trial in the passive avoidance task,· 3 or·4 

trials are typically required to establish a learning curve for the 

active avoidance task. Animals were administered mecamylamine or 

saline s.c. 20 min prior to initiating each of 2 tra~ning sessions 
/ 

separated by 3 days. Four days later a third training session was 

given following injection with saline to assess the degree of learning 

at that time •. Percentage avoidances, escapes and failures to respond 

were recorded and· analyzed for the two treatment groups. 

2. Influence of Pre-Training Administration of Hexamethonium 

The purpose of this experiment was to determine if the 

peripherally-acting nicotinic antagonist hexamethonium could exert a 

"'significant effe.ct on active avoidance performance following pre-

training administration. Animals were administered hexamethonium or 

saline s.c. 20 min prior to initiating each of 2 training sessions 

separated by 3 days. Four days later a third training session was 
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given following injection with saline to assess the degree of learning 

at that time~ Percentage avoidances, escapes, and failures to respond 

were recorded and/ analyzed for the two treatment groups. 

3. Influence of Pre-Testing Administration of Nicotinic 

Antagonists 

To examine the ability of mecamylamine to alter act~ve avoidance 

performance once . a lea~ning curv.e for the task had been established, 

animals were injected s.c. with saline 20 min prior to each of 3 

training sessions separated by 1 week each. One week following the 

last training session 1 group of animals was administered mecamylamine 

while another group of animals received hexamethonium prior to a 

testing session to assess performance of the learned task in a drugged 

state. Percentage avoidances, escapes, and failures to respond were 

recorded and analyzed for the two treatment groups. 

E. Influence of Administration of Nicotinic Agents to Rats Performing 

a Radial Arm Maze Task 

1. Influence of Pre-Training Administration of Nicotine 

The purpose of this experiment was to determine whether 

administration of nicotine to animals prior to training would result in 

a decreased amount of time to learn the response as compared to an~mals 

receiving pretreatment with saline. Rats received either nicotine {0.5 

mg/kg) or saline s.c. 10 min prior to each of 5 training sessions with 

1 session given daily. The total number of choices to complete a 

successful trial was recorded for both groups for each of 5 days of 

training. The average number of choices to success for the 2 treatment 

groups were then analyzed. 
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Antagonists 
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The purpose or· this experiment was to determine whether the 

centrally-acting nicotinic antagonist would influence learning of the 

task~ Rats received mecamylamine (in a dose based on results of the 

passive and active avoidance experiments) o~ saline s.c. 25 min prior 

to training sessions with 1 session given daily. The average number of 

choices to success for the 2 treatment groups were then analyzed. 

3. Influence of Pre-Testing Administration of Nicotinic 

Antagonists 

The purpose of this experiment was to determine whether 

mecamylamine would influence performance of the r~dial arm maze task 

once learning was established. Following training sessions conducted 

daily for acquisition of the task until a successful trial was 

performed on each of 3 consecutive days, rats received mecamylamine (in 

a dose based on results of the passive and active avoidance 

experiments) or saline s.c. 25 min prior to a testing session. The 

average number of choices to success for the 2 treatment groups were 

·then analyzed. 

F.. Influence of Mecamylamine on Spontaneous Motor Activity of Rats 

The purpose of this experiment was to determine whether 

mecamylamine could exert significant effects on the locomotor abilities 

of the animals during performance of the cognitive tasks. A pre

treatment time equal to that in the passive avoidance studies (20 min) 

in addition to some earlier time points (5, 10 and 15 min) to determine 

the onset of action, were employed prior to placing animals in 

individual. activity monitor cages.· Horizontal activity was assessed· 
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for the first 5 min after placement of a rat in the cage. Values for 

horizontal activity from individual rats receiving mecamylamine were 

averaged and compared to the average horizontal activity of animals 

receiving saline injection. 

G. Influence of Nicotinic Antagonists on Tail. Flick Analgesia Testing 

of Rats 

The purpose of this experiment was to determi~e whether 

administration of either nicotinic antagonist could alte~ the sensory 

threshold for electric footshock. Rats were administered either 

nicotinic antagonist in a manner similar to when passive avoidance 

studies were conducted and following a· 20 min pretreatment interval, 

were each given 3 tail flick analgesia tests separated by 5 min each. 

Values from each rat were averaged and means for treatment groups 

analyzed. 

H. Influence of Scopolamine Administration on the Blood Pressure 

Response to Physostigmine in Conscious Rats 
. . . r . 

The purpose of this experiment was to determine the 

pharmacokinetic profile of scopolamine in the brain by examining 

whether immediate post-training administration of scopolamine could 

produce a signific~t blockade of brain muscarinic receptors. The 

ability of scopolamine to block the centrally-mediated pressor response 

to the Ach inhibitor physostigmine (Buccafusco and Brezenoff 1986) was 

employed as an indicator of the relative time of onset of action. Rats 

with chronic indwelling arterial and venous catheters were administered 

scopolamine s.c. 1-2 min prior to receiving 0.3 mg/kg physostigmine 

i. v. Maximal changes in arterial blood pressure before and after 

treatment with both agents· were averaged and analyzed. 
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I. Influence of Nicotinic Antagonists on Blood Pressure in Conscious 

Rats 

The purpose of this experiment was to determine the equivalent 

dose of hexamethonium ;necessary to control for the peripheral effects-

of mecamylamine in the behavioral experiments. The ability of 

nicotinic ganglionic bl~cking agepts to block sympathetic ganglia is 

used to compare nicotinic agents of this class. And, since resting 

arterial blood pressure is direct!~ dependent on the level of 

ganglionic stimulation, measuring drug-induced pressure changes is the 

most recognized means of comparing two different nicotinic ganglionic 

blocking agents. Therefore, the depressor response in the conscious 

rat was employed as an indicator of the appropriate dose of 

hexamethonium to use. Rats with chronic indwelling arterial catheters 

were injected s.c. with either nicotinic antagonist (following a period 

during which baseline pressure was established) and the resultant 

changes in arterial pressure recorded. Maximal changes in arterial 

blood pressure after administration of either agent were averaged and 

analyzed. 

J. Influence of Administration of Nicotinic Antagonists on-In Vivo 

Formation of 3H~Ach Following Pulse Tracer Injection of 3H-Choline 

in Rats 

The purpose of this experiment was to examine the influence of 

nicotinic antagonists on the rate of newly-synthesized Ach. Rats 

having undergone surgery for chronic indwelling i.v. catheters 3 days 

earlier received saline, hexamethonium !Jr mecamylamine s.c. Twenty min 

following administration of either saline or antagonist, an animal was 

placed in a plastic restraining container and given a pulse, tracer 
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i. v. injec.tion of 150 uCi 3H~choline contained in 100 ul saline. 

Forty-five sec later animals were. sacrificed by microwave irradiation. 

The whole brain was removed and, ·after chilling briefly on ice, the 

frontal, limbic and pa~ietal cortices, hippocampus and striatum were 

dissected and frozen until weighing and homogenization. Following 

weighing, tissues were extracted for Ach and choline with the resultant 

supernatants frozen until analysis. 

One aliquot of supernatant ·from each sample was reconstituted for 

determination by liquid chromatography of the amount of radiolabelled 

precursor incorporated into newly-synthesized Ach (expressed as the 

percentage of total radioactivity in the form of 3H-Ach) and the amount 

remaining as itself (expressed as the percentage of total radioactivity 

in the form of 3H-choline) • Means of both radiolabelled compounds .for 

treatment groups for each brain area were calculated. Means between 

treatment groups for each brain area were analyzed. 

K. Influence of Administration of Nicotinic Antagonists on Endogenous 

Levels of Brain Choline and Ach in Rats 

Another aliquot of supernatant from each sample was ~econstituted 

for determination of endogenous choline and Ach by high performance 

liquid chromatography. Individual sample levels of choline and Ach 

from animals in the same treatment group for each brain area were 

averaged. The resultant means for choline and Acn levels between 

treatment groups for each brain area were analyzed. 



IV. RESULTS 

A. Influence of Scopolamine Administration to Rats Performing a 

Passive Avoidance Task 

1. Influence .of Pre-TrainingAdministration in a One-Trial Twenty-

Four Hour Task 

Treatment with 0.4 mg/kg and 1.2 mg/kg scopolamine resulted in 
.. 

slight, though significant, increases in training step-through 

latencies ({F{3,54)=5.62~ p<O.Ol, respectively}). The testing 

latencies and learning frequencies are plotted in Figure 4. All doses 

· of scopolamine impaired performance in the 24 hr task as compared to 

saline-injected controls in terms of testing step-through latencies 

{U~36, p<O.OOl for all 3 comparisons) and learning frequencies 

2 
{X =21.36, p<O.OOOl). No dose response effect for scopolamine was 

observed; however, the lowest mean testing step-through latencies and 

learning frequencies were observed in the group that received 0.8 

mg/kg. A further increase in dosage {1.2 mg/kg) was not more effective 

in disrupting performance in terms of step-through latency or learning 

frequency. 

2. Influence of Pre-Training Administration in a Multi•Trial Task 

This experiment was conducted since the results of the one-trial 

24 hr task suggested an effect of scopolamine on the acquisition 

component of learning and memory in. that pre-training administration of 

the drug resulted in performance deficits 24 hr later. Figure 5 and 
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Figure 4. Influence of scopolamine on test step-through latency of 

rats performing a one-trial twenty-four hour passive 

avoidance task ( e:x:pressed as s·tep-through la·tency as a 

function of dose). Scopolamine or saline (0 mg/kg) ~as 

administered s.c. 30 min prior to training. Results are 

shown as mean~ s.e.m. for 12-18 rats per group. Values in 

parentheses indicate cumulative learning frequencies·. Test 

latencies and learning frequencies for each dose of 

scopolamine ~ere significantly lobJer than control values, p 

< 0.05 level of significance. There ~ere no significant 

differences betbJe.en doses. 
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Figure 5. Influence of scopolamine on test step-through latency of 

rats performing a five-trial repeateq ·acquisition passive 

avoidance task (expressed as step-through latency as a 

function of trial)~ Scopolamine or saline (control) ~as 

administered s.c. 30 min prior to initiating training. 

Results are sho~ as mean~ s.e.m. Values in parentheses 

indicate the number of rats per group. a = p < 0.05 level 

of significance versus control group; b = p <. 0.05 level of 

significance versus control, 0.1 and 1.0 mg/kg groups; c 

p < 0. 05 level of significance versus control and 1. 0 mg/kg 

groups; d = p < 0.05 level of significance versus control 

and 0.1 mg/kg groups. 
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Table II illustrate the effect of pre-trial injection of scopolamine on 

test latencies and learning frequencies, respectively, for each dose 

across the 5 trials. Treatment with 0.5 mg/kg scopolamine resulted in 

a slightly higher, though significant, increase in first trial latency 

({F(4,52)=2.76, p<0.05)). Scopolamine was effective in disrupti~g the 

acquisition of the passive avoidance response measured either as a 

decrease in step-through latency, or as an increase in the frequency of 

avoidance failure. All doses were significantly different from control 

by the second trial in terms of testing step-through latency {U>49, 

p<0.0001 for all comparisons) and learning frequency {X2=25.34, 

p<0.0001). The impairment was most marked at the s_econd trial when a 

dose of 0.8 mg/kg was used (U=14, p<0.001 and X2=21.41, p<0.001). 

During the third trial, a dose of 0.8 mg/kg produced latencies 

significantly lower than control {U=17, p<0.001), 0.1 mg/kg (U=22.5, 

p<0.1) and 1.0 mg/kg {U=28.5, p<0.05). In fact, only the dose of 0.8 

mg/kg was significantly effective iri maintaining disruption through the 

fifth trial (U=37, p<0.01 versus control; U=40, p<0.05 versus 0.1 mg/kg 
. 2 . 

scopolam1ne; and, X =13.13, p<0.02). A further increase in dosage {1.0 

mg/kg), as with the previous experiment {1.2 mg/kg), did not induce a 

greater performance decrement. The results of this version of the task 

corroborated the results using the one-trial version of the task, in 

that a significant effect of the drug o~ acquisition was obtained. 
I 

3. Influence of Post.-Training and· Pre-Testing Administration in a 

One-Trial Twenty-Four Hour Task 

The dose of scopolamine employed in the experiment was 0.8 mg/kg 

since the results of the other studies indicated that -this dose was the 

maximally-effective dose for producing a.performance decrement~ There 
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Table II. Influence of Scopolamine on Five-Trial Repeated Acquisition 

Passive Avoidance Learning Frequency 

% Rats Learning: Task 

(Saline) Dose {mg:Lkg:.) 
Trial !!.. Control 0.1 .Jk.2_ 0.8 __!_&__ 

1 

2 100 70+ 20+ 17* 36+ 

3 100 90 60 25** 82 

4 100 90 70 42** 91 

5 100 100 90 58** 91 

N 14 10 10 12 11 

Saline or drug was administered 30 min prior to the first trial. A 5 

minute intertrial interval was allowed between each trial. 

* = p < 0.05 level of significance versus centro+ and 0.1 mg/kg groups 

+ = p < 0.05 level of significance versus control group 

** = p < 0.05 level of significance versus control, 0.1 -and 1.0 mg/kg 

groups 
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were no significant differences in training step-through latencies 

between groups {(F{3,59)=8.33, p<0.40)). Table III summarizes the 

results obtained from this experiment. The control groups for the 3 

experimental groups were pooled into 1. large control group since their 

performances were not significantly different. Of the 3 experimental 

groups, only animals of the group that received scopolamine before 

training demonstrated a performance deficit during testing {U=28, 

p<O.OOl for control versus pre-training administration; U=9, p<O.OOl 

for pre-training versus post-training administration; and U=14, p<O.OOl 

for pre-training versus pre-testing administration). The groups 

receiving scopolamine after training or before testing performed as 

well as controls.with regard to step-through latency; they all reached 

the cut-off latency and were considered to have learned the task. 

4. Influence of Scopolamine on the Blood Pressure Response to 

Physostigmine in Conscious Rats 

The results of administering scopolamine prior to and immediately 

after passive avoidance training indicated a drug effect on processes 

mediating acquisition. To establish an effect of scopolamine on . . . 

central muscarinic receptors at an early time·point post-injection such 

that the drug was capable of acting on brain muscarinic rec~ptors soon 

enough to influence processes mediating retention when adminis·tered 

post-training, the ability of scopolamine to alter the centrally-

mediated pressor response to physostigmine was examined. The fact that 

significant blockade of brain muscarinic receptors would occur early 

after s.c. administration of scopolamine was demonstrated (see Table 

IV). Physostigmine {0.3 mg/kg i .• v.) was associated with a significant 

increase in blood pressure {+40!3 mm Hg, t=4.35, p<O.Ol) in the 
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~able III. Influence of Differential Scopolamine (0.8 mg/kg) 

Treatment on One-Trial ~enty-Four .Hour Passive Avoidance 

Learning and Memory 

Step-Through Latency (sec} 

Scopolamine Treatment 

Control (Saline) 

30 Min Prior to Training 
{Acquisition) 

Immediately After Training 
(Retention) 

30 Min Prior to Testing 
{Recall} 

Training 

16.55 .!. 1.99 

21.69 .!. 4.18 

23.64 .!. 6.17 

15.34 .!. 3.44 

Testing 

300.00 .!. 00.00 

72.49 .!. 15.59* 

300.00 .!. 00.00 

300.00 .!. 00.00 

The component of learning or memory being tested is listed under the 

scopolamine treatment protocol in parentheses. 

Values represent the mean .!. s.e.m. 

* p < o.oo; level of significance versus other groups 

N 

30 

12 

9 

14 



58 

Table IV. Influence of P~et~eatment ~ith Scopolamine on the P~esso~-

Response to Physostigmine 

Treatment 

Control 

+ 0.25 mg/kg Physostigmine 

+ 0.80 mg/kg Scopolamine 
0.25 mg/kg Physostigmine 

N 

6 

4 

6 

Mean Arterial 
Pressure {mmHg} 

104 + 2 

144 .:!: 9* 

119 .:!: 4** 

·Maximum 
Change hnmHg} 

+40 .:!: 9* 

+ 3 .:!: 3** 

Physostigmine was administered i.v. within 2 min following s.c. 

administration of scopolamine. 

Values represent the mean _:!: s.e.m. of observations made within 2 min of 

drug administration. 

* p < 0.01 significance versus control 

** p < 0.01 significance versus physostigmine alone 



59 

conscious rat, with an onset of approximately 10 sec. Hats pretreated 

s.c. with 0.8 mg/kg scopolamine, the dose associated with maximal 

behavioral impairment, failed to respond to i.v. administration of 

physostigmine {in doses up to 0.3 mg/kg}, injected 1-2 min later {+3~3 

mm Hg, t=4.21, p<0.01 versus non-pretreated response). It is 

plausible, then, that post-training injection of scopolamine would be 

capable of acting on central muscarinic receptors involved in mediating 

retention of the passive avoidance task. The fact that no impairment 

in passive avoidance testing following post-training i~jection was 

observed indicates a lack of effect by scopolamine on processes 

mediating retention of the task. 

5. Influence of Administration of ScoPolamine on State-Dependent 

Learning in a One-Trial Twent;r-Four Hour Task 

Training·latencies for the SALINE/SALINE ~d .. SALINE/SCOPOLAMINE 

groups were lower than training latencies for the 

SCOPOLAMINE/SCOPOLAMINE group {{F{3,57)=4.86, p<0.01)). Table V 

summarizes the results of the experiinen t. All anfmals trained in the 

absence of drug (SALINE) reached the cut-off latency during testing, 

regardless of whether testing occurred in the absence or presence of 

drug {SCOPOLAMINE}. Animals receiving scopolamine before training 

exhibited a significant decrement in performance during.testing, which 

was .reflected by much lower testing latencies {U=22.5 ~d U=45, p(O.OOl 

for SCOPOLAMINE/SALINE and SCOPOLAMINE/SCOPOLAMINE versus 

SALINE/SALINE, respectively; U=21 and U=42, p<0.001 for 

SCOPOLAMINE/SALINE and SCOPOLAMINE/SCOPOLAMINE versus 

SALINE/SCOPOLAMINE, respectively); and, a lower frequency of rats 
. 2 

learning the task {X =32.91, p<O.OOl}. The 2 groups trained in the 
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Table V. Lack of Production of State Dependency by Scopolamine 

(0.8 mg/kg) in One-Trial lwenty-Four Hour Passive Avoidance 

Learning 

Step-Through Latency 

Pretreatment (sec} % Rats 
(TrainLTest} Training Testing Learning Task N 

SALINE/SALINE 
. + 

17.77! 1.95 300.00 .:!:. 00.00 100 15 

SCOPOLAMINE/ 38.29 1: 9.53 105.68 ! 29.33* 24** 17 
SALINE 

SALINE/ 23.41 ! 8.69+ '300.00! 00.00 100 15 
SCOPOLAMINE 

SCOPOLAMINE/ 43.27 ! 6.99 164.00! 31.78* 40** 15 
SCOPOLAMINE 

Saline or drug was administered s.c. 30 min prior to training and 

testing. 

Values represent the mean ! s.e.m. 

+ = p < 0.05 level of significance versus SCOPOLAMINE/SCOPOLAMINE group 

* = p < 0.001 level of significance versus SALINE/SALINE and 

SALINE/SCOPOLAMINE groups 

** = p < 0.05 level of significance versus SALINE/SALINE and 

SALINE/SCOPOLAMINE groups 
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presence of drug (SCOPOLAMINE/SALINE and SCOPOLAMINE/SCOPOLAMINE did 

not differ, however, in their performance. The results of this 

experiment indicate a lack of state-dependent learning by scopolamine 

in the task. 

B. Influence of Administration of Nicotinic Agents to Monkeys 

Performing a Delayed Matching-to-Sample Task 

1. · Influence of Administration of Nicotine 

The results obtained from a representative monkey during the . 

nico.tine dose response experiment are illustrated ip FigUre 6. Values 

represent performance at delay level 3 (longer delay periods) only 

since nicotine was not found to produce a significant effect at delay 

level 1 or 2 (see. Figure 7). A_ decrease in performance relative to 

baseline was observed with the lowest dose (1.25 ug/kg) of nicotine. 

Further increases in dosage yielded facilitation of performance, with 

the largest increase (26%) afforded by the 5 ug/kg dose. This dose 

response effect well exemplifies the inverted ·.U dose response 

relationship commonly observed with cognitive enhancing agents {i.e., 

Bartus et al. 1980; Cumin 1982). Subsequent re-administration of the 

"best dose" of nicotine (5 ug/kg) to the monkey again yielded 

enhancement (10%) of performance although not of the sam_e magnitude as 

the prior injection of 5 ug/kg. Similar dose response effects were 

observed in the other four monkeys (p<0.05). 

Nicotine enhanced performance primarily at the longest delay 

intervals in each of the animals (see Figure 7). The beneficialeffect 

of nicotine occurred over a narrow dose window, usually between 1.25 

and 5.0 ug/kg. Two of the monkeys (No. 2 and 4) did not respond to any 

of the 4 doses of nicotine. At first, these animals seemed insensitive 



Figure 6. Dose response series to nicotine administration in one 

monkey at delay level 3. Data are expressed as percent 

correct ~s a function of session number. A = 2.5, B = 5.0, 

C = 1.25 and D = 10 ug/kg. Doses ~ere administered i.m. 10 

min prior to initiating a testing session. All other 

sessions denote baseline performances be~een doses. 
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Figure 7. Influence of the best dose of nicotine (0.625, 2.5, 5.0 or 

7.5 ug/kg, i.m.) on five monkeys performing a delayed 

matching-to-sample paradigm (e:r:pressed as the absolute 

change in percentage correct from baseline). Nicotine was 

administered 10 min prior to initiating a testing session 

to each of five monkeys (open circle = No. l, open triangle 

= No. 2, closed circle = No. 4, open square = No. 7, closed 

square = No. 8). Each value represents the mean of 4-6 

replicates, e:r;cept for No. 2 and No. 4, which represents 

the mean of 3 e:r:periments each. The bar gra'Ph represents 

the mean of each animal's data averaged for the five 

monkeys. Vertical lines indicate the s.e.m. Retention 

intervals 1, 2 and 3 refer to the short, moderate and long 

delay intervals. The value of interval 3 was significantly 

greater than baseline (p < 0.05). 
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to the· drug, but when administered 0.625 and 7.5 ug/kg nicotine, 

respectively, each responded in a manner similar to the.other monkeys. 

The values presented represent the mean of 3 experiments each at these 

doses for No. 2 and No. 4. For the other 3 monkeys, the most effective 

dose was repeated and found effective during 4-6 sessions each. On the 

average, nicotine increased performance at the longest delay interval 

by about 10 percentage points. The drug produc~d no significant effect 

on the shorter delay intervals. Any decline in the blood level of 

nicotine was not reflected by performance returning to baseline. 

Performance levels were maintained throughout the session. Also, 

tolerance was not apparent since re-administration of the best dose of 

nicotine produced the same or nearly the same enhancement of 

performance at some time during the study. 

2. Influence of Administration of Mecamylamine 

The results of this experiment are depicted in Figure 8. While 

the two lower does of mecamylamine (0.25 and 0.50 mg/kg) had no 

significant ef~ect on performance, the highest dose (2 mg/kg) produced 

a marked depression in performance with the effect most notable on the 

shorter delay intervals. Mecamylamine induced decreases in performance 

of 23%, 20% and 10% at delay levels 1, 2 and 3, respectively (p<0.05). 

3. Influence of Administration of Hexamethonium 

This experiment was conducted to control for the peripheral 

effects of the centrally-acting nicotinic antagonist in the task since 

mecamylamine (2mg/kg) was observed to produce a behaviorally

deleterious. effect on delayed matching-to-sample performance by 

monkeys. Following administration of 2 mg/kg of the peripherally

acting nicotinic antagonist hexamethonium (the same dose at which 



Figure 8. Influence of mecamylamine on performance of a delayed 

matching-to-sample paradigm by four monkeys (expressed as 

the absolute change in percentage correct from baseline). 

The numbers in parentheses refer to the dose of 

mecamylamine in mg/kg. Mecamylamine ~as ~dministered t.m. 

25 _min prior to initiating a testing session. Retention 

intervals 1, 2 and 3 refer to short, moderate and long 

delay intervals. The highest dose of mecamylamine produced 

a significant decrease in performance (p < 0.05). 
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mecamylamine exerted a maximal effect on cognitive performance), signs 

of ganglionic blockade, particularly ptosis, were noted within several 

min. Despite the· outward effects of the drug, no significant effect on 

performance during the testing session was noted (see Figure 9). 

4. Influence of Pretreatment with Nicotinic Antagonists Pri~r to 

Administration of Nicotine 

Animals received either 0.5 mg/kg of mecamylamine or 2 mg/kg 

hexamethonium, since neither one of these doses by themselves produced 

a significant effect on base1ine performance, 15 min prior to each 

animal receiving its most effective dose of nicotine to examine the 

influence of antagonist pretreatment on the effects produced by 

nicotine administered 10 min later. The results of this experiment are 

illustrated in Figure 10. While hexamethonium pretreatment did not 

alter the ability of nicotine to enhance performance at the longest 

delay interval, mecamylamine pretreatment antagonized the beneficial 

effect of nicotine (p<0.05). 

C. Influence of Administration of Nicotinic Antagonists to Rats 

Performing a Passive Avoidance Task 

1. Influence of Pre-Training Administration of Mecamylamine in a 

One-Trial Twenty-Four Hour Task 

The results of the previous experiments revealed (1) that the 

passive avoidance behavioral paradigm could be successfully employed to 

demonstrate cognitive impairment following administration of a 

centra11y-acting muscarinic cholinergic antagonist to rats ai)d (2) that 

cognitive performance of a delayed matching-to-sample behavioral 

paradigm by monkeys was sensitive to centrally-active nicotinic 

cholinergic agents (an agonist and antagonist) •. Since the ability of 



Figure 9. Influence of hexamethonium (HEX) on performance of a 

delayed matching-to-sample paradigm by four monkeys 

(expressed as the absolute change in percentage correct 

from baseline). Data from administration of mecamylamine 

(MEC) is also sho~ for comparison. Either drug ~as 

administered i.m. in a dose of 2 mg/kg 25 min prior to 

initiating a testing session. The symbols indicate the 

mean + s.e.m. Retention intervals 1,_ 2 and 3 refer to 

short, moderate and long delay intervals. Hexamethonium 

administration did not produce significant change in 

performance. 
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Figure 10. Influence of pretreatment lA)ith saline, 0.5 mg/kg 

mecamylamine or 2 mg/kg he~amethonium prior to each monkey 

receiving its best dose of nicotine on performance of a 

delayed matching-t.o-sanrple paradigm (expressed as the 

absolute change in percentage correct from baseline). 

Pretreatments b)ere administered i.m. 15 min prior to 

nicotine lA)hich lA)as administered 10 min prior to initiating 

a testing session. Experiments ~ere replicated in each 

animal 1-3 times. The symbols indicate the mean:!:.. s.e.m. 

of data from four monkeys. Retention_ intervals 1, 2 and J 

refer to short, moderate and long delay intervals. 

Mecamylamine pretreatment significantly inhibited the 

enhanced performance follolA)ing nicotine at retention 

interval level J (p < 0.05). 
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nicotine to enhance cognitive performance in rats has been well-

investigated, and models of meca.tnylamine-induced cognitive impairment 

less thoroughly-investigated, experiments were conducted in an attempt 

to extend the model of mecamylamine-induced performance impairment to 

rats performing a passive avoidance task. The results of these 

experiments follow. 

While there were·no significant differences in training latencies 

between any of the groups receiving either 0.5, 5 or 25 mg/kg 

·mecamylamine prior to training ((F(3,56)=2.62, p>0.05)), the highest 

dose produced a significant impairment during testing as compared to 

saline-pretreated animals, evident in much lower testing .step-through 

latencies (483.14:!:_52.15 sec and 169.72.!.59.90 sec for saline and 

mecamylamine, respectively) (U=36, p<0~01) and number of: animals having 

learned the response (67% and 13% for saline and mecamylamine, 
2 . 

respectively) (X =8.89, p<0.05). There was also a .. significant 

difference in testing latencies between animals having received 5 and 

25 mg/kg mecamylamine (340.75+59.53 sec and 169.72+57-90 sec, . - -

respectively) (U=57, p<0.03). A dose of 25 mg(kg was chosen for 

further experimentation since no other dose produced results 

significantly different from saline (see Figure 11). 

2. Influence of Administration of Nicotinic Antagonists on Blood 

Pressure in Conscious Rats 

Once a dose of mecamylamine producing a deficit in passive 

avoidance responding by the rat was determined (25 mg/kg), it was 

necessary to determine the equivalent dose of the peripherally-acting 

nicotinic antagonist hexamethonium necessary to control for drug 

effects on peripheral nicotinic receptors. The ability of mecamylamine 



Figure 11. Dose response effect of mecamylamine administration to rats 

prior to training in a tz.Jenty-four hour passive avoidance 

task. Mecamylamine or saline (0 mg/kg) was administered 

s.c .. 20 min prior to training. Data. are e:r:pressed as the 

average test step-through latency in sec as a function of 

the dose of mecamylamine tn mg/kg. Values in parentheses 

indicate learning frequencies for each group. Values 

represent the mean!_ s.e.m. for 14-15 animals per group. * 

= p < 0.05 level of significance versus saline and 5 mg/kg 

groups. 
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and hexamethonium to produce decreases in arterial blood pressure was 

employed as an indicator of the appropriate dose of hexamethonium to 

use. Administration of the same dose of either antagonist {25 mg/kg) 

produced quantitatively similar depressor responses in both groups of 

animals {see Table VI). Mecamylamine afforded an average maximal 

decrease of 31~2 mm Hg mean arterial pressure;- hexametho~ium produced 

an average maximal decrease of 26!4 mm.Hg in mean a.rterial pressure. 

There were no signif:icant differences in the depressor responses 

elicited by the 2 antagonists {t=0.92, p>0.80). ·Thus, an equal dose of 

hexamethonium was employed in behavioral studies to control for 

peripheral effects of mecamylamine where applicable. 

3. Influence of Pre-Training Administration of.Hexamethonium in a 

One-Trial Twenty-Four Hour Task 

Once a dose of mecamylamine significant in producing behavioral 

impairment was determined {2.5 mg/kg) it became necessary to control for 

the peripheral effects of the drug on performance of the task. 

Parallel cardiovascular studies es~ablished qualitatively and 

quantitatively similar blood pressure responses in conscious rats.to 

equal doses of either the centrally-acting nicotinic antagonist 

mecamylamine or the peripherally-acting nicotinic-antagonist 

hexamethonium. Therefore, a dose of 25 ing/kg of ·either drug was 

administered s.c. to rats prior to training in a passive avoidance 

task. A significant effect of both drugs on training latencies was 

observed. Mecamylamine- and hexamethonium-pretreated ani~nals exhibited 

significantly higher training latencies (31.03+6.18 sec and 26.74+4.03 - -

sec, respectively) than saline pretreated animals {14.37~2.23 sec) 

{{F{2,42)=3.27, p<0.05)) •. An analysis of testing latencies measured 24 
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Table VI. Inluence of N-icotinic Antagonists on Arterial Blood Pressure 

Treatment N 

Control 4 

+ 25 mg/kg Mecamylamine 

Control 4 

+ 25 mg/kg Hexamethonium 

Mean Arterial 
Pressure (mmHg) 

107 .:!:. 5 

76 :!. 7 

122 + 10 

97 .:!:. 15. 

Maximum 
Change ( mmHg) 

-31 .:!:. -2 

-26 .:t 4 

Drugs were was administered s.c. to freely.-moving animals containing 

chronic indwelling arterial catheters. 

Values represent the mean ! s.e.m. of observations made within 10 min 

of drug administration. 

p > 0.82 significance between groups 
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hr later revealed that while there were no·significant differences 

between saline {483.14.:!:,52.15 sec) and hexamethonium pretreatment groups 

(391.49.:!:,58.46 sec) {U=8l, p>0~1) ,· animals pretreated .with mecamylamine 

demonstrated significantly lower testing step-through latencies 

{169.72.:!:.59-90 sec) than animals having received saline_or hexamethonium 

(U=36, p<0.01 and U=64, p<0.05, respectively) (see F~gure 12). 

Analysis of learning frequencies in·;. the task revealed a- si~ificant 

difference between mecamylamine- {13%) and saline-pretreated animals 

2 (67%) (X =8.89, p<0.05). There were no significant differences between 

the percentage of hexamethonium- (40%) and saline- or mec~ylamine

pretreated animals learning the response {X2=2.14 and 2.73, p>0.05, 

respectively). Thus, the centrally-acting, but not the peripherally-

acting, nicotinic antagonist produced a deleterious effect on 

performance of .a one-trial 24 hr pass~ve avoidance task •. 

4. Influence of Administration of Nicotinic· Antagonists on Tail 

Flick Analgesia Testing in Rats 

No data are available ·concerning the influence of administration 

of either nicotinic antagonist alone on nociceptive response. To 

determine whether mecamylamine-induced performance decrements in 

passive avoidance testing were attributable to non-mnemonic effects of 

sensory perception (i.e., affording the ·animals a decreased awareness 

of the aversive stimulus), the ability of either antagonist to alter 

responding in a tail flick analgesia test was examined. Table VII 

illustrates the results obtained from tail flick analgesia testing 

following administration of either nicotinic antagonist. Animals, 

administered. mecamylamine (25 mg/kg) prior to receiving ti:dl flick 

testing demonstrated significantly lower tail flick latencies 



Figure 12. Influence of hexamethonium (HEX) administration_to rats 

prior to training in a ~enty~four hour pas$iVe avoidance 

task. Data from mecamylamine (MEC) administration is 

included for comparison Either drug (25 mg/kg) or saline 

(SAL) was administered to rats 20 min prior to training. 

Data are expressed as the average test step-through· latency 

in sec- as a function of treatment. Data are expressed as 

the average test step-through latency in sec as_ a function 

of treatment. Values tn parentheses indicate learning 

frequencies for each group. Values represent the.mean ~ 

s. e.m. for 14-15 animals per group. * = p < 0.05 level of 

significance versus saline and 5 mg/kg groups. 
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Table VII. Influence of Nicotinic Antagonists on' Tail Flick Response 

Pretreatment N Tail Flick Latenc~ {sec) 

Salne 10 4.43 + 0.10 

Mecamylamine 5 2.98 .! 0.19* 
25 mg/kg 

Hexamethonium 5 3-73.! 0.34 
25 mg/kg 

Drug or saline was administered s.c. 20 min prior to initiating 

testing. 

Each animal was given 3 tests separated by 5 min each. Values 

represent the mean· .! s.e.m. of the mean for each of 5 or 10 animals per 

group. 

p < 0.01 significant drug x latency interaction 

* = p < 0.01 level of significance versus saline group (t-test) 
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(2·.98_!0.19 sec) than animals pretreated with saline (4.43_!0.10 sec) 

((F(2,17)=17.30, p<0.01)). Thus, the centrally-acting nicotinic 

antagonist induced a significant algesic response. This finding is in 

direct opposition to that expected if the drug were exerting its 

behaviorally-deleterious effects on passive avoidance responding by 

effectively reducing the perceived intensity of the footshock. The 

drug~induced algesic response, in fact, further substantiated the · 

concept that mecamylamine was acting via a more selective, central 

mechanism of action and not by some generalized effect on peripheral 

mechanisms involving sensory threshold. 

5. Influence of Pre-Training Administration of Mecamylamine in a 

Multi-Trial Task 

Since mecamylamine-pretreated animals exhibited a performance 

decrement in the on~-trial 24 hr version of the task when the drug was 

administered prior ·to training, the multi-trial version of the task was 

next employed to further elucidate whether mecamylamine was influencing 

processes mediating acquisition of the response. Animals administered 

mecamylamine (25 mg/kg) s.c. 20 min prior to receiving ,5 trials for 

acquisition of the passive avoidance response exhibited normal initial 

training (first t·rial) latencies, but on all subsequent trials failed 

to cross over within the allotted time. Instead of appearing as if 

they had learned the task, however, the animals behaved as if the 

combination of the footshock punishment delivered on the first trial, 

coupled with the drug-induced hypomobility (see Table VIII), produced a 

stress reaction such that· the animals were rendered incapable of 

responding. 
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Table VIII. Influence of Mecamylamine Administration on Animal 

Activity in a Novel Environment 

Post-Injection Horizontal 
GrOUE N Time Activit:t ~Units) 

Saline 3 5 min 1286 + 186 
MEC 25 3 5 min 880 :! 82 

Saline 3 10 min 1522 .:!:. 144 
MEC 25 3 10 min 814 .:!:. 155* 

Saline 3 15 min 1639 .:!: 117 
MEC 25 3 15 min 1037 .:!:. 170* 

Saline 4 20 min 1569 .:!:. 68 
MEC 25 4 20 ~in 481 + 45* 

Animals were placed in individual activity cages at the time points 

specified above following s.c. administration of either saline or 25 

mg/kg of mecamylamine (MEC 25). Activity was measured for the first 5 

min after placement into the activity cage. 

p < 0.0001, significant drug x activity interaction 

* p < 0.05 level of significance versus saline group (t-test) 
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6. Influence of Post-Training Administration of Mecamylamine in a 

One-Trial Twehty-Fou~ Hour Task 

This experiment was conducted to examine the possibility that 

mecamylamine might induce impairment.of passive avoidance performance 

by acting on processes mediating retention of the response. Assessment 

of performance in the task 24 hr later revealed no significant effect 

of the drug on tes·ting step-through latencies ( 419. 50+75. 80 sec and 

353.10!82.60 sec for saline and mecamylamine, respectively) (U=40, 

p>0.40) or frequency of animals learning the response (60% and 40% for 

saline and mecamylamine, respectively) (p>0.30, Fisher's Exact test) 

(see Figure 13). Mecamylamine, then, did not exert cognitive effects 

in the passive avoidance task through an influence on processes 

mediating retention of the task. The results of this experiment 

further substantiate the concept that pre-training mecamylamine 

administration in the previous experiments yielded an impairment of 

performance via an action on processes underlying the acquisition 

component, and not the retention component, even though the drug was 

present in the central nervous system after the training trial. 

7. Influence of Pre-Testing Administration of Mecamylamine in a 

One-Trial Twenty-Four Hour Task 

The ability of mecamylamine to induce behavioral impairment in 

passive avoidance performance via an influence on processes underlying 

the recall or retrieval component of memory for the task·was assessed. 

Administration of mecamylamin~ (5 or 25 mg/kg) prior to testing was not 

associated with a significant effect on performance of the tas~ as 

measured by testing step-through latencies (435.37!66.70 sec, 

415.35!_70.08 sec and 526.13.!_50.33 sec for saline, 5 and 25 mg/kg 



Figure 13. Influence of mecamylamine administration to rats 

immediately after training in a one trial ~enty-four hour 

passive avoidance task. Saline (SAL) or mecamylamine (25 

mgfkg) (MEC) was administered s.c. immediately (within 30 

sec) after training. · Data are expressed as the average 

test step-through latency in sec as a function of 

treatment. Values in parentheses indicate learning 

frequencies for e~ch group. Values represent the mean ~ 

s.e.m. for 10 animals per group. p > 0.40 level of 

significance versus saline group. 
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mecamylamine, respectively) (U=82, p>0.90 and U=89, p>0.30~ 

respectively) or learning frequencies (60%, 67% and 87% for saline, 5 

and 25 mg/kg mecamylamine, respectively) (X2=0.14, p>0~70 and x2=2.73, 

p>0.19, respectively) (see Figure 14). 

8e Influence of Administration of Mecamylamine on State-Dependent 

Learning in a One-Trial Twenty-Four Hour Task 

There were no significant differences in training latencies 

between the 2 groups receiving either saline ~r mecamylamine (25 mg/kg) 

prior to both training and testing {(F(1,28)=3.00, p>0.05)). Nor were 

there any significant differences in testing latencies (412.11~61.73 

sec and.332.44~76.48 sec} or learning frequencies (53% for saline and 

mecamylamine} (p=1.00) (see Figure 15). Thus, it appeared that 

mecamylamine did produce state-dependent learning of the task since 

animals trained and tested in the drugged state performed as well as 

control animals. However, 2 additional observations render this 

conclusion questionable. First, an overall decre~se in testing step

through latencies in control animals was observed in this experiment 

when compared to control values obtained in previous experiments. 

Second, studies assessing spontaneous motor activity demonstrated a 

marked impairment of horizontal activity 20 m:i.n following 

administration of mecamylamine (25 mg/kg) (see Table VIII}. 

9. Influence of Administration of Mecamylamine on Spontaneous 

Motor Activity in Rats 

Drug effects on ·locomotor activity were assessed to establish 

whether mecamylamine-induced $tate-depengent learning observed in the 

previous experiment was due to a non-mnemonic, performance related 

effect of the drug, and not via a cognitive-selective mechanism of 



Figure 14 . . Influence of mecamylamine administration to rats prior to 

testing in a one trial tzrJenty-four hour passive avoidance 

task. Saline (SAL) or mecamylamine (5 or 25 mg/kg) (MEC) 

~as administered s.c. 20 min prior to testing. Data are 

expressed as the average test step-through latency in sec 

as a function of treatment. Values in parentheses indicate 

learning frequencies for each group.. Values represent the 

mean + s. e.m. for 15 animals per group. p > D. 09 level of 

significance, 25 mg/kg group versUs saline and 5 mg/kg 

·groups. 
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Figure 15. Influence of mecamylamine administration to rats prior to 

training and testing in a one trial twenty-four hour 

passive avoidance task. Saline (SAL) or mecamylamine (25 

mg/kg). (MEC) was administered s.c. 20 min prior tp both 

training and testing. Data are expressed as the average 

test step-through latency in sec as a function of 

treatment. Values in parentheses indicate learning 

frequencies for each group. Values represent the mean ~ 

s.e.m. for 15 animals per group. p > 0.40 level of 

significance versus saline group. 
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action. Analysis .of spontaneous ·motor activity exhibited by animals 

administered either saline or mecamylamine {25 mg/kg) at different time 

points prior to activity testing revealed a significant drug effect 

{{F(1.53)=34.16, p<0.0001)) (see Table VIII). Mecamylamine 

pretreatment produced si~ificaht decreases in horizontal activity 

compared to saline~injected control animals_at post-injection time 

points of 10, 15 and 20 min. Thus, .mecamylamine-induced hypomobility 

could be a contributing factor to some of the higher training and 

testing step-through latencies observed in experiments in which the 

drug was administered prior·to a training or testing trial. 

10. Influence of Pre-Training Administration of Mecamylamine in a 

One-Trial Six Hour Task 

Of interest at this time was whether or not manipulation of the 

retention interval by decreasing the time between the training and 

testing trials from 24 to 6 hr would reveal a significant effect of 

mecamylamine on performance of the task. Since mecamylamine was 

selectively altering processes associated with th~ acquisition 

component of learning and memory, it seemed reasonable that an effect 

shouid be demonstrable at a time point earlier than 24 hr. Saline and 

mecamylamine-pretreated {25 mg/kg) animals displayed significantly 

higher training latencies than hexamethonium-pretreated {25 mg/kg) 

animals {{F{2,27)=3.46, p<0.05)) {see Figure 16). Analysis of testing 

latencies from the 6 hr version of the task revealed, as with the 24 hr 

version of the task, a significant decrement in performance in 

mecamylamine-pretreated animals {237.90.:!:,66.20 sec) compared to both 

saline- (583.60.:!:,16.40 sec) (U=11, p<0.01) and hexamethonium-pretreated 

animals {451.10,!.63.60 sec} (U=23, p<0.04). Significantly fewer animals 



Figure 16. Influence of retention interval and nicotinic antagonist 

administration·to rats prior to training in a one trial 

passive avoidance task. Saline (S), hexamethonium (H) or 

mecamylamine (M) was administered s.c. 20 min prior to 

training. Data are e:r:pressed as the average test step

through latency in sec as a function of drug and retention 

interval in hr. Values in parentheses indicate learning 

frequencies for each group. Values represent the mean ~ 

s.e.m. for 10-20 animals per group. * = p < 0.05 level of 

significance versus saline and hexamethonium groups. 



84 

AVERAGE TEST t 

~ STEP-THROUGH ~TENCY (SEC) 
J 

] 

....... l\'J c.u ·~ C1l C» ...J 
0 0 0 ·.o 0 0 0 

0 0 0 0 0 0 0 0 
I I I , I l_ I 
I I T ~ T I I 

' ,......_, 
~ t--t co 

0 .......... 
............ 

_. m 
0 .......... 

.. ............ . N * 0 .......... .. 

,......_, 
C» 
-J .......... 

............ 
~ 

... 0 .......... 
............ 
....... 

* c.u .......... 

'• 

............ 

u.J 
l 

1-~ 
CD 
m 

-J ............ 
l\J 

~ .''~ 
............ 

L en 
~ 

~· .......... 
. ::;. 

t!:: t-- ---; 
........... 
en * .......... 

. .. 



receiving mecamylamine (13%) than saline (90%) prior to training 

demonstrated having learned the task (p<0.01, Fisher's Exact test). No 

other comparisons were significantly different. A cognitive-

debilitating effect of mecamylamine on acquisition of the passive 

avoidance response, ·then, was apparent as early as 6 hr following 

training. 

11. Influence of Pre-Training Administration of Mecamylamine in a 

One-Trial Seventy-Two Hour Task 

As with theprevious experiment where the retention interval 

between the training and testing trials was manipulated, the purpose of 

this experiment was to determine. _whether increasing the length of the 

retention interval from 24. to 72'hr would have an effect on performance 

of the task different than that observed when 24 hr was employed as a 

retention interval. There were no significant differences in training 

latencies between the 3 treatment groups receiving saline, 

hexamethonium (25 mg/kg) or mecamylamine (25 mg/kg) ((F(2,45)=0.34, 

p>0.05)). Analysis of testing latencies revealed that mecamylamine-

pretreated animals exhibited a significant impairment of performance of 

the task (107.66~44.45 sec) as compared to both saline- (560.80~22.80 

sec) (U=15, p<0.001) and hexamethonium-pretreated animals (503.80~45.10 

sec) (U=12, p<0.001). Also, significantly fewer mecamylamine-

pretreated animals (6%) learned the response compared to both saline

(86%) (X2=22.95, p<0.001) and hexamethonium-pretreated animals (64%) 

(X2=10.30, p<0.002) (see Figure 16). Thus, as with the 6 and 24 hr 

versions of the task, a centrally-selective behaviorally-deleterious 

effect following pre-training administration of mecamylamine was 

observed. 
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The results of the 3 experiments in which mecamylamine was 

administered prior to training also indicate a synergistic effect of 

drug and retention interval on performance of the task. While there 

were no significant diff~rences in performances of animals within the 

saline control groups or of animals within the hexamethonium groups in 

the 6, 24 and 72 hr versions of passive avoidance, there was a 

significant difference in performance as ·measured by testing latency 

between mecamylamine-pretreated animals in the 3 studies (see Figure 

16). Testing step-through latencies exhibited by mecamylamine

pretreated animals g~ven a 72 ·~r ~ete~tion interval prior to testing 

(107.66.:.44.45 sec) were significantly lower than mecamylamine-

pretreated animals given a 6 hr retention interval prior to testing 

(237.90.!,66.20 sec) (U=36, p<0.03). 

D. Influence of Administration of Nicotinic Antagonists to Rats 

Performing an Active Avoidance Task 

1. Influence of Pre-Training Administration of Mecamylamine 

(25 mg/kg) 

Mecamylamine administration to rats prior to active avoidance 

training in a dose producing significant impairment of passive 

avoidance respond:ing (25 mg/kg) resulted in a significant group x 

response interaction ((F1,17)=8.93, p<0.01)) when mecamylamine {25 

mg/kg) was administered prior to ~ach of ? training sessions of active 

avoidance, indicating a significant effect of the drug on avoidance and 

escape responding. Performances of animals having received 

mecamylamine prior to the first 2 training sessions were markedly 

inhibited compared to performances exhibited by animals administered 

saline prior to each training session (see Table IX). The ·deleterious 
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Table IX. Influence of Administration of Mecamylamine (25 mg/kg) Prior 

to the First and Second Day of Active Avoidance Training 

Group Session # Drug % Avoidances % EscaEes 

Control 1 Sal 61 .:!:. 8 36 .:!:. 7 

2 Sal 77 .:!:. 9 23 .:!:. 9 

3 Sal 93 . .:!:. 1 7 .:!:. 1 

Experimental* 1 Mec 51 .:!:. 7 49 .:!:. 7 

2 Mec 52 .:!:. 7 48 .:!:. 7 

3 Sal 74 .:!:. 6 26 .:!:. 6 

Saline or drug was administered 20 min s.c. prior to initiating a 

training session. Control animals received saline prior to all 3 

sessions while experimental animals received mecamylamine prior to the 

first 2 sessions and saline prior to the third session. Sal = Saline, 

Mec = Mecamylamine 

Values represent the mean .:!:. s.e.m. for 9 or 10 animals per group. 

Sessions 1 and 2 were separated by 3 days. Sessions 2 and 3 were 

separated by 4 days. 

* p < 0.01 significant group x response 'interaction 
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effect afforded by mecamylamine was evident as a decrease in percentage 

avoidance responses and an increase in percentage escape responses. 

Animals trained under the influence of mecamylamine, then, did not 

completely establish learning (or fully acquire) the task, whereas 

saline-pretreated animals established a learning curve and reached near 

perfect performance. 

2. Influence of Pre-Training Administration of Hexamethonium 

(25 mg/kg) 

Since mecamylamine (25 mg/kg) wae associated with a performance 

decrement in active avoidance training, the peripherally-acting 

antagonist was administered to control for the effects ofmecamyiamine 
( 

on peripheral nicotinic receptors. As the blood pressure studies with 

these 2 agents demonstrated·equipotent responses, again, the same.dose 

of hexamethonium was chosen. when hexamethonium (25 mg/kg) was 

administered prior to each of 2 training sessions of active avoidance, 

as with mecamylamine, a behaviorally-deleterious effect was observed 

(see Table X). The decrement was again most remarkable during the 

'third training session during which animals were tested in the non-

drugged state. A dramatic decrease in percentage avoid~ce responses 

with a concomitant increase in percentage escape responses 

((F(1,18)=8.05, p<O.Ol, significant group x response·interaction; 

F(1,18)=3.97, p<0.05, significant ~roup x trial x response interaction) 

was observed. Thus, the peripherally-acting nicotinic antagonist 

induced an equivalent degree of impairment of performance in the active 

avoidance task when administered prior to training in a dose or 25 

mg/kg. 
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Table X. Influence of Administration of Hexamethonium (25 mg/kg) Prior 

to the First and Second Day of Active Avoidance Training 

Group Session # Dr~g % Avoidances % Escapes 

Control 1 Sal 49 .:!:. 7 48 .! 6 

2 Sal 77 .! 6 23 .:!:. 6 

3 Sal 84 .! 5 16 .t 5 

Experimental* 1 Hex 33 .:!:. 9 52 .:!:. 7 

2 Hex 39 .:!:. 11 50 .:!:. 9 

3 Sal 68 .:!:. 9 30 .! 8 

Saline or drug was administered 20 min s.c. prior to initiating a 

training session. Sal = Saline, Hex :;: Hexamethonium 

Values represent the mean .:!: s.e.m. for 10 animals per group. 

Sessions 1 and 2 were separateq by 3 days. Sessions 2 and 3 were 

separated by_ 4 days. 

* p < 0.01 .significant group x response interaction 

* p ( 0.05 significant group X trial X response interaction 
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3. Influence of Administration of Hexamethonium {5 mg/kg) Prior to 

the Second Day of Training 

In an attempt to determine whether mecamylamine might exert an 

effect on active avoidance training for which the same dose of 

hexamethonium would be ineffective, the next experiment employed a dose 

of 5 mg/kg. Administration of this dose of hexamethonium prior to the 

second day of active avoidance training yielded no significant 

impairment of performance compared to saline-pretreated animals 

({F(1,6}=0.01 and 0.02, p>0.05, for Sessions 1 and 2, respectively}) 

{see Table XI). The 2 groups exhibited similar levels of efficiency in 

·performing the task as measured by percentage avoidance and escape 

responding. Administration of saline to both groups of animals prior 

to the first day of training demonstrated equivalent bas.eline 

performances between the 2 groups. 

4. Influence of Administration of Nicotinic Antagonists {10 mg/kg) 

Prior to the Second Day of Training 

As the previous experiments failed to demonstrate significant 

behavioral deficits follow~ng a dose of 5 mg/kg of hexamethonium, the 

dose was !ncreased .to 10 mg/kg to determine whether a differential 

effect of mecamylamine might be evident. Attempts to demonstrate_a 

significant centrally-selectiv~ effect of mecamylamine on acquisition 

of .active avoidance by administering either mecamylamine or 

hexamethonium (10 mg/kg) prior to the second day of training resulted 

in a lack of influence of either nicotinic antagonist on performance of 

the task measured on the second day of training {(F{2,25)=0.05 and 

0.13, p>0.05, for Sessions 1 and 2, -respectively}) {see Table XII). 

Again, an equivalent baseline performance was established during .the 



91 

/ 

Table XI. Influence of Administration of Hexamethonium (5 mg/kg) Prior 

Group # 

1 

2 

to the Second Day of Active Avoidance Training 

Session # 

1 

2 

1 

2 

Drug 

Sal 

Sal 

Sal 

Hex. 

%·Avoidances 

43 .! 10 

60 .:!:. 7 

43 .! 1,0 

57 .! 17 

% Escap~s 

57 .! 10 

43 .:!:. 7 

43 .! 7 

33 .! 7 

Saline or drug was administered 20 min s.c. prior to initiating a 

training session. Sal = Saline, Hex = Hexamethonium 

Values represent the mean .! s.e.m. for 4 animals per group. 

Sessions 1 and 2 were separated by 2 days. 
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Table XII. Influence of Adminis~ration of Hexamethonium or 

Mecamylamine (10 mg/kg) Prior to the Second Day of Active 

Avoidance Training 

Group # 

1 

2 

3 

Session # 

1 

2 

1 

2 

1 

2 

Drug 

Sal 

Sal 

Sal 

Hex 

Sal 

Mec 

% Avoidances 

43 .! 9 

74 :! 8 

42 ! 7 

73 .! 11 

% Escapes 

53 .! 10 

26.! 8 

48 .! 7 

20 .! 6 

47 .! 6 

32 .! 8 

Saline or drug was administered 20 min s.c. prior to initiating a 

training session. Sal = Saline, Hex = Hexamethonium, Mec = 

Mecamylamine 

Values represent the mean + s.e.m. for 8-10 animals per group. 

Sessions 1 and 2 were separated by 3 days. 

F(2,25l = 0.05 p > 0.05, Session 1 

F(2,25) = 0.13 p > 0.05, Session 2 
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first day of training. Thus, no differences between groups of animals 

were evident at either time during training. 

5. Influence of Pre-Testing Administration of Nicotinic 

Antagonists 

The results of administering either mecamylamine or hexamethonium 

{25 mg/kg} prior to a testing session of active avoidance to animals 

having already acquired the task {over a period of 3 training sessions} 

are illustrated in Table XIII. Neither antagonist was able to 

significantly influence performance of the task once learning had 

occurred {(F(2,36}=0.04 and F{1,18}=0.71, p>0.05, for Sessions 1-3, and 

session 4, respectively}}. Animals continued to perform at approxi

mately the same level exhibited during the third {last} training trial. 

E. Influence of Administration of Nicotinic Agents to Rats Performing 

a Radial Arm Maze 

1. Influence of Pre-Training Administration of Nicotine 

This experiment was conducted to determine whether administration 

of nicotine (as a nicotinic agonist} to rats prior to training in a 

radial arm maze task would result in an enhancement of learning, since 

the effects of nicotine in this behavioral paradigm had not been 

investigated. A facilitatory effect of nicotine on cognitive 

performance of many behavioral paradigms is well-documented; however, 

no reports concerning the influence of nicotine on performance of a 

radial arm maze task existed. Three separate identical experiments 

were conducted to determine·whether nicotine {0.5 mg/kg} could increase 

the rate of learning of a radial ·arm maze task by rats. The results of 

these 3 experiments are illustrated in Figures 17, 18 and 19. Analysis 

of the results of. the first experiment (see Figure 17} failed to reveal 
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Table XIII. Influence of Administration of Mecamylamine or 

H~:r:amethonium .(25 mg/kg) Prior to Active Avoiaance Testing 

GrouE # Session # Drug % Avoidances % EscaEes 

1 1 Sal 43 ~ 7 57 ~ 7 

2 Sal 6.7 ~ 7 30 ~ 7 

3 Sal 83 ~ 3 17 .~ 3 

4 Mec 79 ~ 7 21 ~ 7 

2 1 Sal 43 ~ 10 53 .:!: io 

2 Sal 70 ~ 10 30 .:!: 10 

3 Sal 80 .:!:. 7 17 .:!:. 3 

4 Hex 64 .:!: 10 31 .:!: 8 

Saline or drug was administered 20 min s.c. prior to initiating a 

session. Sal = Saline, Mec = Mecamylamine, Hex = Hexamethonium 

Values represent the mean .:!: s.e.m. for 10 animals per group 

All sessions were separated by 1 week each. 



Figure 17. Influence of nicotine administration to rats prior to 

training in a radial arm maze task. Nicotine (0.5 mg/kg) 

or saline ~as administered s.c. 10 min prior to training 

for each of 5 training days. Data are exp~essed as the 

average.nwnber of choices to complete a successful trial as 

a function of training day. Values represent the mean !. 

s.e.m. for 6 animals per group. S.e.m. bars may be smaller 

than the diameter of the symbol. 
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Figure 18. Influence of nicotine administration to rats prior to 

training in a radial arm maze task. Nicotine (0.5 mg/kg) 

or saline 1.c1as administered s.c. 10 min prior to training 

for each of 5 training days. Data are expressed as the 

average number of choices to complete a successful trtal as 

a function of training day. Values represent the mean :!:.. 

s.e.m. for 6 or 7 animals per group. 
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Figure. 19. Influence of nicotine administration to rats prior. to 

training in a radial arm maze task. Nicotine (0.5 mg/kg) 

or saline ~as administered s.c. 10 min prior to training 

for each of 5 training days. Data are expressed as the 

average number of choices to complete a succes$ful trial as 

a function of training day. Values represent the mean + 

s.e.m. for 11 or 12 animals per group. * = p < 0.05 level 

of significance versus control group. 
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a significant effect of nicotine administration prior to training; 

however, there was a nonsignificant tendency. for nicotine-pretreated 

animals (n=6) to require fewer choices than saline-pretreated animals 

(n=6} to complete a successful trial. The experiment. was then repeated 

(n=6 or 7 per group} to determine whether replication might reveal a 

significant effect of the drug on training. The results of the second 

experiment (see FigUre 18) failed to reveal any significant effect of 

nicotine on learning of the task. Interestingly, a nonsignificant 

tendency for the opposite result was obtained; that is, rats receiving 

pretreatment with nicotine demonstrated a tendency to require more 

choices than saline-pretreated rats to complete a success.ful trial. 

One final experiment was conducted with a larger number of animals in 

each group (n=11 or· 12 per group) to examine the effect of nicotine on 

learning of the task. The results of the last experiment are 

illustrated in Figure 19. Analysis of the learning curves revealed a 

significant effect of nicotine on Days 4 and 5, with nicotine-

pretreated rats requiring m.ore choices to complete a successful trial 

on these 2 days compared to saline-pretreated rats, indicative of a 

drug-induced performance deficit. Neither a consistent facilitatory 

nor irihibitory effect of nicotine on rats learning a radial arm maze. 

task, then, was obs~rved. 

2. Influence of Pre-Training Administration of Nicotinic 

Antagonists 

T.he r~sults of administration of the nicotinic antagonist prior to 
) . 

training in the maze indicate a lack of consistent, significant effect 

on the drug on processes underlying acquisition or retention of the 

task. Most notably, mecamylamine was observed to induce signific.ant 
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hypomobility or immobility in the animals following drug administration 

and placement into the maze. The drug-induced lack of locomotor 

activity was evident in experiments employing the animal activity 

monitor for assessment of spontaneous motor activity {see Table VIII). 

Five rats administered mecamylamine {25 mg/kg) 20 min prior to the 

first training day resulted in 3 of the animals failing to complete a 

successful trial, while the other 2 animals required only 9 choices 

each to complete the task. Hexamethonium (25 mg/kg) pre.treatment in 

another group of 6 rats was associated with 2 rats failing to complete 

a successful trial, with the other 4 animals requiring an average of 

llzl choices to succeed. When the dose of mecamylamine administered 

prior to the firs~ training day was lowered to 10 mg/kg in another 

group of 4 rats, again, 2 rats failed to complete the trial, while the 

other 2 rats required 16 and 11 choices to succeed. Lastly, 2 rats 

received 5 mg/kg of mecamylamine administration prior to training on

day 1 with the results being that 1 rat failed to complete a trial 

while the other only required 9 choices to complete a trie,l. Thus, 

pre-training administration of the centrally-acting nicotinic 

_antagonist, primarily, or administration of the peripherally-acting 

nicotinic antagonist was associated with a bivariate distribution of 

response.. Some animals failed to perform the task in. a normal manner 

(entering all arms completely and retrieving food reward) while the 

responses of other animals were not significantly altered by the drugs 

{p>0.05 for all ·comparisons). 



3. Influence of Pre-Testing Administration of Nicotinic 

Antagonists 
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Rats received a minimum of 10 days of training on the maze until a 

criterion performance was achieved (total number of choices to complete 

a trial= 8 on ~ach of 3 consecutive days). Subsequent administration 

of mecamylamine prior to a testing trial revealed no change in 

performance in 3 animals· each administered 0.5 or 5 mg/kg. Increasing 

the dose of mecamylamine to 10 mg/kg was associated with an average of 

9 total choices to complete a trial vers~s 8 total choices for saline

pretreated aniinals. Lastly, increasing the dose to 15 mg/kg in 5 

animals resulted in only 2 of the animals responding (performing the 

task), with the ot.her· 2 animals exhibiting no change in performance 

from baseline. Hexamethonium (15 mg/~g) pretreatment in 4 animals 

resulted in an average of 9 total choices to complete a trial. Thus as 

with pre-training administration of the antagonists, no Significant 

effects were observed in animals ~hich responded in the task (p>0.05 or 

all comparisons) • Dru'g-induced hypomobili ty, again, was the most 

marked effect and appear~d to render the animals incapable of 

responding in the task, even though the animals in this experiment had 

already demonstrated proficiency in performing the task when d~ug

naive. 

F. Influence of In Vivo Administration of Nicotinic Antag;onists on the 

Dynamics of the Central Cholinergic System in the Rat Brain 

1. Influence of Administration .of Nicotinic Anta~onists on 

Endogenous Levels of Brain Ach and Choline in Rats 

The influence of mecamylamine at a dose producing significant 

behavioral results (25 mg/kg) on dynamic components of the central 
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cholinergic system was examined to determine whether biochemical 

changes associated. with drug administ.ration could be correlated with 

behavioral effects observed following drug administration. A lower 

dose of mecamylamine (5 mg/kg) was also tested to deter~ine if, as in 

the behavioral experiments, a dose-related effect on biochemical 

parameters of the central cholinergic system was discernible. To 

control for the cardiovascular effects of mecamylamine, the .effects of 

an equivalent dose of hexamethonium (25 mg/kg) were also examined. 

Table XIV illustrates the influence of me.camylamine on endogenous 

levels of Ach and choline. Analysis of samples from animals receiving 

mecamylamine (25 mg/kg) revealed significant increases in the levels of 

endogenous choline in the limbic cortex ((F(3,27)=6.04, p<0.03)), 

parietal cortex ((F{3,34)=6.10, p<0.003) and striatum ((F(3,30)=3.92, 

p<0.02}), while·levels of endogenous Ach were effected only in the 

parietal cortex of animals receiving the lower dose of mecamylamine, 

which contained significantly lower levels of Ach· {(F3,33)=12.48, 

p<O .0001)) ~. 

2. Influence of Administration of Nicotinic Antagonists on In Vivo 

Smthesis 3H-Ach Followi~g Pulse, Tracer Injection of 

3H-Choline 

The results of nicotinic antagonist administration on synthesis of 

3H-Ach are illustrated in Table XV. The influence of mecamylamine on 

Ach synthesis was more widespread and profound than its effects on 

endogenous levels. of Ach and choline. · Administration of the higher 

dose of mecamylamine (25 mg/kg) was not associated with a change in the 

amount of radioactivity entering the brain areas of interest except for 

the.striatum ((F(3,29)=6.36, p<0.002)) (Table XVI). Thus, the 



102 

Table XIV. Influence of Nicotinic Antagonists on Endogenous Levels of 

Acetylcholine and Choline in Several Brain Regions 

Concentration· (nmol/g) 

Saline Hex 25 Mec 5 Mec 25 

Frontal Cortex 

Ach 24.6 + - 1.3 26.6 !. 3 .• 4 18.5 !. 1.5 22.0 !. 2.3 

Choline 21.4! 2.7 23.2 !. 2.3 29.5 !. 6.6 35.9 !. 5-5 

HiEEOCantEUS 

Ach 30.7!. 2.4 27.6!. 2.1 29.3 !. 3.2 25.5 !. 3.6 

Choline 43.4 ! 5.2 50.8 ! 8.4 39.9 ! 4.6 60.6!. 7.7 

Limbic Cortex 

Ach 35.4 !. 2.1 33.3 ! 2.3 35.0! 2.7 31.8 !. 4.8 

Choline 29.7-!. 2.2 37.6!. 4.2 34.7!. 4.3 54.9!. 6.3* 

Parietal Cortex 

Ach 16.9 !. 1.3 16.8 !. 1.2 8.6 ! 0.5* 17.8! 1.5 

Choline 23.7! 5.2 23.5 ! 3.5 15.2 !. l.2 47.5!. 8.8* 

Striatum 

Ach 57.0.! 4.4 62.7!. 7-3 53.6 !. 6.5 61.7!. 6.1 

Choline 35.0 ! ~-9 ' 35.2 ! 6.9 2i.O.:!: 3.7 59-3 ·!. 10.9* 

Saline or drug was administered s.c. 20 min prior to i.v. injection of 

3H-choline. Hex = Hexamethonium, Mec = Mecamylamine. Doses are given 

in mg/kg. 

Values repre~en~ the mean !. s.e.m. for 7-10 animals per group except 

Striatum-Mec 5 (n = 5). 

* = p < 0.05 level.of significance versus saline group 
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Table XV. Influence of Nicotinic Antagonists on the Formation of 

3 H-Acetylcholine in Several Brain Regions 

% Total Radioactivity 

Saline Hex 25 Mec 5 Mec 25* 

Frontal Cortex 

Ach 25.8 .:!:. 2.4 25.0 .:!:. 2.1 21.2 + 1.1 16.1 .:!:. 3.3 

.Choline 53.0.:!:. 2.7 55-3 .:!:. "3.1 59.0 .:!:. 2.1 68.2 .:!:..5.6 

Hi;e;eocamEUS 

Ach . 26.6 !. 1. 7 21.9 .:t 2.0 21.5 .:!: 2.6 10.4 + 4.0 

Choline 46.9 .:!:. 1.6 50.7.:!: 2.7 51.0.:!: 2.7 60.8 + 4.8 

Limbic Cortex 

Ach 19.9 .:!:. 3.2 19.8 .:!:. 2.6 23.0 .:!:. 0.9 9.8.:!:. 3.7 

Choline 59.0 .:!: 3.1 62.2 _:!:.2.4 61.9 .:!: 2.9 76.9 .:!: 5.1 

Parietal Cortex 

Ach 22.2 .:!: 2.0 20.8 .:!: 1.8 18.6 .:!:. 1.0 _10. 7 .:!:. 3.0 

Choline 55.3 .:!:. 2.8 59.7.:!:. 2.3 62.2 .:!:. 1.3 77.8.:!:. 5.6 

Striatum 

Ach 38.9 .:!:. 2.1· 35.0 .:!:. 3.2 32.7 .:!: 2.9 20.7.:!: 6.3 

Choline 42.0 .:!: 1.3 48.7! 3-7 49.2 .:!: 3.0 64.4 .:!: 8.6 

Saline or ·drug was administ.ered s. c. 20 min prior to i ~ v. injection of 

3H-choline~ Hex = Hexamethonium, Mec = Mecamylamine. Doses are given 

in.mg/kg. 

Values represent the mean .:!:. s.e.m. for 7-11 animals per group 

* = p < 0.05, all brain areas significantly different (for Ach and 

choline) versus saline group 
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Table XVI. Influence of Nicotinic Antagonists on the Total Content of 

Radioactivity in Several Brain Regions 

Total Counts 

Saline Hex 25 Mec 5 Mec 22 

Frontal Cqrtex 6143 .:!: 107~ 7281 .:!: 685 2663 .:!: 566* 5324 .:!: 1025 

Hippocampus 5451 .:!: 706 4862 .:!: 611 2791 .:!: 390 4926 .:!: 1164 

Limbic Cortex 7552 .!. 656 5757 .!. 527 2783 .:!: 444** 5523 .:!: 745 

Parietal Cortex 7249 .:!: 1169 7801 .!. 1020 3416 .!. 592* 5008 .:!: 736 

Striatum 5577 .:!: 617 4732 .:!: 513 2661'.:!: 363+ 2751 .!. 682+ 

Saline or drug was administered s.c. 20 min prior to i.v. injection of 

3H-choline. Hex = Hexamethonium, Mec = Mecamylamine. Doses are given 

in mg/kg. 

Values represent the mean .:!: s.e.m. for 7-10 animals per group 

·* = p < 0.05 level of significance versus Hex 25 group 

** = p < 0.05 level of significance versus all other groups 

+ = p < 0.05 level of significance versus saline group 
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depressor effects of this dose did not reduce the bioavailability of 

the radiolabelled precursor to the brain, although significant changes 

in biochemistry were measured. Why the lower dose of mecamylamine (5 

mg/kg} was of~en ass.ocia.ted with significant reductions in total 

radioactivity content in several brain areas is unknown; possible 

explanations include experimental error and/or manufacturer error 

(lower radioactivity of product supplied}. This· dose, however, was 

associated with few significant alterations in biochemical parameters 

of interest. Analysis·of tissue samples from each of the 5 brain areas 

of interest from animals having received the higher dose of 

mecamylamine (25 mg/kg} prior to 3H-choline injection revealed a 

significant increase in the percentage.of total radioactivity remaining 

as choline ((F(3,33)=3.35,p<0.04 for frontal cortex; F(3,32}=3.50, 

p<0.03 for hippocampus; F(3,32)=5.~6, p<0.005 for limbic cortex; 

F(3,34}=8.66, p<0.0003 for parietal cortex; and, F(3,30}=3.65, p<0.03 

or striatum}}. The specific activity of choline, defined as the amount 

of radiolabelled choline per unit of endogenous choline (Zilversmit 

1960}, was not significantly altered in any brain area following 

hexamethonium or mecamylamine (5 or 25 mg/kg} except for an increase in 

the parietal cortex of animals having received the lower dose ·of _ 

mecamylamine ((F(3,31}=4.70, p<0.09}} (see Table XVII}. A decrease in 

the percentage of radioactivity incorporated into newly-synthesized Ach 

was measured in all 5 brain areas ((F(3,33)=3.32, p<0.04 for frontal 

cortex; F(3,32}=6.57, p<0.002 for hippocampus; F{3,32}=3.61, p<0.03 for 

limbic cortex; F(3,34}=6.10, p<0.003 for parietal cortex; and, 

F(3,30}=3.92, p<0.02 for striatum}}. In some samples, there was an 

apparent "shutdown" of new Ach synthesis ;i.n that all or nearly all of 
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Table· XVII. Influence of Nicotinic Antagonists on the Specific 

Activity of Choline in Several Brain Regions 

% Change 
Saline 
(%/nmol 

Lg) Hex 25 Mec 5 Mec 25 

Frontal Cortex 2.9 .:!:. 0.4 -9.6 .:!:. 09.9 -10.7.:!:. 23.9 -24.5 .:!:. 08.3 

Hippocampus 1.0 .:!:. 0.2 +17 .-5 .:!:. 15.0 +41.8 .:!:. 22.1 +19.5 .:!:. 25•1 

Limbic Cortex 2.1 .:!:. 0.3 -17.6.:!:. 07.6 -4.8 .:!:. 13.1 -26.0 .:!:. 10.0 

Parietal Cortex 3.0 .:!:. 0.5 +1.6 .:!:. 14.9 +44.2.:!:. 14.6* -35.0.:!:. 07.8 

Striatum 1.6 .:!:. 0.3 +7.1.:!:. 15.3 +51.7.! 30.1 -23.9 + 11.2 - .. ' 

Saline or drug was administered s.c. 20 min prior to i.v. injection of 

3H-choline. Hex = Hexamethonium, Mec = Mecamylamine. Doses are given 

in mg/kg. 

Values represent the mean .! s.e.m. for 7-10 animals per group except 

Striatum-Mec 5 (n = 5). 

* = p < 0.05 level of significance versus all other groups 
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the radioactivity in the sample existed as 3H-choline {and little, if 

any, existed as 3H-Ach). The specific activity of Ach was 

significantly reduced in all brain areas examined except for the 

frontal cortex of animals administered mecamylamine {25 mg/kg) {see 

Table XVIII). All brain areas (e"cluding the frontal cortex) revealed 

significant decreases in Ach specific activity of 55%-69% 

{{F(3,28)=7.43, p<O.OOl for hippocampus; F(3,28)=4.17, p<0.02 for 

limbic cortex; F(3,32)=15.93, p<0.0002 or parietal cortex; and, 

F(3,28)=4.70, p<0.009 for striatum)). Thus, administration of 

mecamylamine in a dose producing behavioral impairment was associated 

with a reduction in synthesis of Ach in all brain areas examined. 

3. Influence of Nicotinic Antagonists on Ach Turnover Rate 

There were quite a few significant changes induced by mecamylamine 

(25 mg/kg) in various biochemical parameters of the cholinergic system, 

including an increase in endogenous concentration of choline and a 

decrease in newly-formed Ach. In addition, two brain areas--the 

hippocampus and the parietal cortex--demonstrated alterations in the 

calculated or apparent Ach TOR of 69% {(f(3,26)=4.91, p<O.Ol)) and 58% 

((F(3,31)=3.27, p<0.04), respectively (see Table XIX). No othe:r brain 

area demonstrated a significant alteration in TOR following 

administration of either hexamethonium (25 mg/kg) or mecamylamine (5 or 

25 mg/kg); however, the fact that an almost equivalent, though 

nonsignificant, 54% reduction in mecamylamine-induced TOR in the limbic 

cortex was measured in animals receiving the highest dose of 

mecamylamine indicates a strongtrend for thisbrain area to also be 

significantly effected by mecamylamine. Administration of 

·hexamethonium or the lower dose of mecamylamine was not associated with 



108 

Table XVIII. Influence of Nicotinic Antagonists on the Specific 

Activity of Acetylcholine in Several Brain Regions 

% Change 
Saline 
{%/nmol 

LgJ Hex 25 Mec 5 Mec 25 

Frontal Cortex 1.1 + 0.1 -7.9 .:t 10.1 +11.4 .:!: 15.8 -27.7.:!: 15.4 

Hippocampus 1.0 .:!: 0.1 -16.6.:!: 10.7 -16.7.:!: 9.6 -69.3 .:!: 12.8* 

Limbic Cortex 0.5 .:!: 0.1 +12.5 .! 16.9 +20.5 .:!: 09.8 -59.4 .:!: 18.3* 

Parietal Cortex 1.4 .:!: 0.2 -12.5 .:!: 09.2 +54.6 .:!: 10.1* -56.8 .:!: 13.4* 

Striatum 0.7.:!: 0.1 -13.6 .:!: 11.5 -2.4 .:!: 15.0 -56.9 .:!: 12.5* 

Saline or drug was administered s.c. 20 min prior to i.v. injection of 

3H-choline. Hex= Hexamethonium, Mec,= Mecamylamine •. Doses are given 

in mg/kg. 

Values represent the mean .:t s.e.m. for 7-10 animals per group except 

Striatum-Mec 5 {n = 5). 

* = p < 0.05 level of significance versus all other groups 
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Table XIX. Influence of Nicotinic Antagonists on the Turnover Rate of. 

Acetylcholine in SeveZ'al BZ'ain Regions 

% Change 
Saline Ach TOR 

(nmol/ 
gLmin} Hex 25 Mec 5 Mec 25 

Frontal Cortex 15.1 .:!:. 2 .• 8 -7.9 . .:!:_ 13.5 +15.3 .:!:. 31.3 -32.9 .:!:. 14.3 

Hippocampus 42.6.:!:. 7.3 -37.8.:!:. 7.4 ~43.3.:!:. 7.4 -68.9 .:!:. 15.6* 

Limbic Cortex 14.8 .:!:. 4.9 +14.7 .:!:. 14.3 +12.6.:!:. 17.2 -53.9 .:!:. 21.4 

Parietal Cortex 14.7 .:!:. 3.6 -26.8 .:!:. 11.9 -56.6 .:!:. 03.6 -57.5.:!:. 08.9* 

Striatum 43.0 .:!:. 11.0 -22.1 .:!:. 19.1 -46.7.:!:. 09.2 -44.1 + 16.0 -

Saline or drug was administered s.c. 20 min prior to i.v. injection of 

3H-choline. Hex = Hexamethonium, Mec = Mecamylamine. Doses are given 

in mg/kg. 

Values represent the mean .:!:. s.e.m. for 7-10 animals per group except 

Striatum-Mec 5 (n = 5}. 

* = p < 0.05 level of significance versus saline group 
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significant changes.in Ach levels in any brain area examined. Thus, 

only the dosage·and drug capable of inducing behavioral impairment was 

associated with a significant decrease in the rate of replenishment of 

new neurotransmitter in two areas of the brain. 



V. DISCUSSION 

A. Scopolamine-Induced Deficits in Performance of a Passive Avoidance 

Task by Rats 

The possible selectivity of muscarinic antagonists on all 

components of learning and memory has not often been addressed in a 

single study. The apparent discrepancies reported for state dependency 

and the involvement of various components of learning·and memory in the 

action of scopolamine on passive avoidance behavior may be related to 

slightly different training and testing paradigms, different doses of 

scopolamine, and the strain and age of animals employed. The present 

study is a first step towards eliminating many of these variables at 

least with respect to one classical paradigm of learning and memory, 

passive avoidance. 

Results from three studies in which single components of passive 

ayoidance learning and memory have been examined revealed that pre

training (acquisition) administration of scopolamine disrupted 

performance 24 hr later {Chiapetta and Jarvik 1969; Goldberg et al. 

1971) and that post-·training administration of scopolamine (retention) 

did not alter subjec:t performance (Wiener and Messer 1973). The 

results of the f:il"'S·t· --three experiments with scopolamine clearly support 

these findings in that the effect of scopolamine occurred only when the 

drug was administered prior to training, thus suggesting an action 

directed primarily at the acquisition component, or the ability of the 

.111 
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animal to learn the task. The results of the 5 trial repeated task 

indicate that the effect of scopolamine on passive avoidance 

performance does occur within 5 min c;>f the first training trial. 

Processing of a stable memory trace has been reported to occur within 

this time (Giurgea et al. 1971; Hebb 1949; Squire 1976). Therefore, 

although this paradigm does demonstrate drug effects on the acquisit~on 

component, it may not allow us to disregard drug E9ffects on the 

retention component. The results of the one-trial 24 hr task, however, 

are not consistent with an action of the muscarinic antagonist on 

retention. In that experiment, scopolamine was able to disrupt 

performance only when administered prior to training~ No interference 

with performance was observed when scopolamine was administered 

immediately (within 30 sec) after training. The fact that significant 

blockade of brain muscarin:i.c receptors would occur at this early time 

after s.c. administration of scopolamine was demonst~ated in parallel 

cardiovascular studies assessing the pharmacokinetic profile of this 

agent in the brain. Physostigmine, a centrally-active inhibitor of 

AchE, induces a centrally-mediated increase in blood pressure in the 

conscious rat, with an onset of approximately 10 sec (Buccafusco et al. 

1980). Rats pretreated with 0.8 mg/kg scopolamine failed to respond to 

i.v. administration of physostigmine (in doses up to 0.3 mg/kg), 

injected 1-2 min later. The exact temporal course for acquisition or 

consolidation of the passive avoidance response in the rat is not known 

at this time; however, the physostigmine experiments indicate that 

significant central muscarinic receptor blockade occurs within a few 

min after scopolamine injection. Thus, a deduction from both 

behavioral and cardiovascular experiments would be that acquisition was 
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being influenced by scopolamine and that there seemed to be no 

prominent effect on the information storage process. Lastly, no effect 

of scopolamine on the recall component of memory was observed, as pre

testing administration of the drug failed to induce a performance 

decrement. 

The inability of doses of scopolamine higher than 0.8 mg/kg to 

produce further performance deficits in either protocol (one-trial or 

multi-trial passive avoidance} is not clear. One possible explanation 

is that higher doses of scopolamine may block presynaptic muscarinic 

autoregulatory receptors to cause an increase ,in Ach release. 

Scopolamine-induced release of Ach has been observed in the hippocampus 

and brainstem of cats (Domino et al. 1977}. In the present studies, an 

increase in Ach release induced by the higher doses of scopolamine 

could potentially counter the pharmacological blockade, resulting in 

less impairment than observed with the lower doses of scopolamine. An 

alternative possibility is that higher doses of scopolamine could 

impair motor activity of the animals, yielding longer latencies that 

would falsely indicate less severe disruption. The short training 

trial latencies argue against the possibility, however. Lastly, the 

inability of the higher dose of scopolamine to induce more behavioral 

impairment may reflect disruption by an unknown mechanism in the 

balance of various neurotransmitter systems important in cognitive 

processing. 

The results of the state dependency experiment clearly illustrate 

the lack of dissociative learning in the presence of scopolamine in the 

passive avoidance model. If symmetrical state-dependent learning were 

present, then the administration of scopolamine to rats before training 
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and t~sting should have yielded a performance better than that observed 

in rats receiving scopolamine before training alone. One would expect 

that the performance of the SCOPOLAMINE/SCOPOLAMINE and SALINE/SALINE 

groups would have been very similar. Likewise, if state~dependent 

learning was present, the SCOPOLAMINE/SALINE and SALINE/SCOPOLAMINE 

groups' performance should have been similar. However, in neither case 

was this observed. Rats trained and tested in the presence of 

scopolamine did not perform better than rats in which drug was 

administered before training alone. Rats trained in the absence of 

drug performed equally well, whether or not drug was present during 

testing. These results support those of previous reports which have 

indicated that scopolamine does not produce symmetrical dissociative 

learning (Calhoun and Smith 1968; Stark 1967). Scopolamine-induced 

asymmetrical dependency has been reported (Berge~ and Stein 1969). In 

this case, retention was reported to occur in the conditions of NO 

DRUG/DRUG and DRUG/DRUG but not in the DRUG/NO DRUG condition. This 

type of dissociation was not observed in this study, as performance of 

DRUG/DRUG animals was not significantly different from that of DRUG/NO 

DRUG animals. Clearly, there is a lack of dissociation of learning by 

scopolamine in this study. These apparent discrepancies in 

scopolamine-induced state dependency may be related to slightly 

different training and testing paradigms, different doses of 

scopolamine, and the strain and age o.f animals employed. 

Previous work has shown that administration of scopolamine up to 

doses of 2 mg/kg does not alter footshock sensitivity (Smith 1978). 

Thus, the observed effects of scopolamine are not thought to be 

attributable to an alteration in sensory threshold. Lastly, it should 
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be pointed out that pre-training administration of drugs is often 

associated with slight, though significant, increases in initial 

{training) trial latencies when the drugs exert a tendency to influence 

the state of mobility of the animal (Bammer 1982}. These differences 

are of little consequence since it is the performance during the 

testing trial that is indicative of drug influences on cognitive 

processing of the task when administered prior to training. 

In conclusion, these studies support the widely-growing body of 

evidence that a pharmacologically intact central cholinergic system is 

critical for passive avoidance learning to occur. Specifically, these 

results further substantiate the findings by other investigators that 

the muscarinic .antagonist scopolamine influences primarily the 

acquisition.component of the employed model of learning and memory. 

This effect of scopolamine was evident in the performances of animals 

subjected to either protocol of inhibitory avoidance. The mechanism(s) 

of action by which scopolamine seems to prefere~tially influence 

acquisition is (are) not known. Lastly, these studies strengthen 

previous reports that scopolamine impairs ·acquisition of passive 

avoidanc~ responding in a non-state-dependent manner. 

B. Influence of Nicotinic Agen~s on Performance of a Delayed Matching

to-Sample Task by Non~Human Primates 

Having established a working model of memory impairment with a 

centrally-acting muscarinic cholinergic antagonist in the rat, a series 

of studie~ delving into the role of the central nicotinic cholinergic 

system in learning and memory processing· was initiated. In the initial 

set of experiments, the influence of classical nicotinic agents-

nicotine, hexamethonium and mecamylamine--on performance of a complex 
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cognitive task by a higher animal species, the non-human primate 

monkey, was examined. The results of studies with nicotine clearly 

demonstrate a signif~cant, reproducible facilitatory effect of the drug 

on performance of·the delayed matching-to-sample ·task by monkeys. 

Intere~tingly, nicotine was most effective when'memory was most taxed, 

that is, at the longest delay periods, represented by delay level,3. 

The lack of an effect of nicotine at the shorter delay periods is not 

well understood at this time. It is possible that different brain 

neuroanatomical circuits are involved with different levels of memory 

·retention. Of coure, it must also be kept in mind that it is at the 

shorter delay levels at which a ceiling effect on performance exists; 

that is, when an .animal's baseline pe~formance is already at an 

efficiency level of 85-95% correct, there is not much room for 

improvement in performance. On the other.hand, at the longer retention 

periods at which baseline performance is approximately 65%, there is 

more room for improvement. Likewise, a potential basement effect may 

explain the results obtained.when the highest dose of mecamylamine (25 

mg/kg) was administered alone in that there was potentially more room 

for decrement in performance at the shorter delay periods. At the 

longer retention periods (level 3) mecamylamine inhibited performance 

by 10%, effectively reducing the performance of the animals to a chance 

(50% correct) level. At the shorter delay periods (levels 1 and 2), 

the effect of mecamylamine was more pronounced, inducing up to a 23% 

decrease in performance. The selective effect of the nicotinic agonist 

or antagonist _on a specific delay interval indicates that the altered 

performance is not related to nonspecific effects of the drug. 

Typically, drugs which produce a nonselective effect on performance 
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relating to attention or perception produce changes in performance 

"across the board", that is, at each level measured. The absence of 

generalized effects on performance also suggests a lack of drug effects 

on visual acuity. Further, appetite ,or ingestive behavior was not 

observed to change following drug administration, .also indicating a 

lack of non-specific drug effects on performance. 

Blockade of peripheral nicotinic receptors by hexamethonium failed 

to alter performance at any delay level. The lack of effect of 

hexamethonium in this experiment clearly indicates a central, not 

peripheral, influence of mecamylamine in producing the decrease in 

performance. Furthermore, the inability of hexamethonium and the 

ability of mecamylamine to block the facilitation afforded by nicotine 

further substantiates the concept that the effects of nicotine and 

mecamylamine on performance are mediated via a central mechanism. 

Mecamylamine-blockade of behavioral effects produced following nicotin~ 

administration has been demonstrated repeatedly in other animal species 

and. behavioral paradigms including self-stimulation (Pradhan and 

Bowling 1971)., bar pressing for water (Morrison et al. 1969), bar 

pressing for food (DeNoble ~t ~· 1982) and drug discrimination 

(Schechter and Rosecrans 1971). 

The exact mode of action of nicotine in exerting the observed 

changes in cognitive performance are unknown at this time. Nicotine 

has been demonstrated to enhance learning in several rodent models 

(Warburton 1984; Domino 1965; Oliverio 1966; Bovet-Nitti 1966; Garg and 

Holland 1968; Balfour and Morrison 1975; Nordberg and Bergh 1985; 

Haroutunian et al. 1985). Many of these experiments were predicated on 

the fact that central nervous system stimulants from different chemical 
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classes could enhance memory performance in animals. However, it is 

apparent that the ability of nicotine to enhan·ce learning and memory 

may involve more complex mechanisms than a non-specific type of 

sharpening of attention or arousal response. For example, nicotine 

administration after the learning period has been presented, with 

enhancement of performance measured during a ·testing session at a later 

time (Garg ~d Holland 1968; Nordberg and Bergh 1985; Harout~ian et 

al. 1985). Since these subjects acquired the task-specific information 

in a drug-free state, this suggests an interaction with the 

consolidation or retention component of memory. Also, this 

facilitative action of nicotine can be blocked by pretreatment with 

centrally-acting (but not peripherally-acting) nicotinic blocking drugs 

(Oliverio 1966}. It is interesting that several studies have 

demonstrated that centrally-acting (but not peripherally-acting) 

nicotinic blocking drugs can impair learning and memory in models in 

which nicotine causes facilitation (Chiappetta and Jarvik 1969; Glick 

and Greenstein 1972; Avis and Pert 1974}. 

In a. physiological study one group of investigators .evaluating the 

ability of nicotinic antagonists to alter i.c.v. nicotine-induced ear 

twitching in the conscious and anesthetized cat observed an inhibition 

of the respon~e to nicotine when the centrally-acting nicotinic 

antagonist mecamylamine was administered peripherally (i.v.}, but not 

when the selective peripherally-acting nicotinic antagonist 

hexamethonium was administered peripherally (i.v.). Intraventricular 

injection of hexamethonium, however, was effective in blocking the 

nicotine-induced twitching response (Armitage et al. 1966). These 

findings, plus the observation (in the same study) that the centrat1y-
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acting AchE inhibitor physostigmine potentiated the response to 

nicotine, lend further evidence that nicotine exerts some Ach-like 

action~ or enhances the release of Ach. Nicotinic agonists also have 

been demonstrated to enhance the release of Ach from peripheral and 

central nerve endings (Chiou and Long 1963; Chiou 1973; Pepeu 1974; 

Karczmar 1979; Balfour 1982; Briggs and Cooper 1982; Beani et al. 1985; 

Romanelli et al. 1986; Wessler and Kilbinger 1986; Wessler et al. 

1986). 

Nicotine administration has also been associated with 

desynchronization of brain electroencephalographic (EEG) recordings in 

cats. This effect was presumably mediated via an action on the lower 

brainstem resulting in an activation of an ascending desynchronizing 

system (Schaeppi 1967). Other studies in rabbits further 

substantiating this finding also reported ·an ability of nicotine to 

influence the extent to which the reticular formation influenced the 

cerebral cortex and an ability of the drug to increase the influence of 

the hippocampus on the cortex (Goldstein et al. 1967). A specific 

excitatio~ of cholinergic septa-hippocampal pathways in the medial 

septum has been observed follow~ng nicotine administration to rats 

(Vasquez et·al. 1970). Lastly, a physiological study demonstrated 

activation of cortical electrical activity accompanied by an increase 

in cortical Ach release following i.v. administration of nicotine to 

cats (Armitage et al. 1968). 

In a review of human studies ·involving the effect of nicotine on 

learning and memory, Warburton anci Wesnes (1984) concluded that 

nicotine not only improves the attentional component of information 

processing in learning (acquisition), but also facilitates the input of 



120 

information to storage in the memory process (retention). Nicotine 

also apparently-produces state-dependent learning, that is, recall is 

enhanced if the learning and recall efforts are conducted in the 

presence of the drug. Evidence is less convincing for an effect on the 

retrieval component of memory. In a more recent repor·t involving the 

effect of nicotine on human memory (Warburton et al. 1985) the authors 

concluded that nicotine produces state-dependent learning and further 

indicated that nicotine does not affect associative processes. Since 

scopolamine blocked the effect of nicotine on information processing 

(Wesnes and Warburton 1984) the authors suggested the effect of 

nicotine on encoding was non-specific. However, another interpretation 

. is that nicotine releases endogenous brain Ach in brain regions 

relevant for the memory encoding process, and this endogenously

released Ach acts on muscarinic receptors susceptible to scopolamine 

blockade. This interaction between nicotine and a muscarinic blocker 

was previously demonstrated in a rat behavioral model (Morrison et al. 

1969). 

It seems reasonable, therefore, to conclude from numerous studies 

employing various methodologies that nicotine may release endogenous 

Ach in brain regions relevant for the memory encoding process by 

stimulating presynaptic nicotinic receptors acting as a positive 

feedback mechanism for Ach release. This theory, of course, is in 

contrast to the more well-known theory of autoinhibition, or negative 

feedback inhibition, elicited through stimulation of presynaptic 

muscarinic receptors (Nordstrom and Bartfai 1980). If nicotine were 

acting to facilitate memory in the task via stimulation of presynaptic 

nicotinic receptors acting to increase Ach release, then it seems 
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reasonable to speculate that mecamylamine might be acting to produce 

memory impairment via blockade of the same presynaptically-located 

nicotinic receptors. This would inhibit the autofacilitory mechanism 

for Ach and -lead ~o a decrease in Ach release, or a blockade of the 

response to nicotine. This theory of mecamylamine-induced decrease in 

Ach release (in the absence of nicotine) assumes a tonically active 

population of cholinergic neurons with active presynaptic nicotinic 

feedback mechanisms. 

While nicotine administration may promote the release of Ach to 

yield the observed behavioral enhancement following its administration 

to monkeys, other potential mechanisms of action of nicotine must be 

considered. For example, that specific binding sites with which 

nicotine interacts are coupled to energy metabolism in rat brain has 

been demonstrated (London et al. 1988). In this study, s.c. 

administration of a behaviorally and- physiologically~effective dose of 

nicotine (0.3 mg/kg} stimulated local cerebral glucose utilization in 

brain areas known to contain nicotinic binding sites, with marked 

stimulation of 50-100% in the interpeduncular nucleus and certain 

subthalamic nuclei, nuclei known to be involved in emotion and motor 

function and which project upon a localized area of the cerebral cortex 

{Kelly 1985l; andf moderately stimulated (20-50%) pathways of the Papez 

circuit involving the hippocampus, known to be involved in learning, 

memory, emotion and motivation. The increase in energy metabolism 

induced by nicotine was antagonized or completely blocked by 

pretreatment with mecamylamine, but not hexamethonium. A significant, 

receptor-mediated effect of the drug of stimulating energy metabolism 

in some or all of these brain regions could contribute to behavioral 
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phenomena observed following its administration. This biochemical 

effect of nicotine may be related to ~other observation by a different 

group that nicotine administration was associated with significant 

increases in oxidation of cytochromes a and a
3 

and cerebral blood 

volume in rats (Sylvia 1988). 

C. Mecamylamine-Induced Deficits in Performance of a Passive Avoidance 

Task by Rats 

As with the centrally-acting muscarinic antagonist scopolamine, 

mecamylamine produced a significant impairment in performance 

attributable to a centrally-selective mechanism of action only when the 

drug was administered prior to the training trial. The two agents were 

not equipotent in producing behavioral impairment (maximally-effective 

doses were 0.8 mg/kg and 25 mg/kg for scopolamine and mecamylamine, 

respectively); administration of these doses of scopolamine or 

mecamylamine, however, was associated with nearly identical results in 

performance in terms of both ·step-through latency and learning 

·frequency. Administration of the drug at any other time relative to 

the training and testing interval was ineffective in eliciting a 

decrement in J)erformance, measured by testing s·tep-through latency or 

frequency of animals learning the response. Thus, as with scopolamine, 

animals trained to learn the task in a drug-naive state demonstrated 

having learned·the task during a testing trial, regardless of whether 

the drug was administered at some other time point between the training 

and testing trials. Unlike scopolamine, however, mecamylamine seemed 

to produce state-dependent learning since animals trained and tested in 

the drugged state demonstrated step-through latencies not unlike that 

of control animals. The results must be considered inconclusive, 
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however, since interpretation of the results could be confounded by 

both the somewhat lower performance of control animals and a drug-

' induced hypomobility in experimental animals. Results of the animal 

activity experiments revealed a drug-induced hypomobility in animals 

receiving mecamylamine (25 mg/kg) 20 min prior to locomotor assessment. 

Animals receiving pretreatment with mecamylamine demonstrated 

significantly less horizontal ac~ivity than animals receiving saline 

pretreatment. That drug effects on locomotor activity may influence 
I 

performance in a passive avoidance task when the drug is administered 

prior to a testing trial is w~ll-known {Bammer 1982). Thus, whether 

mecamylamine does produce state-dependent learning cannot be determined 

from the results of these experiments since the results obtained may 

reflect a combination of factors contributing to the observed testing 

step-through latencies: (1) a lowered performance by control animals 

{evident in lower testing step-through latencies); {2) a drug-induced 

hypomobility in mecamylamine-pretreated animals, rendering the animal~ 

incapable of response; and {3) a synergistic effect between the drug-

induced hypomobility and any memory for the aversive stimulus 

(footshock). 

The performance deficit in passive avoidance responding induced by 

mecamylamine was evident as early as 6 hr after training. This finding 

is in direct agreement with the concept of drug effects on the 

acquisition component of learning and memory. If the presence of the 

drug disallowed normal input of information associated with the task, 

then an apparent amnesia for the event would be expected at some time 

after the initial exposure. 
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Increasing the intertrial {or retention) interval from 24 to 72 hr 

was also associated with poor performance. In fact, a.time-related 

effect of the drug was evident in that mecamylamine-pretreated animals 

administered a testing trial 72 hr after a training trial demonstrated 

significantly lower testing latencies than mecamylamine-pretreated 

animals administered a testing trial 6 hr after training. Memory for 

the passive avoidance task of animals participating in the 72 hr study 

was further taxed than when a shorter {6 or 24 hr) interval was 

employed. The ability of animals to exhibit better learning in the 6 

hr version of the task may reflect incomplete action of mecamylamine at 

that time on mechanisms underlying acquisition of the re$ponse or a 

greater effect of mecamylamine on processes subserving memory storage 

of a more long-term nature. To date, there is no discrete 

differentiation between short- and long-term memory in the rat; it is 

possible that a 6 hr retention interval is representative of a short

term memory period while a 72 hr retention interval is representative 

of a long-term memory period. 

As discussed above, if a behaviorally-deleterious effect is 

observed in a cognitive paradigm predicated on some mode of 

reinforcement {in 'this case, a negative reinforcement of footshock) 

with the drug administered prior to the training trial, it is possible 

that an apparent mnemonic effect was actually the result of an effect 

of the drug on more generalized mechanisms, such as sensory threshhold. 

That this probably was not the case for mecamylamine in the passive 

avoidance studies was demonstrated by the results of tail flick 

analgesia testing and subjective measurements of vocalization and 

startle responding by the author. If the nicotinic antagonist yielded 
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an impairment in performance of the task as a result of a reduction in 

the threshhold for such stimuli, then one would expect a similar 

analgesic response in a test utilizing another noxious stimulus. Quite 

the opposite result was obtained, however; instead of exhibiting a 

decreased tail flick response, animals pretreated with mecamylamine 

exhibited a significant hyperalgesic response to the thermal stimulus. 

While the tail flick test measures a spinal-mediated response (not 

dependent ori higher centers) this objective measurement of algesia was 

supported by observations made by the author that mecamylamine-

pretreated animals exhibited more intense vocalization and startle 

responses upon delivery of the footshock during passive avoidance 

training, indicating an increase in sensory perception of the footshock 

stimulus. A drug-induced lowered threshold for the aversive stimulus 

further substantiates the concept that mecamylamine was acting via more 

selective, central mechanisms to exert its cognitive effects, since 

these animals actually demonstrated a heightened response to a noxious 

stimulus. Also, this finding is in accordance with. previous studies 

demonstrating an ability of mecamylamine, but not hexamethonium, to 

completely block nicotine-induced antinociception in tail flick testing 

(Sahley and Berntson ~1979; Tripathi et al. 1982). 

While a detrimental effect of mecamylamine on various cognitive 

behavioral paradigms, including passive avoidance, has been previously 
I 

demonstrated (i.e., Blozovski 1983; Chiappeta and Jarvik 1969; Dilts 

and Berry 1967; Goldberg et al. 1971), no one has conducted a 

comprehensive study of the effects of this nicotinic ~tagonist on the 

various stages of learning and memory in rats utilizing several 

cognitive tasks. Previous studies employing passive avoidance have 
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demonstrated mecamylamine-induced impairment in passive avoidance 

responding: (1} when a dose of 30 mg/kg was administered i.p. to mice 

prior to training, with a lower dose (10 mg/kg} ineffective in 

producing a behavioral deficit (Chiappetta and Jarvik 1969}; (2) when a 

dose or· 10 or 30 mg/kg of mecamylamine was administered i.p. to mice 

prior too~ immediately after training {Glick and Greenstein 1972); {3) 

when a dose of 10 mg/kg was administered i.p. to mice prior to training 

(Dilts and Berry 1967}; and, {4} when a dose of 40 mg/kg was 

administered i.p. to mice prior to training (Goldberg et al. 1971). 

The results of the present studies with mecamylamine, .together 

with the results of the studies in the non-human primates which 

demonstrated a significant role of the central nicotinic cholinergic 

system in cognitive processing and the fact that mecamylamine has been 

observed to slow cognitive functioning in humans (Stolerman et al. 

1973}, point towards a need for a re-evaluation of the role of this 

system in learning and memory. That very different doses {25 mg/kg and 

2 mg/kg for the rat and monkey, respectively} of the nicotinic 

antagonist were employed to produce the behavioral results is not 

unusual. Other, similar studies employing cholinergic agents such as 

scopolamine have also demonstrated a similar ten-fold difference 

between behaviorally-effective doses in rats and monkeys {i.e., Bartus 

and Johnson 1976; Aigner and Mishkin 1986}. The mechanisms by which 

mecamylamine might be acting to induce cognitive debilitation are 

discussed under "Influence. of Nicotinic Antagonists on. In Vivo 

Synthesis of Acetylcholine in Rats". 
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Active Avoidance Task by Rats 
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No centrally-selective effect of the nicotinic antagonist 

mecamylamine was observed with doses of 5, 10 or 25 mg/kg. In all 

cases the peripherally-acting antagonist hexamethonium produced a 

parallel impairment of performance, evident as an increase in 

percentage escape responses and a decrease in percentage avoidance 

responses. It should be noted that the third potential type of 

response in this task, failure to respond (neither avoiding nor 

escaping the footshock), was never demonstrated to a significant degree 

during ex~erimentation and, therefore, was not significant in the 

overall analysis. This finding may· suggest one explanation for the 

inability of mecamylamine to exert a centrally-selective inhibitory 

effect using this paradigm. If the animals employed were capable of 

learning the task such that they were performing at a high level of 

efficiency, as was the case in these experiments, then these .animals 

would probably not exhibit a significant number of "no responses", that 

is, they would learn to effectively avoid or escape the shock each time 

it was presented. If this were the case, inducing a central nervous 

system-oriented learning or memory impairment in this task might be 

more difficult than if animals exhibiting a lower level of efficiency 

were studied. Another explanation for the lack of a differential 

effect by the central antagonist might involve the inherent complexity 

of the task. The active avoidance paradigm employed in these studies 

is predicated on several different associative processes {double 

conditioned stimuli, conditioned stimulus-unconditioned stimulus, 

footshock presentation location) with a specific temporal quality 
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(conditioned stimulus-unconditioned stimulus interval, footshock 

duration. intertrial interval}. Proper information processing of 

sensory cues and. events that characterize the active avoidance task 

might rely more heavily an intact peripheral mechanisms than the same 

for the passive avoidance task, for example. Administration of either 

the centrally- or peripherally-acting antagonist could be expected to 

render the, animals incapable of processing the information necessary to 

learn the task. and. in fact. both antagonists were observed to have 

profound effects on acquisition and/or retention of the task. Animals 

learning the task in the.drug-naive state, however, would have already 

efficiently processed the informatidn necessary to respond effectively, 

and as such would not be compromised in performance of the task. 

Results from other laboratories concerning the influence of 

nicotinic antagonists on active avoidance responding ·are mixed. The 

results of the present studies are in contrast to those published 

earlier in which doses of 1.2-5.0 mg/kg of mecamylamine significantly 

impaired performance of active avoidance when the drug was administered 

to mice prior to training (Oliverio 1966}. Differences in species 

(mouse versus rat) .. footshock parameters (1.5 mA versus 0.3 mA}, number 

o:r training trials (100 trials versus 30 trials daily), and contingency 

of punishment (spontaneous crossings punished versus spontaneous 

crossings unpunished) may explain some of'the discrepancies between the 

2 studies. Other studies. however, have reported that stimulation of 

active avoidance responding occurs following mecamylamine 

administration in doses of 0.25 mg/kg (Driscoll 1976) and 0.3 mg/kg 

(Driscoll and Battig 1973a) in rats, and at a dose of 1.0 mg/kg in 

guinea pigs (Driscoll and Battig 1973b). The role of the central 
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nicotinic cholinergic receptor system in learning and memory of this 

behavioral paradigm remains unresolved and may be complicated by the 

role of the peripheral nicotinic cholinergic system in performance of 

the task.. An effect of hexamethonium on autonomic reflexes, directly, 

{and thereticular formation, indirectly) may also be important in this 

task, as suggested previous·ly by authors reporting on a related study 

(Evangelista et al. 1970). Lastly, as several previous experiments 

have failed to demonstrate learning and/or memory impairment of active 

avoidance responding following administration of the classical amnestic 

muscarinic antagonist scopolamine (i.e., Bignami et al. 1971; Leaf and 

Muller 1966), this specific behavioral task may not be entirely 

appropriate for selectively assessing the role of central cholinergic 

systems in mnemonic functioning in the adult rat. 

E. Influence of Nicotine Agents on Performance of a Radial Arm Maze 

Task by Rats 

Administration of nicotine to rats prior to training in a radial 

arm maze task produced no effect, a tendency toward enhancement of 

learning, and a significant deleterious effect on learning in 3 

separate experiments, respectively. The ability of nicotine to have 

seemingly opposite effects on rats acquiring a radial arm maze task is 

not well-understood. The results of these experiments revealed a 

significant effect of nicotine on performance only during the last 2 

days of training in 1 group of animals and a nonsignificant trend 

towards an impairment of performance in another group of animals. The. 

other group of animals displayed no tendency toward a performance 

unlike that of control animals. Thus, an absence of a significant 

facilitatory effect by nicotine on rats performing this behavioral 
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paradigm is evident. Interestingly, since these studies were 

completed, another laboratory has reported a similar finding in that 

pretraining admini$tration of nicc:>tine s.c. in nearly the same dose 

employed iri the present studies (~.45 mg/kg) induced significant 

impairment in performance of a radial arm maze task by rats (Mundy and 

Iwamoto 1988). In a similar study, another laboratory has reported an 

inability of chronic administration of nicotine to significantly alter 

performance of young and old rats in a hexagonal tunnel maze task 

(Welzl et al. 1988). Thus, a lack of improvement in rats performing 

this type of spatial cognitive task following nicotine administration 

is becoming increasingly evident. 

Differences in performance between the 3 groups receiving pre

training administration of nicotine in these studies were not 

attr.ibutable to strain, age or weigh~ differences since these variables 

were held constant. One explanation for a lack of beneficial effect of 

nicotine in these animals may be related to the inherent capabi.lity of 

the animals to perform the task. In general, the performance level of 

saline-pretreated control animals was quite high, that is, these 

animals displayed an ability to learn the task very quickly. Employing 

a different cognitive task, one investigator has reported either an 

absence of effect or a depression in response induced by nicotine on 

rats responding at high' rates on bar lever pressing for intra-cranial 

stimulation of certain subcortical brain areas known to be important in 

behavioral reinforcement (Pradhan and Bowling 1971). Alternatively, 

perhaps the specific characteristics of the employed radial arm maze 

paradigm rendered this task not a difficult challenge for the animals, 

making it more difficult to observe drug effects. In this respect, an 
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absence of effect by nicotine in rats performing the maze would be 

analogous to the inability of nicotine to alter performance of the 

delayed matching-to-sample task by monkeys when the shortest delay 

periods were presented. That some commonly-employed experimental 

learning and memory tasks may fail to sufficiently challenge cognitive 

processing abilities of experimental animals has been suggested (Teyler 

and DiScenna 1985).· It has been suggested by one of the original 

investigators working with the radial arm maze paradigm that the maze 

will not prove to be very useful as a behavioral tool to demonstrate 

cognitive-enhancing abilities of pharmacological agents in normal 

animals, but instead seems to be more useful to demonstrate drug

induced cognitive impairment or amelioration of drug-induced impairment 

by other agents (Handlemann, personal communication). 

Mecamylamine administration to rats prior to the first day of 

training in the radial arm maze was associated with many of the animals 

£ailing to respond at all in the task, that is, many of the rats would 

not run the maze~ Often, mecamylamine- and hexamethonium-pretreated 

rats would simply rest in one position and location in the center of 

the platform where they were placed at the beginning of the trial. 

Other rats would often enter one of the arms of the maze and sit there 

until the allotted time to perform the task·had expired. Animals which 

would perform the task would frequently not retrieve the food rewards. 

This behavior was in marked contrast to that observed in saline

pretreated animals, which performed the task energetically, entering 

each arm quickly and retrieving the food rewards. 

The reasons for the observed changes in behavior may be multiple. 

It seemed apparent that many of the animals receiving either nicotinic 
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antagonist prior to being placed in the maze were incapable of 

executing the motor response necessary to complete the task. 

Performance of. the radial arm maz~ task depends primarily on normal 

locomotor responses of the ani~~l~ within a horizontal plane. As the 

experiments with the anim~l activity mpnitor revealed a dramatic 

reduction in horizontal ac.ti vi ty following administration_ of 

mecamylamine, it seems reasonable to suggest drug-induced mobility as 

one.probable explanation for some animals not executing a response. A 

lack of interest in the food rewards in some animals may reflect drug

induced alteration of appetite. And, the fact that some animals did 

not enter the arms completely may reflect some changes in the emotional 

status of these·animals. Some rats exerted a thigmotaxic response in 

the maze, that is, these rats would hug the walls of the arms of the 

maze. This type of response, termed a positive thigmotaxis response, 

is thought to represent some influence of the dr~g on the emotional 

status of the animals (San burg et al. 1985) . Lastly, the fac.t that 

some animals receiving hexamethonium also frequently demonstrated some 

of the same response patterns as animals receiving mecamylamine may 

simply point towards drug-induced hypotension as a primary contributing 

factor in the observed performance deficit. Why other nicotinic 

antagonist-pretreated animals performed in a seemingly unaffected 

manner is not known. 

Mecamylamine was associated with no significant influence on 

performance once the task was acquired by the animals at doses which 

did not render the animals markedly immobile. A further increase in 

the dose of mecamylamine resulted in most of the animals not responding 

at all in the task, exhibiting a behavioral pattern not unlike when the 
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drug was administered prior to training. The results of this 

experiment do not agree with another report on the influence of 

mecamylamine in the radial arm maze task (Levin et al. 1987). In that 

study, mecamylamine was found to disrupt performance in the maze when 

the drug was administered prior to testing at a dose which produced no 

effect on performance in the present studies. Several major 

differences existed, however, between the two studies: a different 

strain and sex of rodent was employed; training and testing were 

conducted during the dark phase of the light cycle; training and 

testing sessions were administered 1·ess frequently; a different route 

of drug ad~inistration was employed; individual training sessions were 

of shorter duration; and, training sessions were conducted for a much 

longer period of time prior to testing. Discrepancies between the two 

studies may, therefore, reflect differences in many of the specific 

details of the two experimental protocols. Also, data presented in the 

report indicate a significant degree of variability in animal 

performance of the task. 

Lastly, the inability of antimuscarinic cholinergic agents to 

produce performance decrements in a radial arm maze task has been 

reported (Watts et al. 1981). Interestingly, this group reported on a. 

finding very similar to the results of these studies in that 

administration of scopolamine to male, Wistar rats (the same sex and 

strain employed in these studies) induced a performance deficit in some 

rats, while other scopolamine-pretreated rats failed to perform unlike 

control animals. In the present studies, mecamylamine was not found to 

exert a significant, consistent, centrally-selective effect on 
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administered prior· to training or testing. 
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F. Influence of Nicotinic Antagonists on the Neurobiocheinistry of the 

Cholinergic System in Rat Brain 

Mecamylamine (25 mg/kg) was found to alter the neurobiochemical 

dynamics of the central cholinergic system of the rat brain at the same 

time that the d~ug .(at the same dose) influenced processes underlying 

acquisition of a passive avoidance task. Specifically, mecamylamine 

was associated withprofound impairment of performance of passive 

avoidance when the drug was administered prior to training. At the 

same time point relative to drug administration the biochemical studies 

revealed: 1) a seemingly global, significant inhibition of new Ach 

synthesis (evident in both a decreased formation of 3H-Ach and an 

increased level of 3H-choline); 2) a reduction in the specific activity 

of Ach in all areas of the brain except the frontal cortex; 3) a 

reduction in specific activity of choline in the limbic and parietal 

cortices; and, 4) a significant reduction in the TOR of Ach in the 

hippocampus and parietal cortex. A very similar, though non

significant, reduction in Ach TOR of the limbic cortex was also 

observed. 

A lower dose of mecamylamine (5 mg/kg) was ineffective in 

producing significant alterations in the same dynamic components of. rat 

brain central cholinergic systems. In parallel to this lack of 

influence on neurobiochemical parameters was the-consistent inability 

of this dose of the antagonist to produce significant impairment in any 

of the 3 cognitive tasks performed by the rats. Animals receiving the 

lower dose of mecamylamine·exhibited no mnemonic performance deficits 
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in passive or active avoidance, or radial arm maze paradigms. These 

findings indicate that the proposed biochemical changes subserve the 

behavioral changes following administration of mecamylamine. 
' 

Animals receiving mecamylamine (25 mg/kg) demonstrated significant 

reductions in the incorporation of 3H-choline into-3H-Ach in all brain 

areas examined. In fact, biochemical analysis of samples from each 

brain area in approximately one-half of the animals revealed a virtual 

cessation of conversion of the precursor into the neurotransmitter 

product. In these animals, all or nearly all of the total 

. radioactivity :r:-emained in the form of the precursor and little or none 

existed as the radiolabelled product;. The exact mechanism(s) by which 

mecamylamine.exerted this effect is (are) unknown, but it is not 

thought to be due to drug-induced inhibition of high affinity choline 

uptake (the rate-limiting step in Ach biosynthesis) since no 

s·ignificant changes in endogenous levels· of Ach were measured. At 

least one previous report demonstrated that drugs which act to inhibit 

the choline uptake system also reduce endogenous Ach content (Finberg 

et al. 1979) • 

Increases in endogenous levels of choline were mea$ured in the 

limbic and parietal cortices following a~inistration of mecamylamine. 

Drug-induced increases in endogenous choline levels have previously 

been demonstrated following the administration of various cholinergic 

drugs. For example, in one study the muscarinic agonist oxotremorine 

was associated with an approximate 50% increase in choline levels in 

mouse cerebral cortex (Norqberg 1978), while in another study the 

muscarinic agonists pilocarpine and arecoline were associated with 

approximate 90% and 30% increases, respectively, in choline levels· in 
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whole mouse brain {Haubrich et al. 1972). Although the radiolabelled 

choline administered does not preferentially or selectively label 

choline pools destined exclusively for Ach synthesis, the drug-induced 

increases in endogenous choline levels measured in the l~mbic and 

parietal cortices in the present study may very well be a direct result 

of the profound inhibition of the synthetic machinery for Ach. 

Alternatively, increased endogenous levels of choline could be a direct 

result of drug-induced depressor effects causing a decrease in the 

movement of choline from the brain to the plasma {Nordberg 1978), its 

normal concentration gradient {Dross and Kewitz 1972). However, since 

the total content of radioactivity remained constant following 

administration of the drug and since similar effects were not measured 

following administration of an equivalent depressor dose of 

hexamethonium, the increases in endogenous choline content were 

probably not due to hemodynamic effects of mecamylamine. 

In a study examining the in vivo synthesis of rat hippocampal 3H

Ach from 3H-choline following procedures altering the neuronal activity 

of septa-hippocampal cholinergic neurons, Atweh and Kuhar {1976) 

provided evidence that this parameter was the best predictor of changes 

in cholinergic neuronal activity. The ability of mecamylamine 

pretreatment to induce significant reductions in Ach TOR tn the 

hippocampus and parietal cortex may point toward these brain areas as 

being important for normal cognitive processing of the employed 

behavioral task. And, while the reduction in Ach TOR in the limbic 

cortex was not statistically significant, nevertheless, there was a 

strong tendency for this region to also demonstrate a profound 

alteration in this marker of neuronal activity. 



137 

Mecamylamine administration was associated with a significant 

reduction in synthesis of Ach as well as an apparent decrease in the 

release of Ach from apparently tonically-active central cholinergic 

neurons. The latter effect was evident in that ~ndogenous levels of 

Ach were maintained in the presence of mecamylamine, thereby reflecting 

no change in the steady-state system for Ach. Maintenance of a steady

state system for Ach with a concomitant decrease in synthesis clearly 

indicates a compensatory decrease in Ach release to maintain steady

state conditions. .This effect would be analogous to a decrease in the 

firing rate of the cholinergic neurons. 

The effect of mecamylamine in supressing .cholinergic activity 

somewhat resembles that observed following administration of a local 

anesthetic agent. Local anesthetics are known to effect transmission 

at the neuromuscular junction and·ganglionic synapses (Richie and Green 

1980) with the effects of one local .anesthetic, procaine, antagonized 

by physostigmine (Ruff 1977). The·effects of.the local anesthetic, 

however, are not produced via competitive blockade by procaine of the 

cholinergic· receptor. Instead, local anesthetics have been 

demonstrated to depress neuronal activity by reducing Ach released from 

the nerve terminal upon stimulation (de Jong 1977) and by forming a 

drug-receptor-neurotransmitter complex possessing minimal conductance 

(Ruff 1977). In light of the latter finding, it is also interesting to 

note that the results of one receptor binding study indicated that 

mecamylamine acts. via noncompetitive blockade of the ion channel 

associated with the Ach receptor complex of frog muscle (Varanda et al. 

1984). One mechanism of action of local anesthetics in the production 

of decreased neurotransmission is ·blockade of neuronal ion channels 
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{Ritchie and Green 1980). Thus, a generalized depression in central. 

cholinergic neuronal activity, not unlike that observed by other 

investigators following administration of local anesthetic agents, was 

associated with administration of mecamylamine. That a local 

anesthetic action is not a primary mechanism of action of mecamylamine, 

however. is supported by the facts that: (1) the structural and 

physicochemical properties of mecamylamine do·not resemble those of 

well-known local anesthetic agents (de Jong 1977); (2) mecamylamine is 

not known to induce local anesthesia; (3) while many local anesthetics 

are good neuromuscular junction blockers (de Jong 1977), mecamylamine 

is not known to significantly block neuromuscular cholinergic 

receptors; and (4) mecamylamine, in fact, produced hyperalgesia in rats 

undergoing tail flick thermal analgesia testing in these studies. 

Although the behavioral and biochemical· studies were conducted in 

separate animals, the fact that (1) the centrally-acting, but not the 

peripherally-acting, nicotinic antagonist produced.significant 

alterations in the parameters measured, (2) the dose producing these 

significant changes in the two types of studies was the same, and (3) 

the fact that instead of an all..:or-none response phenomenon (i.e., all 

animals responding iri a similar manner and to a similar degree), a 

subset of animals in each·study was observed to respond significantly 

to drug administration, may indicate that the·parallelisms are related 

and not merely coincidental. Given that it is widely-recognized that 

the central cholinergic system is a critical neurotransmitter system in 

normal cognitive processing, it is plausible that the proposed 

alterations in brain neurochemistry--decreases in Ach synthesis and 

release--subserve the alterations in behavior observed in the rat. 
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Pharmacological manipulation of the nicotinic cholinergic system via 

administration of the centrally-acting antagonist mecamylamine could 

compromise normal functioning of the neurotransmitter system, resulting 

in inadequate cognitive processing in animals receiving the drug. 

Interestingly, with regard to drug-induced alterations in behavior 

and cholinergic neurochemical parameters of specific interest in this 

study, one laboratory has reported that the antipsychotic drug 

clozapine produces performance deficits in active avoidance responding 

by mice at a dose associated with a significant 25% decrease in 

cortical Ach synthesis in mouse brain (Haubrich et al. 1976). While 

biochemical alterations were not assessed in the non-human primate in 

these studies, significant behavioral changes were observed following 

administration of mecamylamine to monkey~ performing a cognitive task 

different from those perfor~ed by rats. Perhaps the biochemical 

changes measured in the rat were also presen~ in the non-human primate. 

If mecamylamine were acting to effectively reduce synthesis and release 

of Ach in areas of the monkey brain critical for processing memory of a 

recent event, this action could explain the impaired performance of the 

delayed matching-to-sample task by the monkeys. Neurobiochemical 

studies in monkeys, similar to those in rats in these studies, must be 

conducted to further validate this explanation as a plausible one to 

explain the observed behavioral changes in the monkeys following 

administration of nicotinic agents. 

The mechanism{s) by which mecamylamine might be acting to produce 

the measured biochemical changes is (are) not fully understood at this. 

time. As discussed under "Influence of Nicotinic Agents on Delayed 

Matching-to-Sample Performance by Non-Human Primates" if nicotine is 
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capable of affording an increase in Ach release via a positive feedback 

mechanism elicited through stimulation of presynaptic nicotinic 

receptors located on cholinergic neurons, it seems reasonable to 

hypothesize that mecamylamin~ administration might result in a decrease 

in Ach release from the same neurons by antagonizing the same 

presynaptic nicotinic receptors. This effect would be somewhat 

analogous to the increase in Ach release measured following 

administration of centrally-acting muscarinic cholinergic antagonists 

acting at presynaptically-located autoinhibitory receptors on 

cholinergic neurons; however, an action of the drug on these receptors 

located on catecholaminergic, serotonergic and dopaminergic neurons 

must also be considered {Starke 1981). Stimulation of nicotinic 

receptors on neurons of these other neurotransmitter systems in the 

brain could alter the intrinsic activity of these neuronal systems. 

These neurotransmitter systems interact widely in the brain such that a 

change in the neuronal activity of just one neurotransmitter system 

having input on a second neurotransmitter system could result in an 

alteration of functioning {output) of the second neuronal system (which 

may interact with a third system, and so forth). Thus, a drug-induced 

chain of alterations in neuronal activity in multiple brain systems may 

result.from stimulation of presynaptically-located receptors. 

An anatomical and functional significance of nicotinic receptors 

subserving the observed behavioral and/or measured biochemical 

consequences of administration of nicotinic agents may be the presence 

of these receptors in the thalamus, a brain region important in 

sensory, motor, associative and motivation functioning (Kelly 1985). 

The thalamus is critically involved in sensory and motor processing, 
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receiving inputs from individual sensory modalities or motor functions, 

projecting upon discrete regions of the cerebral cortex to initiate the 

process of sensory or motor perception, and receiving recurrent 

connections from the areas of cerebral cortex they innervate as a means 

of autoregulating input to these areas. Receptor binding studies in 

both the rat and human brain have revealed a high density of nicotinic 

cholinergic receptor binding sites in the thalamus (Shimohama et al. 

1986; Adem et al. ·1987). Intracellular recordings from thalamic 

slices, in vitro, have demonstrated that cholinergic transmission in 

this region is primarily nicotinic in nature (McCormick and Prince 

1987). Pharmacological compromise of these nicotinic cholinergic 

receptors in the thalamus following administration of mecamylamine 

could have profound effects on normal functioning of the thalamus as a 

relay station in cortical functioning. It is possible that inhibition 

of cholinergic neurotransmission (or neurotransmission of other 

systems) produced deficits in normal processing mediated by the various 

nuclei of the thalamus, ultimately resulting in (1) decreased 

cholinergic neuronal activity in areas of the rat brain examined in 

this study, and (2) impairment of cognitive performance in rats and 

monkeys. Evidence for this hypothesis includes results from studies in 

which administration of muscarinic cholinolytics to the thalamus of 

rats resulted in an impairment of active avoidance performance 

apparently due to an inhibition of associative processes necessary to 

learn the task, since no effect on motivational or sensorimotor 

functioning was observed (Grossman 1965)~ More in-depth behavioral, 

physiological and biochemical studies must be conducted to validate 

this hypothesis. 
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Lastly, nicot.inic cholinergic agents, especially nicotine, are 

known to influence functioning of the ascending reticular activating 

system {Domino 1977) and that suppression of the reticular formation 

leads to attenuation of nicotine-induced behavioral effects {DeNoble 

and Mele 1986). This system of discrete cell clusters is known to 

originate in the brainstem and project to {and receive afferents from) 

specific parts of the central nervous system, including the thalamus, 

to perform one of its principal functions, regulation of behavioral 

arousal {Kelly 1985). Administration of drugs directly altering normal 

functioning of the reticular activating system may be indirectly 

responsible for altered influence .on higher cortical centers via 

dynamic changes in ·neurotransmission along cholinergic pathways, 

resulting in abnormal cortical processing of information associated 

with behavioral experiences. 

G. Role of the Hippocampus and Parietal Cortex in Learning and Memory 

Since the clinical studies of Penfield and Milner {1958) in which 
. ' 

bilateral lesioning of the hippocampus was observed to produce 

significant memory impairment, the hippocampus. has received much 

attention for its role in the processes.of memory storage. At least 

part of the reason for its critical role in mnemonic processing is a 

result of its anatomical connect~ons ~ith other brain regions. Major 

projection pathways to the hippocampus include afferents originating in 

cortical association areas, the olfactory cortex, the claustrum, the 

amygdala, the septum, the thalamus and hypothalamus, and certain other 

subcortical and brainstem neuronal systems. Projections from the 

hippocampus primarily .innervate cortical association areas, the 

anterior thalamus and mammillary bodies, and the lateral septal nucleus 
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and bed nucleus of the stria terminalis. Efferents from these systems 

project to most of the major neuronal systems of the central nervous 

system. Also, the hippocampus has several systems of association and 

commissural fibers serving to interconnect different regions of the 

hippocampus (Teyler and DiScenna 1985). The hippocampus is often 

thought of as that region of the brain which anatomically maps the rest 

of the brain. Numerous studies have demonstrated the presence of 

specific interconnections between the hippocampus and the neocortex 

{that part of the cerebral cortex which is the most evolutionarily

advanced· and known to be relevant in higher cognitive function). One 

of these specific pathways, the neocortical-claustral-entorhinal

hippocampal system, is known to be an impor-tant system subserving 

learning and memory (Teyler and DiScenna 1985). Another more well

known_pathway is more commonly referred to as Papez' circuit which 

serves to provide input from the parietal-temporal-occipital 

association and prefrontal association areas· to the hippocampus via the 

cingulate and parahippocampal gyri. The hippocampus sends efferents in 

turn to the ·hypothalamus to regulate emotional status in cognitive 

functioning. Blockade of normal functioning of Papez' circuit in one 

study produced marked behavioral defici-ts (Martin 1985) • 

Experimental evidence for a role of the hippocampus comes from a 

variety of experiments employing numerous behavioral tasks and 

laboratory animals~ Most notable of these experiments are those in 

which lesioning of the hippocampus was associated with profound ~emory 

impairment in animals performing tasks designed to similate those 

demonstrating amnesia in humans (i.e., Kessner 1985; Mishkin 1982; 

Olton 1983). A particular challenge to studies on the role of the 
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hippocampus in memory formation emerged when specific neuronal units in 

this brain region were found to exhibit a heightened response when the 

animal was placed in certain areas of the laboratory environment, 

indicating that the hippocampus had a role in spatial mapping that 

might be relevant to cognitive functioning (O'Keefe and Nadel 1978). 
' Subsequent experiments revealed that when specific features of an 

environment were seen to change temporally, single spike units of 

activity in the hippocampus could be correlated with memory 

performance. For example, and with particular interest to the present 

studies, one group reported that in monkeys performing a delayed 

matching response task very similar to the one employed in these 

studies, specific units of the hippocampus ·responded to the stimulus 

cue (sample light) or to the response cues (choice lights) when delay 

periods were introduced between presentation of the sample and response 

cues (Watanabe and Niki 1985). Thus, spatial and mnemonic correlates 

of spike activity in the hippocampus of a higher laboratory animal 

species performing a complex cognitive task based on human abilities is 

evident. 

Elucidating the mechanism(s) subserving the critical role of the 

hippocampus in learning and memory is currently one of the most 

interesting, challenging and promising quests in memory research. An 

observation of this brain region which is gaining acceptance as a 

probable means by which the hippocampus serves in memory storage is a 

form of plasticity called long-term potentiation (LTP). LTP is a 

localized, homosynaptic, stable, relatively long-lasting increase in 

the magnitude of a postsynaptic response to a constant afferent volley, 

following brief tetanic stimulation of the same afferents (Teyler and 
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DiScenna 1985). More simply, LTP can be considered to be an increase 

in synaptic efficacy that results from high frequency stimulation of 

certain central nervous: system ~fferent fiber syst~ms (McNaughton an~ 

Morris 1987). That LTP might subserve memory storage of a behavioral 

task was demonstrated when the persistence of LTP was significantly L 

correlated with performance of a spatial memory task (Barnes 1979). 

Other studies have led one group examining this phenomenon to conclude 

that LTP is a good candidate for a mnemonic mechanism ~n the central 

nervous system of vertebrate animals based on the following 

characteristics of LTP: (1) the time course and magnitude of LTP, (2) 

the induction of LTP by physiologically reasonable treatments, (3) the 

distribution of LTP in the brain relative to structures previously 

implicated in learning and memory, (4) the observation that LTP can 

result from behavioral learning experiences, and (5) parallelisms 

between c~rtain pharmacologic manipulations upon LTP and behavioral 

learning and memory (Teyler and DiScenna 1985). Also, attempts to 

saturate or overload the system producing LTP by suprastimulation of 

the afferents and attempts to block production of LTP have resulted in 

significant learning and memory impairments. Thus, there is much 

support for the LTP hypothesis of memory storage. The actual physical 

processes by which LTP serves to enhance synaptic efficacy are not 

fully understood; however, it appears that there are several 

possibilities: (1) formation of extra postsynaptic glutamate 

receptors, (2) swelling of dendritic spines and reduction of their neck 

length, (3) formation of new synaptic contacts, and (4) increase in the 

amount of neurotransmitter released (McNaughton and Morris 1987). LTP 

has- only been measured for a period of a few weeks, however. Obviously 



LTP cannot be solely responsible for subserving permanent memory 

storage. Nevertheless, LTP seems a valid candidate as a mnemonic 

device for short-term or temporary memory storage in the hippocampus 

which may preceed the establishment of a permanent memory trace, or 

engram~ 
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A role of the parietal cortex in learning and memory is 

established, although less is known about the involvement of. this area 

of the brain in mnemonic functioning than the hippocampus {Kupfermann 

1985). Lesions in the posterior parietal cortex, an area known to 

contain high order sensory neurons and an association area of 

convergence of inputs from multiple.types of sensory modalities. lead 

to significant deficits in the acquisition of tas~s involving an 

awareness of body image and in more complex behavioral tasks which are 

not based on body awareness {Kupfermann 1985). Certain cells in the 

posterior parietal cortex respond to visual stimuli and are thought to 

be involved in processes mediating attention to the particular spatial 

characteristics of sensory input. 

In a review of the influence of cholinergic systems on information 

processing. Warburton and Wesnes {1984) noted that efficient 

informatiO:fl processing requires input to the sensory cortex of 2 types., 

specific information activation and nonspecific sensory input. And, 

interestingly, with regard to an involvement of the mesencephalic 

reticular formation in cognitive processing, it has been proposed that 

cholinergic pathways ·originating in the ascending activating system 

projecting to areas of the sensory cortex comprise the essence of the 

electrocortical arousal system {Warburton and Wesnes 1984). It is 

thought, therefore, that alterations in information processing may 
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result from changes in functioning of the ascending cholinergic 

pathways of the activating system that project to sensory neurons 

present in the parietal cortex. Ele3ctrophysiological studies indicate 

that the changes in information processing are due to changes in the 

release of Ach. The release of Ach at target parietal cortical areas 

has been demonstrated to'increase the size of potentials of the input 

and. thus, increase the probability that they will be differentiated 

from background activity in the cortex. Increased activity would 

result in an improvement in information processing by decreasing the 

relative importance of unrelated sensory information. Decreased 

activity (decreases in Ach release at target cortical areas) would 

produce less cortical arousa~, since a lower signal-to-noise ratio 

would be present.~ 

H. Influence of Nicotinic Agents on Other Neurotransmitters and 

Neuromodulators 

Administration of the centrally-acting nicotinic agonist nicotine 

or the centrally-acting nicotinic antagonist mecamylamine was 

associated with dramatic behavioral and cholinergic neurobiochemical 

consequences. The drug-induced biochemical alterations in the central 

cholinergic nervous system probably subserve, to some degree, the 

observed behavioral alterations. The potential influence of these 

nicotinic agents on other neurotransmitter and neuromodulator systems, 

however. must not be ignored in an attempt to understand the role of 

Ach in cognitive processing. Nicotine is well-known as a secretatogue 

for a variety of neurotransmitters, particularly the catecholaminergic 

neurotransmitters, from certain brain areas. This effe~t r:J.s apparently 

mediated by stinmlation of presynaptic nicotinic cholinergic· receptors 
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located in, on, or near the axon terminals of neurons subserving the 

various neurotransmitter systems (Starke 1981); whether the endogenous, 

neuromodulator is Achor not is not known (Rowell 1987). An area of 

the brain where this action might be critically involved in the 

processes underlying learning and me~ory of behavioral tasks employed 

in these st~dies is the mesolimbic system. The mesolimbic system is 

well-known as a brain center important in reward and reinforcement and 

appears to consist partly of a close functional relationship between 

cholinergic and dopaminergic systems (i.e., Iversen and Koob 1977). 

Nicotine and mecamylamine have been shown to stimulate and inhibit, 

respectively, dopamine release from various brain structures, including 

the striatum and mesolimbic area (Giorguieff-Chesselet et al. 1979; 

Ahtee and Kaakkola 1978). Nicotine-induced release of serotonin has 

also been demonstrated, although controversy exist~ as to the 

physiological significance of this action of nicotine (Balfour 1973; 

Westfall et al. 1983; Fuxe et al. 1979}. The majority of research in 

this area has focused on the ability of nicotine to stimulate release 

of norepinephrine in several brain regions, particularly the 

hypothalamus and striatum (i.e., Argueros et al. 1978; Balfour 1973}. 

Furthermore, blockade of nicotine-enhanced depletion of brain 

norepinephrine by mecamylamine has been demonstrated (Morgan and Pfeil 

1979). 

Also, that a potential neuropeptidergic-cholinergic interaction 

involving nicotinic receptors exists was demonstrated recently when 

central pretreatment with hexamethonium, but not atropine, effectively 

blocked the pressor response to centrally-administered substance P in 

conscious, normoten~ive, freely-moving rats (Trimarchi et al. ·1986). 
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Other studies in the same laboratory have demonstrated similar results 

with hexamethonium and atropine in a model involving pressor and 

tachycardic responses induced by the potent vasoac~ive peptide 

bradykinin {Buccafusco and Serra 1985). Release of various 

neuropeptides thought or known to be important in cognitive processing 

is stimulated {adrenocorticotrophic hormone, beta~endorphin and 

vasopressin) (Schally 1978) or·inhibited {substance P) {Torrens et al. 

1981) by nicotine. Another neuropeptide, somatostatin, is known to be 

co-localized with cholinergic receptors and has been observed to 

enhance neuronal activity of hippocampal and parietal cortex cells of 

rat brain responding to iontophoretically-applied Ach {Mancillas et al. 

1986). The abilities of nicotine and mecamylamine to exert significant 

effects on cognitive performance of passive avoidance and delayed 

matching-to-sample paradigms by rats and monkeys, respectively, then, 

may be mediated through mechanisms not directly or solely involving 

central cholinergic pathways. Thus, it is quite feasible that in 

addition to its primary effects on central cholinergic mechanisms, 

mecamylamine may also produce alterations in other neurotransmitter/ 

neuromodulator systems that culminate in the observed behavioral 

changes. 

I. Contribution of the Muscarinic and Nicotinic Receptor Subsystems to 

Learning and Memory 

It is obvious from these and other studies that both the 

muscarinic. and nicotinic cholinergic subsystems are critically involved 

in normal mnemonic processing in both humans and various species of 

laboratory animals performing a variety of cognitive tasks. As 

numerous techniques manipul~ting either of these 2 receptor subsystems 
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have demonstrated changes in performance of the same behavioral task, 

it seems clear that neither system is exclusively responsible for 

mediating processes underlying learning and memory. Instead, there 

appears to be a dual input and/or an interplay of the 2 receptor 

subsystems subserving cognitive processing. Results of the present 

behavioral and biochemical studies reconfirm the relevance of intact 

central muscarinic cholinergic receptor systems· in learning of one 

well-known cognitive task, and provide further support for a role of 

the central nicotinic cholinergic system in mnemonic processing, 

evident in an influence of classical nicotinic· agents on behavioral 

performance under the same conditions in which an influence on dynamic 

biochemical components of the brain cholinergic system was measured. 

In particular, results of the biochemical studies strengthen the 

hypothesis.that presynaptically-located nicotinic cholinergic receptors. 

may have a tonic effect of enhancing Ach release. These presynaptic 

nicotinic receptors may reside on separate, or co-exist on the same, 

choline·rgic neurons as the more well-defined presynaptic . muscarinic 

receptors mediating a negative feedback mechanism for Ach release. The 

presence of tonically-active .central cholinergic neurons with 

presynaptic muscarinic and nicotinic receptors would almost ce~tainly 

mandate an interplay of the 2 subsystems in controlling cholinergic 

neuronal activity. And, as Ach is known as a·primary neurotransmitter 

in mnemonic processing, its critical contribution appears to be 

effected through both muscarinic and nicotinic systems. The importance 

of one receptor subsystem relative to the other, and .the roles of pre

and postsynaptic receptors within each subsystem on cognitive 



performance, may b~ subjects of future investigations in attempts to 

design n9vel therapeutic strategies for the treatment of dementia. 
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VI. SUMMARY 

Figure 20 is a schematic diagram summarizing the results of the 

administration of cholinergic agents to rats and monkeys performing a 

variety of cognitive behavioral tasks. 

1. Administration of the centrally-active muscarinic antagonist 

scopolamine to rats prior to training in a one-trial or multi-trial 

paspive avoidance task produced a significant impairment in performance 

of the task. The disruptive effect of scopolamine on passive avoidance 

performance was mediated through processes underlying acquisition, or 

learning, of the response. Scopolamine failed to produce state

dependent learning of a one-trial passive avo!dance task. 

2. The nicotinic agonist nicotine afforded a significant 

improvement in monkeys performing a delayed matching-to-sample task 

when their .memory was most taxed by the task. The beneficial effect of 

nicotine seemed to be elicited through mechanisms associated with 

central nicotinic receptors since (a) mecamylamine, when administered 

alone, exerted significant, a centrally-selective impairment of 

performance of the task and (b) mecamylamine, when administered as a 

pretreatment to nicotine, exerted a significant, centrally-selective 

blockade of the performance induced by nicotine. 

3. Administration of a high dose of mecamylamine to rats prior to 

training in a one-trial passive avoidance task produped a significant, 

centrally-selective impairment of performance. The disruptive effect 
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of mecamylamine was mediated through processes mediating acquisition of 

the task since administration of the drug immediat~ly after training or 

prior to testing failed to induce a performance deficit. Mecamylamine 

may or may not exert a state-dependent effect on learning of a one-

trial passive avoidance task. 

4. Neither nicotinic antagonist was found to exert an effect on 

performance of an active avoidance task by rats once learning was 

established. Mecamylamine was not found to exert a centrally-selective 

effect on learning by rats of an active avoidance task. 

5. Nicotine failed to produce a significant effect~ on radial arm 

maze performance by rats. Pretreatment with either antagonist prior to 

training or testing failed to produce a significant effect on 

performance of a radial arm maze task. 

Figure 21 is a schematic diagram summarizing the results of the 

administration .of mecamylamine (25 mg/kg) on dynamic neurobiochemical 

components of central cholinergic systems in r.at brain. 

6. Mecamylamine (25 mg/kg) pretreatment was associated with 

significantly_lower incorporation of the radioactively-labelled 

precursor choline into the radioactively-labelled product Ach in the 
- . 

frontal, limbic and p~rietal cortices, hippocampus and striatum of rat 

brain, indicating a drug-induced inhibition of the synthetic machinery 

for Ach. 

7. Mecamylamine {25 mg/kg) pretreatment was associated with no 

change in steady-state, endogenous levela of Ach in any bra~n area 

examined, while simultaneously producing significant increases in 

endogenous brain levels of choline in limbic and parietal cortices and 

striatum. 
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8. Mecamylamine (25 mg/kg) pretreatment was associated with 

significant decrea$eS in Ach TOR in hippocampus and parietal cortex. 

As steady-state levels of Ach-were not observed to change, these 

biochemical changes induced by mecamylamine reflect an apparent drug-

induced decrease in the release of Ach from (or firing rate of) 

tonically-active central cholinergic neurons, at the same dose and time 

at which the drug produced significant behavioral impairment in the 

rat. Mecamylamine exerted a centrally-selective effect on brain 

neurochemistry since hexamethonium was not associated with significant 

changes in newly-synthesized Ach, endogenous levels of choline or Ach, 

or Ach TOR. 

9. The results of these studies strengthen the hypothesis that the 

central nicotinic cholinergic system is critical in mnemonic processing 

in fulfilling four of the five criteria set forth by Squire and Davis 

(198;1.} in that changes.in cognitive performance were produced by 

pharmacological manipulation of the system which are time- and dose-

dependent in nature; the chang~s were demonstrable with more than one 

behavioral paradign}.; the changes' were dependent on the classification 

of agent administered; and, the changes in cognitive performance were 

evident under the·same conditions during which biochemical studies 

revealed a marked inhibition of the dynamics of the central cholinergic 
. - ' ' 

system in·certain brain areas kDowrt to be involved in cognition. 
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